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Particle attenuation within dark matter spikes

ABSTRACT

Dark matter indirect detection searches have historically focused on additional con-
tributions to the expected astrophysical fluxes due to annihilations and/or decays of
dark matter particles. However, the dark matter particle may predominantly interact
with the standard model sector via scatterings, attenuating the emitted astrophysical
fluxes from some sources, and potentially changing its spectral shape. It is known that
adiabatically-growing black holes at the center of galaxies are expected to enhance the
density of dark matter particles at sub-parsec distances, forming dark matter spikes. In-
terestingly, multi-messenger observations of Active Galactic Nuclei (AGN) suggest that
cosmic rays are accelerated in the vicinity of the black hole, producing high-energy neu-
trinos and gamma-rays that can be observable at Earth. Therefore, AGN constitute a
good particle dark matter laboratory, due to their large fluxes of standard model parti-
cles with high energies, the large density of dark matter particles that they host, and the
availability of multi-messenger channels to interpret the underlying physical processes
taking place at the source. Uncertainties are still large, but in this thesis we demonstrate
that our current knowledge on AGN allows to place robust and strong constraints on
dark matter scatterings with standard model particles, and perhaps hint a detection.
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Partikelabschwachung innerhalb von Dunkle
Materie-Spitzen

Zusammenfassung

Die Suche nach indirekten Hinweisen auf Dunkle Materie hat historisch gesehen hauptsachlich
auf zusétzliche Beitrdge zu den erwarteten astrophysikalischen Fliissen durch Annihila-
tionen und/oder Zerfélle von Dunkle Materie-Teilchen fokussiert. Es ist jedoch moglich,
dass das Dunkle Materie-Teilchen hauptséchlich durch Streuung mit dem Standardmodell-
Sektor wechselwirkt, wodurch die ausgesendeten astrophysikalischen Fliisse einiger Quellen
abgeschwicht werden und sich moglicherweise ihre spektrale Form dndert. Esist bekannt,
dass adiabatisch wachsende Schwarze Locher im Zentrum von Galaxien erwartungsgemafl
die Dichte der Dunkle Materie-Teilchen in subparsec-Entfernungen erhéhen und soge-
nannte Dunkle Materie-Spitzen (Dark Matter Spikes) bilden. Interessanterweise deuten
multi-messenger Beobachtungen von Aktiven Galaktischen Kernen (AGN) darauf hin,
dass kosmische Strahlen in der Ndhe des Schwarzen Lochs beschleunigt werden und
hochenergetische Neutrinos und Gammastrahlen erzeugen, die auf der Erde beobacht-
bar sind. Daher stellen AGNs ein gutes Labor fiir Dunkle Materie-Teilchen dar, aufgrund
ihrer hohen Fliisse von Standardmodell-Teilchen mit hoher Energie, der groflien Dichte
an Dunkler Materie-Teilchen, die sie beherbergen, und der Verfiigharkeit von multi-
messenger Kanélen, um die zugrunde liegenden physikalischen Prozesse in der Quelle zu
interpretieren. Die Unsicherheiten sind noch grof3, aber in dieser Arbeit zeigen wir, dass
unser derzeitiges Wissen {iber AGNs es ermdglicht, robuste und starke Einschrédnkungen
fiir die Streuung von Dunkler Materie mit Teilchen des Standardmodells festzulegen und
vielleicht sogar eine Entdeckung andeuten.
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Chapter 1
Introduction

Finding the nature of dark matter remains one the most pressing open questions in
physics after roughly half a century of worldwide efforts. Astrophysical and cosmolog-
ical evidence for dark matter started early in the XX century. However, I took a bit
longer for a large part of the particle physics community to shift their focus from uni-
fication of forces, the hierarchy problem, the nature of neutrino masses, or the baryon
asymmetry of the Universe towards studying particle physics models able to account
for the dark matter of the niverse. Arguably the first dark matter candidate arised
from supersymmetric theories, since the lightest supersymmetric particle was stable on
cosmological timescales and neutral. Parallelly, cosmological simulations and local ob-
servations established predictions for the amount of dark matter present in the Milky
Way and its phase space distribution. The quest for the neutralino had begun, provok-
ing a fruitful collaboration between astrophysicists, cosmologists and particle physicists
sustained until today.

Soon, different detection approaches were proposed, ranging from the direct scatterings
of dark matter particles from the Milky Way halo at Earth-based detectors, to indirect
searches focusing on the products of annihilation or decays of dark matter particles, and
to potential production of these particles in collider experiments. The paradigm was
established: Weakly Interacting Dark Matter Particles (WIMPs) in the GeV-TeV scale
were theoretically motivated by supersymmetry, and we had several fronts to hunt for
these particles. While numerous hints and potential signals popped-up over the years,
most of them went away after more careful analyses, and the LHC continued to lack a
signal of supersymmetric particles. Part of the community started to deviate from the
main road, and began to study the phenomenological implications of other dark matter
candidates, such as sterile neutrinos, axion-like particles or light particles in the MeV
scale. To be fair, those particle physics models are almost contemporary in origin to the
WIMP, and none of them has provided an undoubtful signal either.

All these frameworks originally had favoured and theoretically motivated certain re-
gions of the parameter space, some of which still today remains unexplored experimen-
tally. But most importantly, the flexibility of those theories has largely increased in the
last ~ 10 years, providing new large regions of parameter space yet to be explored and
that may account for the dark matter of the Universe. This probes that model-building
tasks have been crucial to change mindsets and question the established paradigms, and
indicate that we are entering an era where novel phenomenological approaches and dedi-
cated experiments are needed to probe new regions of the parameter space which weren’t
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thought to be theoretically motivated in the past.

We have seen tremendous improvements, creativity and efforts in the last years to
explore novel phenomenological aspects of dark matter sectors, whether using different
astrophysical environments, cosmological probes, or different signatures at indirect, di-
rect or collider experiments. The community took into account all possible aspects at
play such as different portals of the dark sector to the standard model, different experi-
mental set-ups, and distribution or components of dark matter particles in the Universe.

In this context, this thesis aims to provide a new phenomenological probe of dark
matter particles, consisting in their interactions with standard model particles in Active
Galactic Nuclei (AGN), which potentially attenuate the emitted fluxes observed in neu-
trinos and photons at Earth. Given the high-energies carried by standard model particles
at these sources, their large fluxes, and the expected large densities of dark matter parti-
cles, we will demonstrate that AGN provide a powerful probe of dark matter scatterings
with protons, electrons, photons and neutrinos.

In particular, we will explore the implications of dark matter scatterings with standard
model particles in the inner regions of active galaxies, which are strongly influenced by
the presence of a supermassive black hole (SMBH) at its center. There is accumulating
evidence that active galactic nuclei (AGN) are able to accelerate protons and electrons to
high energies (TeV-PeV), producing high energy gamma rays via leptonic and hadronic
processes, and neutrinos via hadronic processes. There is evidence indicating that the
acceleration of protons and electrons, and subsequent emission of neutrinos and pho-
tons can happen at sub-parsec distances from the central black hole. Coincidentally,
adiabatically-growing black holes are expected to form a dark matter spike, with large
density, extending over its region of gravitational influence, which is also expected to
lie at sub-parsec scales. The scatterings of dark matter particles with standard model
particles in the vicinity of the black hole could then suppress the total emitted fluxes of
photon and neutrinos, as well as change its spectrum at different energies. In this thesis,
we discuss this possibility, by exploring the interactions of dark matter particles with
photons, neutrinos, protons and electrons from several multimessenger sources.

The thesis is organized as follows. In section 2 we discuss our current astrophysical
and cosmological evidence for dark matter. In section 3, we discuss some historically
motivated particle dark matter candidates, focusing on those models to which we have
devoted our attention during this thesis. In section 4, we will summarize the different
experimental techniques that have been explored over the years to search for particle
dark matter, discussing current constraints and prospects for the dark matter candidates
proposed in section 3. Then we take a little detour in section 5 to introduce our current
knowledge of AGN sources, discussing multimessenger observations, the astrophysical
modelling of the neutrino and gamma ray production, as well as cosmic ray acceleration
and cooling in the vicinity of the central black hole. In section 6, we discuss the dark
matter distribution in galaxies, focusing on the formation of dark matter spikes by
adiabatically-growing black holes. In section 7, we discuss the attenuation of standard
model particle fluxes from AGN due to scatterings with dark matter particles in the
vicinity of black holes, deriving constraints on the scattering cross section of dark matter
particles with neutrinos, photons, protons and electrons, and suggesting values that
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might help to interpret observations from NGC 1068. Finally, in section 8, we present
our conclusions. Further, we provide an additional section of Varietés 9, where we present
short stories explored during my PhD studies, but which are, in principle, disconnected
from the main body of work presented in the thesis. We also present an Appendix A
with additional details and information relevant for both the main body of work and the
Varietés.



Chapter 2
Evidence for dark matter

Although the discussion about the existence of invisible matter in the form of dark stars,
dark planets, dark nebulae or dark clouds was already active in the XIX century, [1],
it was not until the beginning of the XX century that the first theoretical estimates of
the amount of dark matter in the Milky Way were performed. Kelvin, only by using
Newtonian mechanics and the kinetic theory of gases, proposed a method to relate the
size of the galaxy and the velocity dispersion of stars, concluding from observations that
many of them could be extinct and dark, [2]. E.Opik, J.H. Kapteyn, J.C. Jeans, and
J.H. Oort tried to measure the local matter density in the solar neighborhood but did
not find compatible results, [3]. It was in two papers of 1933 and 1937, [4, 5], when
the first compelling observational evidence of dark matter was found by Zwicky. He
applied the virial theorem to the Coma Cluster and estimated a mass-to-light ratio
of ~ 500, which could only be explained due to the existence of an additional source
of non-luminous matter. After some years in which caveats to Zwicky’s publication
were discussed, [6] and alternative explanations to the high mass-to-light ratio were
provided, [7], the measurement of rotation curves of stars in galaxies of Vera Rubin and
collaborators, [8], consolidated the dark matter paradigm.

In this section, we discuss evidence for the presence of dark matter in the Universe.
In subsection 2.1, we present compelling astrophysical evidence for the presence of dark
matter in galaxies, clusters of galaxies and even larger structures. This evidence requires
little to no assumption on the cosmological model of the Universe. In subsection 2.2,
we introduce the ACDM model in some detail, presenting observational evidence for the
presence of dark matter in the Universe and theoretical consistency probes of this model.

2.1 Astrophysical evidence for dark matter

As we discussed previously, the first indication of dark matter in the Universe was derived
by Zwicky for clusters of galaxies [4]. A modern estimate for the Coma cluster goes as
follows: the amount of gas and galaxies in the Coma cluster is M ~ 1.6 x 10'4M,.
Using the virial theorem, the average kinetic energy and potential energy in a system
are related via

2(T) + (Utot ) = 0 (2.1)
where the potential energy is
GM?
Ul = 2.2
U= (22)
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and the kinetic energy is

_ 1 2\ _ 3 2
where v is the tangential velocity of galaxies. For the measured values of the velocities
of galaxies in the Coma cluster, Zwicky found

M ~1.9 x 10" My, (2.4)

which is ~ 10 larger than visible matter. The estimate done by Zwicky on the mass
to light ratio applied to galaxy clusters. A smaller scale probe of the presence of dark
matter is given by rotation curves of galaxies. These represent the circular velocity
vrot(r) of stars as a function of their distance to the galactic center. For illustration
purpose, we can naively assume a spherically symmetric density distribution p(7) = p(r)
for the galaxy. From Newtonian mechanics, the shape of the rotation curve can be
derived equating the gravitational force produced by the mass enclosed in the sphere of
radius r and the centripetal force of an object at this position

GM(rym  muv?

_ rot 2 5
. - (2.5)
and
GM(r)
Urot = s (26)
T
where ,
/ / /
M(r) = [ A4mxp(r)rdr (2.7)
0
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Figure 2.1: Left panel: we show an original plot from Zwicky’s paper, showing the veloc-
ities of extragalactic clusters of galaxies as a function of distance [4]. Right
panel: recent measurements of the Milky Way rotation curve from classical
cepheids, taken from [9)].

At the center of the galaxy the density is roughly constant and v, o< r. This can only
approximate the observed rotation curve at the very core of the galaxy, see Figure 2.1.
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For stars orbiting the outer part of the galaxy, M(r) is equal to the total mass of the
galaxy, thus constant, and v,o o 7~ /2. In the case of spiral galaxies, this approximation
is well justified, since they typically present a bulge at the core which contains most of the
luminous matter. The prediction for v,.,; in the outer region of galaxies is incompatible
with observations, that show an approximately flat profile in the outskirts of, see Figure
2.1. This discrepancy can be explained by considering an additional, non luminous,
source of gravitational potentials present on the galaxy beyond the baryonic disk.

Another astrophysical probe of dark matter arises from the strong gravitational lensing
observed from some cluster of galaxies, and the weak gravitational lensing observed from
surveys of galaxies.

In general relativity, a point mass deflects light ray with impact parameter b by an

angle approximately equal to LM

c2b
where G is the gravitational constant, M the mass of the deflecting object and ¢ the
speed of light. This is an idealized scenario, but in reality the deflecting objects are not
point masses. In the linear approximation of general relativity, and assuming that the
deflection is small enough, the born approximation allows to express the deflection from
an extended mass as [10]

g) 4G/d2 /dzp igzg—? (2.9)

A

o =

(2.8)

where z is the line-of-sight coordinate, and b is the vector impact parameter of the actual
ray path from the infinitesimal mass d?¢’dzp ({’ , z) located at the coordinates ({’ , z)

Source

Ohserver

Figure 2.2: Diagram showing the angles and distances involved between source, lens,
observer and image

For most astronomical lenses, the distances between the observer, the lens and the



Chapter 2 Evidence for dark matter

source are much larger than the site of the less, and the deflection angle becomes

3 = ‘1(3/(5_5/)22(5,)6125/ (2.10)

§=¢

R

where 3 (5_7 ) =[p (5_7 , z) dz. This is called the thin lens approximation. The difference
between the unlensed angular position 5 and the observed position g is the deflection
angle, reduced by a ratio of distances, given by the lens equation (See Figure 2.2 for an
schematical view of the angles involved):

7 7 gz Drs—=
/BfH—a()fH—D—Sa<DL0) (2.11)

where Dyg is the distance from the lens to the source, Dg is the distance from the
observer to the source, and Dy is the distance from the observer to the lens. The
Jacobian between the unlensed and lensed coordinate systems is

(9,31 80&1 827,D
S S N S 2.12
06; 700, 700,00, (212)
where () is the deflection potential of the lens
_ 2Dps 7
ORS = / ® (Dyf,2) d> (2.13)

depending on a scaled projection of the gravitational potential ® of the lens. This
formalism is valid for strong gravitational lensing.

Strong gravitational lensing from clusters can produce arcs, multiple images (thus
multiple solutions of equation 2.11) or Einstein rings, and the mass distribution of the
cluster can be inferred from it. Confrontations of these measurements with the masses
inferred from electromagnetic observations allows to estimate the dark matter mass of
the cluster.
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Figure 2.3: Left panel: Lensing image of the galaxy cluster MACS J0416.1-2403, where
the inferred dark matter distribution is shown in blue color [11]. Right panel:
Dark matter map for a patch of sky based on cosmic shear analysis of a Kilo-
Degree survey, where the dark matter is shown as coloured regions over the
baryonic (dark) regions [12].

However, in most situations, the deflection angle induced from a single background
source is too small to be detected. In this case, by means of a systematic alignment of
background sources around the lensing mass, the foreground mass can still be inferred.
This technique is called weak gravitational lensing. A variant of weak gravitational
lensing that has provided maps of the dark matter distribution in large patches of the
sky is known as cosmic shear. The gravitational lensing by large-scale structure induces
an intrinsic alignment in background galaxies, but his effect is subtle compared to lensing
by clusters of galaxies or galaxy lensing, with a distortion of only ~ 0.1% — 1%. The
thin lens approximation does not always work in this regime, because structures can be
elongated along the line of sight. Instead, the distortion can be derived by assuming
that the deflection angle is always small. In this case, the deflection can be derived from
assuming that the gravitational potential is slowly varying everywhere. As in the thin
lens case, the effect can be written as a mapping from the unlensed angular position E
to the lensed position 5, but in this case the Jacobian of the transform can be written
as an integral over the gravitational potential ® along the line of sight

0B;
20,

O*®(Z(r))
OxtoxJ

= 0i; + /OTOO drg(r) (2.14)

where r is the comoving distance, x* are the transverse distances, and

g(r)=2r /TTOO <1 — Tl) W (r') (2.15)

r



Chapter 2 Evidence for dark matter

is the lensing kernel, defining the efficiency of lensing for a distribution of sources W (r).
In the left panel of figure 2.3, we show an image obtained with strong gravitational
lensing from the cluster of galaxies MACS J0416.1-2403, with a map of the inferred dark
matter distribution shown in blue color. In the right panel of the figure we show an image
of a patch of the sky obtained by cosmic shear with the Kilo-Degree survey (KiDS), that
support the presence of dark matter (coloured in the plot) in large scale structures, and
that suggests that dark matter may be more smoothly distributed throughout space
than in standard cosmological scenarios.

Since the observation in 2006 of the galaxy cluster 1E0657-558, the Bullet Cluster,
[13], collisions of galaxy clusters have also been argued as a proof of the existence of dark
matter. These works typically construct a map of the gravitational potential using weak
gravitational lensing, which measures the distortions of images of background galaxies
caused by the gravitational deflection of light by the cluster’s mass. While this shows that
most of the matter remains in the individual clusters after the collision, the thermal X-
ray emission map shows that most of the baryonic matter is concentrated in the collision
region. This can be appreaciated in the left panel of Figure 2.4

_l T T | T T T l T T T I T T T T T T l I_
- —— total 4
1010 stars 10"
F dark matter ]
) 1010
bt 4
> 100k o=
& 3:/_ — 08—
=
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50 - ]
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I a
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Figure 2.4: Left panel: Gravitational lensing and electromagnetic maps of the Bullet
Cluster, [13]. The green contours show the weak-lensing reconstructions,
and the color gradient is the thermal X-ray emmission map. The center
of the gravitational potential are shifted with respect to the strongest X-ray
emission regions of the plasma. Right panel: Enclosed mass profiles for NF'W
halos of different masses as a function of radii in NGC1052-DF2, confronted
with the stellar mass profiles and the upper limits on the total mass obtained
in [14]. The dynamical mass of NGC1052-DF?2 is consistent with the stellar
mass, and the dark matter halo is significantly lighter than expected.

This effect has been observed not only in the Bullet Cluster but on several further
colliding galaxies. Since there is ~ 5 times more mass in the form of gas than stars, the
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discrepancy between the weak lensing map and the thermal X-ray emission can only be
explained by the presence of dark matter. In this interpretation stars and dark matter
move nearly collisionless away from the center of the collision, while baryonic matter from
both cluster interacts electromagnetically and remains in the center. The observation of
collisions of galaxy clusters challenge the so-called MOND (Modified Newton Dynamics)
theories, which propose that the gravitational evidence for dark matter is due to a
modification of the law of gravity at large scales, [15].

Some observations of dark matter-free galaxies also provide evidence for the dark
matter paradigm [14, 16]. Studies of the radial velocities of objects within the ratio
of mass of the dark matter halo and the mass of baryonic matter is of order unity,
and consistent with zero. This can be appreciated in the right panel of Figure 2.4.
Violent astrophysical processes during galaxy formation, such as mergers, are expected
to disrupt the dark matter content of a galaxy in certain cases. However, in modified
gravity theories, a dark matter-like signature should always be detected, since it is
an unavoidable consequence of the presence of ordinary matter. Indeed, For a typical
MOND acceleration scale of ag = 3.7 x 103 km? s? kpc! the expected velocity dispersion
of NGC1052-DF2 is o ~ (0.05GM*(10)1/4 ~ 20 km s~!, two times larger than the upper
limit on the observed velocity dispersion.

2.2 Cosmological evidence for dark matter

It was Hubble in a paper in 1929 who provided a firm observational evidence for a linear
relation between distance d and recession velocity v of galaxies, the Hubble’s law [17]. !

v = Hd. (2.16)

In his paper, Hubble plots the velocities and distances of 24 nebulae, with speeds up to
about 1000 km/s (i.e. a redshift around 0.03 ), see Figure 2.5. To obtain them he used
the brightest star and Cepheid methods.

!Theoretical and observational grounds for the expansion of the Universe were already present during
the 1910’s and 1920’s. Other authors deserve relevance for Hubble’s turning point paper, particularly
Slipher, who was the first to measure the redshift of an extragalactic nebula [18].
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Figure 2.5: Left panel: Original plot from Hubble’s paper in 1929. Radial velocities, cor-
rected for solar motion, are plotted against distances estimated from involved
stars and mean luminosities of nebulae in a cluster [17]. Right panel: Distance
vs redshift for Type Ia Supernovae, as done by two independent groups, the
High-z Supernova Search Team [19] and the Supernova Cosmology Project
[20]. The lines represent the expectations for different cosmological models.
They represent an Einstein-de Sitter model in which the universe is com-
pletely dominated by matter (23, = 1, Q5 = 0), a universe with less matter
(Qr = 0.3, Q4 = 0), and a model consistent with all supernova data corre-
sponding to Q; = 0.3, Q) = 0.7). The lower panel show the same diagram
normalised to the model of an empty universe. It can be appreciated that
the distant supernovae lie above the line for an empty universe and require
some contribution by the cosmological constant.

Since Hubble’s discovery, additional evidence for the expansion of the Universe has
been obtained, and two independent groups showed via the study of type I supernovae
that the Universe is not only expanding, but it does so in an accelerated way [19, 20],
see the right panel of Figure 2.5.

The expansion of the Universe stems from the cosmological principle, which assumes
that at first approximation, the universe is homogeneous and isotropic. The accelerated
expansion of the Universe helped further to establish the ACDM model of cosmology,

11



Chapter 2 Evidence for dark matter

where the expansion of the Universe is driven by dark energy, a prediction of Einstein
equations given by the cosmological constant, and the Universe also contains dark matter
in addition to baryonic matter.

An expanding universe can be described by the Friedmann-Lemaitre-Robertson-Walker
(FLRW) metric [21].

2

1 — kr?

ds® = g datde” = —dt* + a(t)? ( + r2d92> (2.17)

where a(t) is the scale factor of the Universe, and k is the curvature parameter. The
homogeneity of the FLRW background implies 0; P* = 0, and after some manipulations
one can show that . .
b_ 0,51t (2.18)
P a a
Thus, the physical three-momentum of any particle (both massive and massless) de-
creases with the expansion of the universe. This allows to establish a connection of the
scale factor with the physical redshift, since the wavelength of a photon is A = h/p, one

finds

2= —— > 1+z2= (2.19)

where a(tg) = 1 has been defined. Now it is possible to recover Hubble’s law, motivated
by observations of distant nebulae in 1929, just from the starting assumption of a FLRW
metric. The scale factor at time ¢; may be expanded in series

a(t1) =a(to) [L+ (t1 —to) Ho + -+ -] (2:20)

where Hy is the Hubble constant 2

(2.21)

and then z = Hy (tg — t1) + - - -. For close objects, tg — ¢1 is the physical distance d (in
units with ¢ =1 ). Thus, the redshift increases linearly with distance

z ~ Hod. (2.22)

And the slope in a redshift-distance diagram measures the current expansion rate of the
universe, Hy. To deal with uncertainties in those measurements, it became conventional
to define

Hy = 100hkms ™ 'Mpc ™, (2.23)
2The physical velocity of an object is véhys = dTg% = a(t)%i + %xi = vf,ec + Hx;hys which has

two contributions, the so-called peculiar velocity (\/elocity measured by a comoving observer), ’Uéec =

a(t)i, and the Hubble flow, Hx;hys, where the Hubble parameter is defined as H = %

12



Chapter 2 Evidence for dark matter

where the parameter h is used to keep track of how uncertainties in Hy propagate into
other cosmological parameters. Today, our measurements of Hjy are more precise, see
Table 2.2.

The evolution of the universe is determined by the Einstein equation

G = 8nGT),, (2.24)

which relates the Einstein tensor G, to the stress-energy tensor 7},,, relating curvature
and matter content of the Universe. The stress-energy tensor of a perfect fluid reads

T} = (p+p)U"U, — pdy (2.25)

where U* = dz# /ds is the relative four-velocity between the fluid and the observer, and
p and p are the energy density and pressure in the rest-frame of the fluid. Conservation
of energy and momentum in minkowski space translate into the following conservation
equation for the stress energy tensor

0T =0 p+3~(p+P)=0 (2.26)
a
leading to the continuity equation. The time-independent equation of state for pressure

and density w = p/p thus determined the evolution of the energy density of the different
components of the universe with the scale factor. In ACDM, The universe is composed of

cold dark matter (w = 0), radiation (w = 1/3) and vacuum energy (w = —1), therefore
p o q 30Hw) (2.27)
and
a~3 matter
poxa~? radiation (2.28)
a’ vacuum

Solving Einstein equations for the FLRW metric and the energy-momentum tensor of
a perfect fluid yields the Friedmann equations

—=—0p—-— 2.2

2= 3 P2 (2.29)
and . A

a 77

—-—=—— 3 2.30

ST+ 3) (2.30)

we note that the first friedmann equation indicates that the Hubble rate H = a/a
represents the expansion rate of the Universe. For a flat universe with £ = 0 we can
thus determine the critical density of the Universe today:

3H; 1172 -3
Perit = G 2.8 x 10°"h*MgMpc (2.31)

13
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and the ratio of the energy density of a given species and the critical density of the
Universe is typically used

p
Q=-—. 2.32
py (2.32)
The friedmann equation can be written as
il 4 3 2
H—g =a "+ Qpa” + Qra™ " 4+ Q4. (2.33)

where Q = —k/ (H0)2, and all the fractional energy densities are defined at a(t) = ag.
The observed values of the cosmological parameters can be extracted from the cosmic
microwave background (CMB) anisotropies and are given in Table 2.2 [22]. From the
friedmann equations and the continuity equation, one can track the evolution of the scale
factor and the different epochs of the history of the Universe, where different forms of
matter dominated the energy budget of the universe. For a flat Universe, one finds

t1/2  radiation domination

a(t) o ¢ t2/3  matter domination (2.34)

et dark energy domination

The matter and radiation fractional energy densities become equal at z., ~ 3300,
shortly before the cosmic microwave background (CMB) was released.

Cosmological Parameters (Planck 2018)
Hubble constant Hy = 67.4 + 0.5 km /s~ "Mpc
Baryonic matter Q,h? = 0.0224 + 0.0001

Dark Matter ~ Qpyh? = 0.120 4 0.001
Dark Energy Qx = 0.6889 + 0.0056

The Cosmic Microwave Background (CMB) radiation is one of the most compelling
arguments in favour of dark matter. In the early stages of the universe, at the time
of recombination (redshift z ~ 1100), radiation decoupled from matter and since then,
photons travelled freely. The almost perfect black-body CMB spectrum shows the tem-
perature (2.728 K), or the inverse wavelength, of the microwaves that we receive on
Earth from these early times, see Figure 2.6. When looking closely at this spectrum,
one finds fluctuations in the uK scale, [22].

14
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Figure 2.6: Left panel: Planck satellite measurement of the CMB angular power spec-
trum in terms of the multipole moment I, [22]. The first peak is correlated
with the amount of baryonic matter. The measured position and height of
the second and third peaks are consistent with a dark matter abundance of
roughly 5 times higher than baryonic matter. Right panel: Planck satellite
sky map of the CMB temperature anisotropies

The temperature anisotropies of the CMB are explained as baryon acoustic oscilla-
tions, [23]. Previous to the recombination era, when the free electrons still strongly
scattered the photons of the cosmic plasma, this rang with sound waves excited by the
initial perturbations of the inflaton field [24]. The photon radiation pressure keeps the
ionized gas from clustering, and this pressure leads to relativistic sound waves that prop-
agate until the plasma becomes neutral at recombination. The mechanism then freezes
and CMB photons carry information about the baryonic density profile in their tem-
perature profile. Photons coming from dense baryonic regions loose energy by escaping
the gravitational potential and are redshifted. On the other hand, photons coming from
diluted regions are blueshifted with respect to the average CMB photon temperature.
This is called the Sachs-Wolfe effect [25]. Since the coupling of dark matter and baryons
to photons is different, the power spectra of temperature and polarization fluctuations
depend crucially on the ratio between both components.

Another comological probe of dark matter corresponds to redshift z ~ 4 x 103, when
Big Bang nucleosynthesis takes place and light elements are formed [26]. It starts with
the production of deuterium and ends up with the production of helium

p+n—*H+~y (2.35)

SH +2H — "He + n, (2.36)

though low probability reactions up to “Li also occured. While the fraction of baryons
that make up the helium abundance is mainly sensitive to the n/p ratio at the time of
nucleosynthesis [26], which from Boltzmann statistics is ~ 1/7 and leads to ~ 25% of
the mass of baryons forming helium *He, the deuterium, helium *He and “Li abundances
depend on the baryon density at the time of nucleosynthesis, see Figure 2.7.
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Figure 2.7: Left panel: Original figure from the seminal paper on Big Bang Nucleosyn-
thesis [26]. It shows the relative abundances of various nuclear species, which
decrease rapidly for the lighter elements and remain approximately constant
for the elements heavier than silver. Right panel: Primordial abundances of
light elements as a function of the baryon density relative to photons and the
CMB observations. The bands show the 95%CL range. Boxes indicate the
observed light element abundances. The narrow vertical band indicates the
CMB measure of the cosmic baryon density, while the wider band indicates
the BBN D + “He concordance range (both at 95% CL), [27]

Deuterium, due to its stability (binding energy of 2.2 MeV), is a good thermometer
of the baryon density at nucleosynthesis, since it is only destroyed hereafter, like in the
evolution of starts, but never enduringly produced. Therefore, the amount of deuterium,
but also of other light elements in the universe can be used to set an upper limit in
the baryon density. Therefore BBN, which provides a measure of the baryon density,
indicates the existence of dark matter when combined with the measure of the matter
density coming from the CMB.

Another cosmological probe steams from baryon acoustic oscillations (BAO) imprints
on sky surveys, aside from its impact on the angular power spectrum of the CMB. In the
early universe, dark matter and baryons gradually clustered together after the epoch of
recombination. On small scales, BAO will be damped due to non-linear structure for-
mation. On larger scales, there is currently no theoretical reason to expect systematic
distortions greater than ~ 1% in the BAO positions between the galaxies and the linear
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matter distribution, and this small effect was indeed confirmed in 2005 through com-
prehensive galaxy redshift surveys, notably the Sloan Digital Sky Survey and the 2dF
Galaxy Redshift Survey. Further, Galaxy redshift surveys also allow to map the galaxy
distribution in the Universe. These maps are distorted due to the method employed to
estimate distances from observed redshifts. The redshift of a galaxy is influenced not
only by the dominant Hubble expansion term but also by the galaxy’s peculiar velocity.
Thus, the average expansion rate of superclusters should be slower than cosmic mean
due to their gravity, and voids should expand faster on average. Remarkably, this feature
was observed in the 2dF Galaxy Redshift Survey, showing agreement with ACDM.
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Figure 2.8: Left panel: Two-point galaxy correlation function in redshift space from
SDSS data. The detection of the baryon acoustic peak in the clustering
of luminous red galaxies in the Sloan Digital Sky Survey can be clearly ap-
preciated [28]. Right panel: Spectrum of the nearby quasar 3C273 (above)
vs another quasar at high redshift. The clouds that produce the absorption
lines are much more numerous at high redshifts, as can be appreaciated in
the dense array of absorption lines results. Thus, the Lyman-alpha forest.

Finally, the pattern of absorption lines from the Lyman-« transition of neutral hy-
drogen in the spectrum of distant galaxies and quasars also provides insights on the
distribution of galaxies in the Universe and its large-scale structure, and probes to be
consistent with ACDM. Further, the formation of structures such stars, galaxies and
clusters of galaxies from the initial density perturbations require the presence of dark
matter. Ordinary matter interacts with radiation, and the universe is radiation domi-
nated at early times. Consequently, the perturbations would be washed out by radiation
before structures can be formed. Dark matter solves this problem since it is not affected
so strongly by radiation, and density perturbations can grow. This is perhaps not a
probe of dark matter but another theoretical consistency check of ACDM.

17



Chapter 3

Particle dark matter candidates

Since the advent of the ACDM cosmological model, a variety of particles arising in
beyond the standard model (BSM) scenarios have been proben to be able to account for
the dark matter of the Universe. Here, we introduce some particle dark matter candidates
proposed over the years, discussing model-building, early universe production and some
detection aspects. There are plenty of viable dark matter candidates not shown in this
list. We will be focusing on those scenarios that have been studied phenomenologically
at some point in this thesis, paying particular attention to light dark matter candidates.

3.1 Neutrinos

The only electrically neutral and long-lived particles in the Standard Model are neutrinos,
and since they are massive [29], they become natural dark matter candidates.

Bounds on neutrino masses from their impact in cosmology were already derived in
the 60’s and 70’s [30, 31]. These works set the stage for a work from Szalay and Marx
not only deriving bounds on neutrino masses, but also suggesting the possibility that
neutrinos with m, ~ 10 eV may account for the dark matter of the Universe. Later on,
Hut, Lee and Weinberg simultaneously pointed out that neutrinos with masses m, 2 2
GeV can be produced in the Big Bang with a relic abundance that does not overclose
the Universe [32, 33].

A few years later, a variety of papers appeared discussing the possibility that neu-
trinos may actually constitute the dark matter of the Universe, based on a preliminary
measurement of the neutrino mass with tritium beta decay of 30 eV, which was later
probed wrong [34, 35]. In fact, the current upper limit on the electron antineutrino mass
from KATRIN, m, < 0.9 eV is incompatible with neutrinos being the dark matter of
the Universe [36].

Here we summarize this argument. Neutrinos remain in thermal equilibrium up to
temperatures of a few MeV due to weak interactions with other standard model particles,
then they freeze-out. The relic density of neutrinos can be calculated as [37]

6¢(3), 3
where T, ~ (4/11)"/3T, ~ 1.96 K =~ 10~%eV2. The matter density of neutrinos at the
time when they are non relativistic is given by the sum of neutrino masses

Pv ™ N, Z m; (3.2)
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So, in order for neutrinos to constitute the total relic abundance, this sum should be
about 11.5 eV [38].

Another probe of neutrinos not being the majority of the dark matter of the Universe
arised from early cosmological simulations of structure formation [39]. Neutrinos consti-
tute hot-dark matter and would form large structures first, then fragmented into smaller
halos, while cold dark matter particles would form larger structures hierarchically. As
we already mentioned in section 2.2 The data from galaxy surveys agrees with the cold
dark matter paradigm [40]. Further, the phase space density of fermionic dark matter
dominated objects should not be larger than the density of degenerate Fermi gas. This
allows to derive an independent lower bound of a few eV on the mass of fermionic dark
matter particles, from the observations of dwarf galaxies, the so-called Tremainne-Gunn
bound[41, 42].

3.2 Sterile neutrinos

One of the simplest beyond the standard model theories consists in including a singlet
fermion to its matter content, vgp. The gauge and Lorentz symmetries then allow for a
Majorana mass term and Yukawa couplings to the standard model lepton doublet L

Ly, = %@2 Dvg — %muR@VR —yLvgH + h.c. , (3.3)
where H = irsH *, with H the Standard Model Higgs doublet. These singlet fermions
are denoted sterile neutrinos or right handed neutrinos due to their Yukawa coupling
y to the active neutrinos v in the lepton doublet L = (v,er), and may explain the
smallness of the active neutrino masses via the see-saw mechanism [43-47]. In the original
formulations of the see-saw mechanism, the smallness of the active neutrino masses stems
from ~ v/m,,, where v = 174 GeV is the Higgs field expectation value. Therefore,
the predicted mass of the sterile neutrinos is much larger than the electroweak scale.
However, in order for sterile neutrinos to constitute the dark matter of the Universe,
they need to be stable in cosmological timescales. The decay into three active neutrinos
VR — vrv sets an upper limit on the sterile neutrino mass and mixing to active neutrinos
[48, 49]

1OkeV>5 (3.4)

Myg

0> <33x107* (

where 6% = 3° a=e, T 0,|?. This bound implies that the contribution of sterile neutrino
dark matter to the neutrino masses is smaller than the solar neutrino mass difference.
Thus, at least two more sterile neutrinos are typically invoked to explain the neutrino
masses, allowing for the third state to be a dark matter candidate.

Thermal sterile neutrinos would overclose the Universe when freezing-out via an-
nihilations (see next section for a specific discussion in the context of the WIMP).
Non-thermal production of sterile neutrinos in the early Universe avoid this compli-
cation, and were originally proposed by Dodelson and Widrow [50]. In their set-up,
if sterile neutrinos constitute the dark matter, perturbations on scales smaller than
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the Jeans length \; = (mvZm?3,/ p)l/ 2 (where vy is the speed of sound) oscillate like
pressure waves. Further, perturbations on scales smaller than the freestreaming scale

Ars = a [y dt’ <(p/E)2>1/2 /a (t') are exponentially damped, see Figure 3.2

108 <
10-9F v=10 ™ Mg = 3ms
16
10 T T T T T 1o URRLAL
10 15 MJ,:ao’,r'r B A
e Mgs 30
14
10
g
el S N
z S
= 10|2 h MFS‘JOO
11
10 ’ MJ.300 . X
7 self-interactions 10-1
1010 7l ol vl ™ 1071?0" 1(‘Jl /1ng
.001 01 1 1 10 100 ms [keV]

a/aeq

Figure 3.1: Left panel: Figure from the original paper from Dodelson and Widrow
proposing light sterile neutrinos as a dark matter candidate [50]. It shows
the mass scales in hot dark matter and warm dark matter as a function
of scale factor. My gives the mass within the horizon, Mgg, M; gives the
freestreaming/Jeans mass for a 30 eV and 300 eV sterile neutrino. Simi-
larly the Jeans mass of these neutrinos is shown. For light neutrinos, the
damping and horizon scales are similar at matter-radiation equality, while
for sterile neutrino dark matter there is a large disparity between the scales.
Right panel: Available parameter space in the sterile neutrino mixing vs
mass, assuming neutrino self interactions with a scalar mediator with mass
mg = 3m,,. Green lines show values of the Yukawa coupling that can repro-
duce the dark matter relic abundance. The Dodelson-Widrow mechanism is
ruled out by X-ray observations, and sterile neutrinos lighter than ~ 4 keV
are ruled out by Lyman-alpha considerations, but there is still a region of
the parameter space awating to be tested [51].

Aside from the dominant decay channel into three channels, the sterile neutrino also
decays radiatively into an active neutrino and a photon vz — v + v!'. The decay width
of this process is [55]

'This decay proceeds via a magnetic moment, which is suppressed in the SM and hardly detectable

Mo = egcfir”; = 3x107up (O’TTGVV)' However, in extensions of the SM, the neutrino magnetic

moment might be enhanced by orders of magnitude, eg [52-54], allowing its testability with current
and future solar and reactor neutrino experiments. Most of these proposals invoke new physics at
the TeV scale.
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5

Ty sy = 6°m3_ = 5.5 x 107226 [Iﬁ;ﬂ sec™. (3.5)

Which is suppressed by ~ 2 orders of magnitude w.r.t the main decay channel. How-
ever, it produces a monochromatic photon with energy EF = %myR, which could be
distinguisable from other continuum astrophysical backgrounds of photons reaching the
Earth, specially from regions with large dark matter column densities. A few years ago,
an unidentified X-ray line at E ~ 3.5keV was detected from Galaxy clusters, Andromeda
and the Milky way, which could be explained by sterile neutrino dark matter with a mass
of my,, ~ 7 keV and a mixing angle of 6 ~ 101, varying by less than an order of mag-
nitude depending on the choice of the dark matter profile of these clusters and galaxies
[56-58]. However, the non-instrumental or astrophysical origin of the signal is disputed,
and the parameter space favoured for sterile neutrino dark matter explaining the obser-
vation is contrived by X-ray observations [59-61]. More complicated but also motivated
scenarios can allow for a region of the keV sterile neutrino parameter space to be able to
account for the dark matter of the Universe [62—67], and be in the reach of future X-ray
experiments, see e.g the right panel of Figure 3.2.

3.3 Axions

The strong-CP problem refers to the fact that QCD lagrangian contains the CP-violating

term ,
g

3272

where G is the gluon field strength tensor and © is related to the phase of the QCD
vacuum. Non-perturbative effects give rise to an electric dipole moment of the neutron,
which is however constrained. This sets an upper limit on the CP-violating phase of
6 < 10719 which is believed to be unnaturally small.

One possibility to solve this problem was proposed by Peccei and Quinn in 1977
[68], introducing a new global U(1) symmetry along with a complex scalar field that
spontenously breaks the symmetry, and € is driven to zero. Soon after, Wilczek and
Weinberg independently pointed out that the breaking of the Peccei-Quinn symmetry
below the electroweak scale gives rise to a pseudo-Nambu-Goldstone boson, named the
axion [69, 70]. The axion becomes massive due to the Peccei-Quinn symmetry being
broken by the chiral anomaly, yielding an axion mass of m, ~ frmz/fq, where f is the
m., are the pion decay constant and mass, and f, is the axion decay constant, related
to the scale where the Peccei-Quinn symmetry is broken.

»CQCD D) é Ga‘uyéauy, (3.6)
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Figure 3.2: Original figure from one of the pioneering papers on axion dark matter, from
Axenides, Brandenberger and Turner [71]. It shows the time evolution of of
galactic scale (1012M,) fluctuations for baryons, photons and axions. In the
radiation dominated era (7" ~ 100 — 10eV), the axion overdensity spectrum
0pa/pa does not grow, while the primordial photon and baryon fluctuations
start to decrease due to the Silk damping. In the matter dominated era but
before recombination (7' ~ 10 — 1eV), axion fluctuations grow as t2/3, while
the photon and the baryon fluctuations continue to decrease. After recom-
bination, the Silk damping has ended and the baryon fluctuations quickly
follow the axion fluctuations. Because the photon is decoupled, the primor-
dial photon perturbations stay the same. Right panel: Parameter space of
axion-photon coupling vs axion photon mass [72]. Values below the dotted
black line allow for axion to compose the dark matter of the Universe [73-75].
Bounds from a variety of observables approach this region [76-78|, which is
however yet poorly tested.

Soon after the axion was proposed, different groups noticed that the energy density
stored in the oscillations of the classical axion field does not dissipate rapidly, which sets
un upper limit on the decay constant of f, < 10'? GeV, otherwise the axion density would
overclose the universe [79-81]. These works probed that axions may comprise the dark
matter of the Universe. Depending on whether the Peccei-Quinn phase transition occurs
before or after inflation, the axion dark matter density is determined by a a harmonic
motion, or via the Kibble mechanism forming topological deffects in the Peccei-Quinn
field [82]. Besides the so-called QCD axion, Axion Like Particles (ALPs) unable to solve
the QCD problem but sharing similar features with the axion have been proposed as a
potential dark matter candidate. The axion and ALP parameter space able to comprise
the dark matter of the Universe still remains largely unconstrained for axion masses
mg < 1 eV, see the right panel of Figure 3.3 showing a compilation of constraints on the
axion-photon coupling vs axion mass from a variety of astrophysical, cosmological and
laboratory probes.?.

2 Axion also couple to gluons and electrons, and the parameter space of those couplings look differently.
For electrons, the yukawa coupling leads to compton-like inelastic processes ey — ea. In section 7.3
we will consider a variant of this scenario, where the ALP couples to a dark matter fermion.
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3.4 WIMPS

Supersymmetric particles were soon identified as a potential Weakly Interacting Massive
particle (WIMP) candidate. Early discussions on the role of supersymmetry in cosmol-
ogy hinted the possibility of gravitinos (the supersymmetric partner of the graviton)
accounting for the dark matter of the Universe [32, 83]. However, it was with the advent
of the Minimal Supersymmetric Standard Model (MSSM) that several other supersym-
metric candidates began to be considered [84]. The stringent constraint on the proton
lifetime required the introduction of and additional symmetry, named R-parity:

R= (71)2s+3B+L (37)

where s is the spin of the particle, and B and L correspond to the baryon and lepton
numbers of the particle. All supersymmetric particles have opposite parity than standard
model ones. There is an additional consequence of this symmetry, since it implies that the
lightest supersymmetric particle is stable, and thus, a potential dark matter candidate. A
few following works were important in establishing the lightest supersymmetric particle
as a dark matter candidate, and in particular the case of the photino [85-88]. Collider,
direct and indirect detection possibilities were addressed soon after [88-90]°.

An additional supporting argument in favour of supersymmetric particles arised from
the apparent coincidence between the relic density of dark matter of the Universe, and
an interaction cross section of the electroweak scale, as predicted in the freeze-out mech-
anism. When the WIMP annihilation rate became comparable to the expansion rate of
the Universe, the WIMPs freeze-out from equilibrium with the thermal plasma, i.e

Ty
FpmH M,y (3.8)
where Ty is the freeze-out temperature and My is the planck mass.

For a given annihilation rate I'yny = ny (Gannv), the dark matter relic abundance at
T can be can be expressed in terms of the thermally averaged dark matter annihilation

cross section, oan, , and the Mgller velocity, vy = \/ (U1 — )% — (01 x Tp)? [92-94].

MDMNDM (TO)hQ T§ 1

QDMh2 ~ =
Pc Pc Mpl <UannvM¢l>f

2, (3.9)

where Ty ~ 2.35 x 107'3GeV is the temperature of the Universe today, p. ~ 8x
10~*"h2GeV* is the critical energy density, f = mpm/Ty and vy 2 are the velocities
of both annihilating DM particles. Note that Mgller velocity is equal to the relative
velocity of two DM particles |0} — U] in the center-of-mass frame.

The freeze-out value of xy is estimated by assuming that the number density of
WIMPs is equal to the the non-relativistic equilibrium number density npym ~ npm, eq =~
gpMm (mpmT'/ 27r)3/ 2 exp (—mpn/T), where gpy is the number of degrees of freedom for

3The first explicit mention on the possibility of supersymmetric particles comprising the dark matter
of the Universe was done by Pagels and Primack [83, 91].
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the dark matter particles. Taking the value measured by Planck, Qpyh? = 0.12 one
finds 2y ~ 25 for mpym ~ 100GeV — 10TeV. Using these values in equation 3.9, one finds
that the correct relic abundance is found for

(Cannv) ; & 3 x 10770 em® /s, (3.10)

relativistic non-relativistic

T IIIIIII| T T T T TTT
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I'~H
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e~ m/T P
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Figure 3.3: Scheme of the freeze-out mechanism [21]. At high temperatures, T' > m, the
dark matter abundance follows its equilibrium distribution. When the Hub-
ble rate and the interaction rate become comparable, the particles freeze out
and maintain a density that is much larger than the Boltzmann-suppressed
equilibrium abundance. For larger values of the thermally averaged self-
annihilation cross section, the dark matter particle decouples later, and the
relic density today becomes smaller.

For typical velocities v ~ 0.1c one obtains a cross section typical of the electroweak
scale, say o ~ GQFTJ%7 with G the Fermi constant, and 7y ~ m,/25. This apparent
coincidence has been dubbed as the WIMP "miracle”.
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Figure 3.4: Left panel: Original plot from the pioneering work on supersymmetric relics
from Ellis, Hagelin, Nanopoulos, Olive and Sredinicki [88]. It shows mass con-
tours for neutralinos (solid = 20GeV, dashed = 30GeV, dot-dashed = 40GeV
) as functions of the Higgsino gauge coupling || and the Wino mass M.
Each plot represents a different choice of the vacuum expectation values of
the Higgs doublet superfields (v;/v2) and the sign of the gauge coupling
() : (a) v1 = vg,e > 0; (b) v1 = vo,e < 05 (¢) v1 = 2vg,e > 0; (d)
v1 = 2vg,e < 0; (e) vy = 4vg, € > 0; (f) v1 = 4dve,e < 0; (g) v1 = 8va,e > 0;
(h) v1 = 8vg,e < 0. Right panel: The upper plot shows model predic-
tions on the parameter space of neutralino self-annihilation cross section into
W bosons vs the neutralino mass, in the phenomenological minimal super-
symmetric standard model (pMSSM), confronted with constraints from dark
matter indirect detection searches and future projections [95]. The lower plot
shows model predictions in the parameter space of neutralino-nucleon spin-
independent scaterring cross section vs neutralino mass, in the constrained
MSSM (CMSSM) and Non-Universal Higgs model (NUHM) [93, 96, 97]. In
all three realizations of supersymmetry there are neutralino compositions
that evade current constraints.

The reasoning of the final years of the last century was at play: The naturalness
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and the hierarchy problem suggested new physics at the electroweak scale, and the relic
density of dark matter particles in the universe is consistent with those scales within
the freeze-out paradigm, so the WIMP was clearly theoretically well motivated. A
posteriori, one can argue that the freeze-out is indeed a simple and elegant explanation
of the dark matter relic abundance, but its prediction is not unique of the electroweak
scale. Indeed, the cross section will typically be determined by ratios of couplings and
the dark matter and mediator mass, yielding consistent values of the relic abundances
in a wider range, mpy ~ 10 MeV-10 TeV [98, 99]. While the freeze-out is simple, the
supersymmetric candidates at the electroweak scale are far from that adjective, since
these theories involve plenty of additional parameters unrelated to the dark matter mass
and interaction strength. However, despite some efforts and unjustified claims based
on the stringent bounds from dark matter direct and indirect detection searches (See
sections 4.2 and 4.3 for a detailed treatment), it is worth stressing that the WIMP is far
from being ruled out. Only the simplest scenarios, where the dark matter is produced
thermally, and its portal to the SM proceeds via a Z-boson or a Higgs begun to be
seriously constrained in recent years [100-104]*. Other WIMP proposals beyond the
lightest supersymmetric particle still remain viable, such as singlet scalars, the scotogenic
model, t-channel mediators, or multi-component dark matter, among other models [107—
110]. In the next section we discuss inelastic dark matter in some detail, a scenario which
is not subject to the stringent constraints from direct detection experiments.

3.5 Inelastic dark matter

The stringent limits on the elastic scattering cross-section of WIMPs discussed in pre-
vious section do not necessarily hold in scenarios where the dark matter particle cannot
scatter elastically with a nucleus or an electron. This seemingly strong assumption
naturally arises in some models. For instance, the elastic scattering mediated by vector
current is forbidden for Majorana dark matter y, due to the Majorana nature of fermion:
x7*x = 0 [111]. However, Majorana dark matter particles may leave an imprint in di-
rect search experiments if they could scatter inelastically producing a heavier Majorana
fermion X’ in the final state, since there is an off-diagonal fermion current x'~*x # 0.
This scenario is approximately realized in the Minimal Supersymmetric Standard Model,
when the lightest supersymmetric particle is almost a pure Higgsino state, and the other
supersymmetric particles are very heavy. In this case, the elastic scattering of the Hig-
gsino dark matter is suppressed by the large sfermion and gaugino masses, while it has a
large inelastic scattering cross section by the electroweak gauge interactions [112, 113].
Scenarios of inelastic dark matter have also been motivated phenomenologically, e.g. in

4n [105] we provided a method to combine the results of several experiments in probing the non-
relativistic effective theory (NREFT) of dark-matter nucleon interactions, accounting for interfer-
ences among operators. While some operators of the effective theory are strongly constrained from
the combination of experiments, others remain untested in certain directions of parameter space,
particularly those coherent operators expected to dominate the scattering with nucleons in most UV
complete models. Further, astrophysical uncertainties can affect upper limits by 1 to 2 orders of
magnitude at most, as we studied in [106]
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[112, 114-126].

In the following, we will discuss two simplified scenarios where the elastic scattering
channel of dark matter particles with nucleons is suppressed with respect to the inelastic
one®. First, if the dark matter particle is a real scalar, its vector coupling to nuclei is
forbidden by Bose symmetry. Consider a complex scalar ¢ = %(a + ib) coupled to an
Abelian gauge field A,. Its vector interaction comes from

|D,o> D —gA, (ad"b — bd"a) (3.11)

The real scalars a and b are degenerate if the only mass term is —m?|¢|?, but intro-
ducing a small additional mass term —d§2¢?+ h.c., splits this degeneracy. The additional
mass term breaks gauge invariance, but in can arise once the gauge symmetry is broken.
This example is realized in the minimal supersymmetric standard model where sneutri-
nos constitute the dark matter, and the scale of the mass splitting is naturally predicted
as 0 ~ 100keV.

Inelastic dark matter can also be realized for fermionic particles. A dark matter Dirac

fermion ¢ = (n€) has vector and axial-vector couplings to quarks:

Vv (91 + 9avs) Y™ (9v + 9avs) g (3.12)

If the couplings are all of comparable order, the largest contribution to the low-energy
scattering of 1 off nuclei will come from the vector-vector term, which will yield an
amplitude that scales roughly as the number of nucleons. The axial-axial piece yields
a smaller spin-dependent contribution, and the vector-axial pieces is suppressed in the
non-relativistic limit.

If, in addittion to a dominant Dirac mass term for 1, the Lagrangian also contains a
small Majorana mass term

g(nn + 77) (3.13)

the Majorana fermion mass eigenstates are

X1 :\%(n—g)ml =m-90 (3.14)

1
~ —(m+&)ma =m+9. 3.15
X2 \/5(77 §)ma (3.15)
The vector current couples x; to x2, with a small additional contribution ~ §/m
coupling each mass eigenstate to itself:

- A o o . _ o
Yyt ~ i (X10ux2 — X20uX1) + 3 (X20uX2 — X10.X1) (3.16)

And one can see that the elastic scattering channel is supressed by d/m x1. There
is still a spin-dependent elastic scattering channel available, but the inelastic process

5Similar realizations have been discussed in the literature for leptophilic inelastic dark matter scattering
with electrons, see e.g [127-132]
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will dominate given that the coherent enhancement a factor ~ A2 overcomes than the
suppression due to the inelasticity. Therefore, heavy targets are ideal to probe inelastic
dark matter models.

b)
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Figure 3.5: Left panel: Region satisfying both DAMA and CDMS constraints in the
inelastic dark matter mass splitting and cross section plane é — o, plane
(in dark blue), for (a) m, = 50GeV, (b) m, = 100GeV, (c) m, = 300GeV
[133]. Right panel:Lower bound on the mass splitting as functions of the DM
mass, for different values of the dark matter hypercharge Y [112]

Inelastic dark matter models initially received attention in the early 2000’s as a possible
explanation to the DAMA dark matter signal compatible with constraints from the
CDMS experiment, see the left plot of the Figure 3.5, where a region of parameter space
compatible with the signal and other constraints is shown in blue [133]. Today, the
constraints on the mass splitting between the two dark matter states are much stronger,
but mass splittings of the order keV, motivated by Supersymmetry, still remain viable for
electroweakly-interacting dark matter with hypercharge Y, see the right plot of Figure
3.5.

3.6 Light dark matter

The stringent limits derived on the dark matter coupling to nucleons with direct de-
tection experiment are relaxed at sub-GeV dark matter masses due to the limitation
of experiments to measure low-energy recoils in the detector. The parameter space of
sub-GeV dark matter is therefore not so strongly constrained, and several proposals have

5The maximum mass splitting probed by experiments is limited by their recoil energy range of interest,
and by the velocity of the dark matter particle. In the Varieté 9.1.3, we derive enhanced constraints
and prospects for the detection of inelastic dark matter from the flux of non-galactic dark matter
particles at Earth, whose velocities are larger than the escape velocity of the Milky Way.
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been put in recent years to probe this region of the parameter space with a variety of
observables, as well as trying to construct models that can induce the observed relic
abundance of dark matter.

Historically, light fermions were disfavoured by the so-called Lee-Weinberg bound [33]
7. The result from Lee and Weinberg implied that the lightest supersymmetric particle,
stable via R-parity, cannot be significantly lighter than a few GeV in order to reproduce
the dark matter relic abundance. This bound, however, does not apply if the dark matter
particle is a scalar or pseudoscalar particle, as initially pointed out by Boehm, Ensslin,
Silk and Fayet [137, 138].

If the dark matter particles self-annihilate, and neglecting co-annihilations, the anni-
hilation cross section required for a thermal relic is approximately [139].

-1
Qpmh?
ov~ 6 x 10727 x 2L (DM cm3s ! (3.17)
Vo \ 012
where
xp =mpm/Tr ~17.2+1n(g/g«) +In (mprn/GeV) + In /x5 (3.18)

which is mildly dependent on the dark matter mass. For particles in the MeV-GeV
range,  ~ 12 —19 and g, g, are the number of internal and relativistic degrees of free-
dom, respectively. It was shown in [138] that these values can be achieved for MeV scalar
dark matter candidates with non-chiral couplings to standard model fermions, while re-
specting astrophysical and cosmological constraints in some regions of the parameter
space (for a detailed review, see [140]).

An interesting alternative to evade the Lee-Weinberg bound while having thermal
light dark matter fermions consists in introducing an asymmetry in the number density
of dark matter particles vs antiparticles, in analogy to baryons [141]. In this case, there
is a connection between the dark matter and baryon densities that can explain the close

ratio of abundances
PDM

PB
suggesting mpy ~ 5 GeV, although lower values of the dark matter mass are possi-
ble, depending on the model. In this scenario, the dark matter relic abundance is not
determined by the self-annihilating cross section, but it is mostly dependent on its mass
mpum. . Defining the present day dark matter-anti dark matter ratio as npy = Q'J, the

QpwMm
required light dark matter annihilation cross section at freeze-out to achieve a particular

~5 (3.19)

"Piet Hut submitted a paper a few weeks before Lee and Weinberg, noticing already that neutral
relics from the Big Bang with masses above 3 GeV wouldn’t overclose the Universe [32]. Lee and
Weinberg’s merit was perhaps that they acknowledged explicitely that heavy neutral leptons could
close the Universe. It is worth mentioning that other works appeared in the following weeks arriving
to similar conclusions [134-136]

8The underlying idea of asymmetric dark matter had been explored already in the 80’s and 90’s,
where several authors attempted to connect the dark matter and baryon asymmetries via electroweak
sphalerons [142-145].
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residual symmetric component npyy is [146, 147]

ov)r In ~crx5Hx10 cm®/sxIn| —— ), (3.20
(o0)s 0.264Q0pMper /G, f Mpi DM / / DM (3:20)

where ¢y is an O(1) factor. sp &~ 2969.5 cm™3 and p, ~ 1.0540h* x 10%eV /cm? are the
entropy density and critical density today. The CMB sets a bound on the annihilation
cross section when npy < 1 (see [148, 149])

2.42 x 10727 em?®/s [ mpu 1
21
ov)oms < 2f (e ) Gows) (3.21)

where f gives the efficiency of energy deposition at redshift z and thus depends on the
spectrum photons, neutrinos and e* resulting from light dark matter annihilation. The
dependence of f(z) on z is generically mild. For dark matter annihilation channels to
charged leptons or pions, f ~ 0.2—1, while it is f ~ 1 for annihilation only to e*. Then,
for s-wave annihilation, one can combine equations 3.20 and 3.21 to place a lower bound
on the thermal asymmetric dark matter annihilation cross section in order to reproduce
the relic abundance and evade CMB constraints [147]

(ov)s _ (40csf x 29Y) 4 inln (40cpf x 29V ) | mpy S f x 10GeV
A0 emts 2 ,mpm Z f x 10GeV

(3.22)
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Upper left panel: Parameter space of light dark matter-electron scattering
cross section vs mass, for a vector mediator mg. The green region may
account for the DM relic abundance for mgmpu, and the red region for mg >
mpm [147]. Upper right panel: Combination of values of dark matter coupling
strength to the standard model (parametrized as k = € cos Oy /o' /a(1 — €?))
vs dark matter mass that reproduce the relic abundance via freeze-in in the
vector mediator model [150]. The red line shows the contribution of both
the v and Z channels, and the dashed blue line is only for the 7. Lower
left panel: Effective coupling between the dark and standard model sectors
aef as a function of the DM mass (black solid line) in the 3 — 2 freeze-out
scenario. Coloured regions show values motivated by small scale structure
anomalies [151]. Lower right panel: Combinations of parameters favoured
in the Elastically Decoupling dark matter model (ELDER) confronted with
constraints from different observables [152].

interesting alternative to evade the Lee-Weinberg bound arises when consid-

ering strongly interacting dark matter particles. It was shown in [151, 153] that thermal
dark matter may freeze-out via 3 — 2 processes, where three dark matter particles inter-
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act producing two dark matter particles. Then, a small kinetic mixing between the dark
and the visible sectors is needed in order for the two sectors to thermalize. A generalized
geometric mean can give an idea of the typical thermal relic mass in this scenario, in
analogy to the WIMP miracle

1/3
mon ~ ae (T2 M)  100Mev (3.23)

where aeg is the effective coupling constant of the self-interacting dark matter, and Tyq
is the matter-radiation equality temperature. In this setup, the dark sector must be in
thermal equilibrium with the standard model sector while the 2 — 2 annihilation into
standard model particles is suppressed. These authors found that this can be realized
for values of the coupling strength in the range 107 < e <3 x 1076,

In previously discussed scenarios, the dark matter relic density is determined via
processes that change dark matter quantum number. In [152], a mechanism for thermal
light dark matter was proposed, where the freeze-out happens via elastic scatterings of
dark matter particles off standard model particles. This mechanism is similar to the
SIMP, but here the elastic scattering process decouples first while the self-annihilation
process remains active. This is different from the SIMP case, where the self-annihilation
process is the first to decouple. The range of coupling values that allows to reproduce
the relic abundance are however similar to the SIMP case, hence this mechanisms are
difficult to distinguish in practice.

Another possibility that has received attention in recent years consists in light dark
matter not being produced thermally. Hall, Jedamzik, March-Russell and West proposed
that dark matter may not be in thermal equilibrium with the standard model plasma af-
ter inflation, due to is extremely weak interactions with the bath particles [154]. Despite
its feeble interactions, the dark matter could be produced when the temperature of the
Universe drops below its mass, assuming the dark matter is heavier than the standard
model particles to which is coupled. The abundance of dark matter then "freezes-in”
with a yield that increases as the interaction strength between the dark matter and the
standard model becomes larger.

Whereas for the conventional freeze-out just the dark matter particle is of interest for
the determination of the dark matter abundance, in the freeze-in mechanism both the
feebly interacting massive particle (FIMP) and the lightest particle in the thermal bath
that carries the symmetry (LOSP) are important. The freeze-in mechanism requires
particles of very long lifetime

US

T OME,
where m is the mass of the FIMP or the LOSP, m ~ v and A ~ v/Mpy,. The heavier of
the LOSP and FIMP will generically decay to the lighter one with a short lifetime.

The freeze-in mechanism is dominated by decays or inverse decay, and the relic density
is obtained for couplings

1/2 3/4
N —12 [ Mg g« (my)
A~ 1x10 ( DM> ( 152 > . (3.25)

[freeze—in ~ >\2m (324)
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where ¢ is the LOSP, and the LOSP decay rate is 'y, = A?my /87 [154]°.
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Figure 3.7: Left plot: Early compilation of constraints on the millicharged dark matter
mass vs kinetic mixing from astrophysics, cosmology and laboratory probes,
from Davidson, Hannestad and Raffelt [157]. Right plot: Current constraints
on the parameter space of millicharged dark matter [158]. The green region
is constrained by direct detection experiments, the grey region is constrained
by collider searches, and the region on the left of the thin blue line is con-
strained by measurements of Neg [159]. Projections from several experiments
are shown in dotted lines, and the thick dark blue line show regions of the
parameters pace that can explain the 21-cm signal from EDGES, for differ-
ent values of the fractional density of millicharged DM w.r.t to the total DM
density of the Universe.

So far, we have argued the possibility of achieving the dark matter relic abundance
when the dark matter particle is light, but no concrete particle physics model has been
discussed. Let us conclude the section by discussing a simple U(1) extension of the stan-
dard model under which the dark matter particle is charged, since this is the benchmark
model used for light dark matter phenomenological studies. Let us start with the most
general lagrangian corresponding to two gauge groups U(1) and U(1)’ [160-162]

1
»CO — _Z(F/WF;W + F,L/WFWV) B EF‘/ F//W + BJMA'M + J/;A,'u (326)

2

where the gauge boson A* couples to the SM current, and the "paraphoton” or ”dark
photon” A" couples to the dark matter, with e and €’ coupling constants, and ¢ is the
kinetic mixing between the field strenght tensors. For now, we focus on the case in
which the dark photon is massless. The kinetic terms can be diagonalized by rotating
the gauge fields with the following transformation

9Some variations of the original formulation of the freeze-in mechanism leading to viable light dark
matter particles are [155, 156]
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Wi cos sin
[ \/% 1 ] [ sinf cos@ ] (3.27)

where 6 is an arbitrary angle as long as the paraphoton is massless. The lagrangian
becomes

_[€cosh ) e cosf I e'sinf gsin 6 4
L= mJM—FG(SIHQ—m) JM:|A +|:—mJM+€(COSQ+m> JM:|A

(3.28)
For the choice of the arbitrary angle 6§ = arctan {e/ Vv1-— 62} one gets
L=eJ AP 4 {—e’EJ’ S } AF (3.29)
Z e o

and we can see that the paraphoton is coupled only to the dark current J ;L while the

SM photon is coupled to both currents, with strength ee/+/1 — €2 to the dark one. Thus,
if the paraphoton is massless the dark matter is millicharged. This is a very economical
set up with only three free parameters, the kinetic mixing €, the gauge coupling €', and
the dark matter mass'?.

The paraphoton may however be massive. The Stiickelberg mechanism may generate
a mass term, fixing the angle 6. It can be shown that in this case the SM photon couples
only to the SM current, while the paraphoton couples to both. However, in the presence
of Stuckelberg mass mixing, the dark matter may be millicharged. In Figure 3.7, we
show constraints in the parameter space of millicharged dark matter particles'!. For
masses above m 2 1GeV, this model is poorly constrained, while at lower masses strong
constraints from astrophysics and cosmological observables apply.

10The kinetic mixing parameter can be present at tree level or be generated at 1-loop. The latter con-
tribution relates the values of the gauge coupling and the kinetic mixing in concrete BSM models.
The loop supression of the kinetic mixing might be compensated by logarithmic contributions de-

/ m? . .
pending on the masses of the particles ¢, j involved in the loop, as € o< ;5% log —%. The logarithmic
j
enhancement depends on the model under consideration [163-165]

HMillicharged DM has been studied phenomenologically widely in this thesis. In section 7.3, we consider
millicharged DM interactions with photons as a pontential explanation of the deficit of gamma-ray
observations NGC 1068. In the Varietés 9.1.2 and 9.1.3, this model is considered in the context of
elastic and inelastic dark matter-electron scatterings in direct detection experiments.
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Dark matter searches

In this section, we will discuss different detection methods proposed to search for the
dark matter candidates presented in the previous section. In subsection 4.1 we will
briefly introduce dark matter searches at accelerators. In subsection 4.2 we will direct
dark matter searches, and in subsection 4.3, we will discuss indirect dark matter searches.
We will be focusing on searches for WIMPS;, inelastic dark matter and light dark mater.

4.1 Accelerator dark matter searches

Previous to the advent of supersymmetric theories [166], and the discovery of the Z-
boson at colliders in 1983, the possibility to search for neutrinos in e*e™ collisions and
Kaon decays had already been put into the table [167]'.

Like neutrinos, dark matter produced at accelerators would in most cases pass through
the detector invisibly. Modern attempts to find GeV-TeV dark matter at the LHC have
been performed in the framework of effective field theories (EFT), simplified models,
and more complete theories such as supersymmetry, e.g [168-176]. EFT’s present some
advantages w.r.t simplified models, for example, they have a limited number degrees
of freedom (interaction scale, dark matter mass) and allow for a model independent
comparison with direct detection searches, while simplified models require at least four
model parameters: the mediator mass, dark matter mass and coupling strengths of the
mediator to the dark sector and the standard model (mg,my, gy, gq), and don’t allow
for a model independent comparison with direct detection experiments. Nonetheless,
EFT’s are only valid at current colliders for quite heavy mediators mi >q¢? > \/s=13
TeV. In the framework of simplified models, there are two differentiated dark matter
searches : mono-X searches and mediator searches. The first consists on looking for
single jet, photon, higgs, or Z events, while mediator searches look for resonances like a
Z' mediator in dijet or dilepton events.

Collider dark matter searches depend on the choice of the couplings g,, gi, g4 to dark
matter, standard model leptons and quarks, respectively. Fixing these values allow for
comparison with the dark matter relic density and with direct and indirect detection re-
sults on the mass-cross section plane, see Figure 4.1. Collider bounds are more stringent
than direct detection limits at low dark matter masses m, < 6 GeV for the standard
spin-independent interaction. However, collider bounds on dark matter are more cor-

1Special thanks to Felix Kahlhéfer for drawing our attention to this paper.
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rectly presented in the mass-mass plane of the mediator and dark matter particle. The
translation of LHC results to direct-indirect detection results is difficult to interpret,
since LHC results only hold for the mediator under consideration and the specific choice
of the couplings taken. Constraints on some thermal dark matter models from colliders
probe crucial and complementary to other dark matter searches in certain regions of
parameter space. In fact, for Dirac dark matter fermions with masses below 100 GeV,
it becomes difficult to find regions of parameter space that satisfy all constraints while
maintaining the EFT validity at LHC energies [177].

(\E 10 E . \ ™3 — Dilepton

5. 10°8E y ; o' HEP 10 2017 1
FVs =13 TeV, 29.3-139 fb’ Dilepton
EJuly 2023

r : ; 7
I ATLAS Preliminary/
1.4f\s = 13 TeV, 29/3-13
[ July 2023

" L ‘ ' T /'_ ~— Dilepton
3 " P s
4= Dijet s

1073
10740
1048
bw 10—42 E
107 £
104 __
10°F
10 F
10747 E
. E Vector mediator, Dirac DM
10~ 8 E9,=01,9,=001,g =1
E ATLAS limits at 95% CL, direct detection limits at 90% CL

1074
1

m, [TeV]
A\

(x-nucleon)

bb resonangg

DarkSide-50 QF MIGD h o8f
— DarkSide-50 QF M r

PRL 130 (2023) 101001

— PandaX 0.6 —

PRL 127 (2021) 261802

—Lz 0.4f

arkiv:2207.03764

Vector mediator, Dirac DM _:

0.2F Sod,g= Z
. k s 9,=01,9,=001,9 =1 ]
5

Al limits at 95% CL

DN
X \\ Dilepton

o

o dijet

0 T 45 2 25 3 35 4
10 10° 10° my, [TeV]
m, [GeV]

Figure 4.1: Left panel: Upper limits on the spin independent dark matter—nucleon scat-
tering cross-section for a Z’ mediator with leptophilic vector couplings, con-
fronted with results from direct detection experiments. Right panel: Upper
limits on the dark matter mass mediator plane from colliders, confronted
with values that satisfy the relic abundance of dark matter in a simplified
model, for specific choices of the couplings [178].

Light dark matter particles might also be produced at accelerators. For example,
dark photons (A’) (see section 3.6 for an introduction to this model) might be produced
at accelerators via bremsstrahlung (eZ — eZA’), annihilation (ete™ — A’y), Drell-
Yann (¢gq — A’), meson decays (7° — A’y) or vector meson-dark photon conversion
(p — A’), among other possibilities [179-184]. Once the dark photon is produced,
it might decay into visible or invisible states. If the decay into dark sector states is
kinematically supressed, the dark photon will decay into visible states promptly for
e 2 O(1073) x (10MeV/mas), otherwise its decay point will be displaced from the
production point. If the dark photon mass satisfies m 4/ > 2m,,, with x the lightest dark
matter state, the invisible decay into xx will dominate. This scenario can be searched by
looking at missing energy in the detector, or by looking at interactions of the y particle
in a detector downstream of the A’ production point.
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Figure 4.2: Left panel: Constraints on visible dark photon decays from electron beam
dumps (red), proton beam dumps (cyan), electron-positron colliders (green),
pp collisions (blue), meson decays (purple) and electron fixed target experi-
ments (yellow). The constraint from the anomalous magnetic moment of the
electron is shown in grey [185]. Right panel: Current constraints (shaded
regions) and projected constraints (solid coloured lines) on invisible dark
photon decays. The solid and dashed black lines correspond to thermal dark
matter target32

A compilation of constraints from accelerators on the dark photon mass vs kinetic
mixing to the standard model from both visible and invisible decays can be found in
Figure 4.2. The constraints are confronted with values of the kinetic mixing vs mass that
can account for the relic density of dark matter in some simplified models, by relating
the thermally averaged annihilation cross section in the early universe with the dark
sector parameters relevant for the decay width in the accelerator via

2 2
9 aDmX

(ov) x m—i/ (4.1)

and, as apparent from the plots, models with m 4//m,, < 3 are ruled out in most regions

of parameter space, while lighter dark matter particles can evade accelerator constraints.

It has been shown that current and future neutrino experiments play an important role

in constraining regions of the parameter space beyond the reach of conventional collider
accelerator searches, e.g [186-192]

4.2 Direct dark matter searches

After a paper from Drukier and Stodolsky at the Max Planck Institute in Munich propos-
ing detectors to search for neutrino-nucleus scattering [193], Goodman and Witten pro-
posed to use those detectors to search for dark matter particles in the halo of our galaxy
[89]. Goodman and Witten (and shortly after Ira Wassermann [194]) proposed sev-
eral candidates, among which there were dark matter particles scattering coherently
with the nuclei via spin-independent couplings, and dark matter particles scattering via
spin-dependent couplings. Soon after, two low-background germanium ionization exper-
iments placed the first direct constraints on the spin-independent and spin-dependent
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dark matter-nucleon couplings [195, 196], from a non subtantial excess of recoil events
w.r.t to the background expectation®, see the left panel of Figure 4.3. These first searches
were merely counting event experiments, and an interesting variant introducing a tem-
poral dependence of the dark matter signal rate was proposed soon after [199]. The
combination of the Earth’s motion around the Sun and the Sun’s motion through the
dark matter halo would induce an annual modulation in the scattering rate, which may
help to distinguish the dark matter signal from other backgrounds. Since then, sev-
eral experiments have explored the parameter space of dark matter-nucleon scatterings
with different detector technologies, based on total scattering rate or modulation sig-
nals. Among these, there are light scintillators, based for example in Nal crystals, like
DAMA /LIBRA, [200], cryogenic ionization detectors, based for example in Germanium,
like EDELWEISS or CDMS [201, 202], liquid noble experiments, usually based in Xenon,
like XENONI1T and PandaX, [203, 204], or bubble chambers, filled with C3Fy in the case
of PICO, [205]. The sensitivity of these experiments has increased tremendously over the
years, getting close to observe the coherent elastic scattering of solar neutrinos, which
would constitute an irreducible background for WIMP searches [206, 207].

Of particular importance was the observation of a modulation-like signal at the DAMA
experiment, based on Sodium Iodine detectors (Nal), at the Gran Sasso national labo-
ratory [208]. The DAMA collaboration has consistently confirmed the presence of this
signal over the years [200], which however seems incompatible with the lack of signals
at different direct detection experiments, some of them dedicated to look for the same
annual modulation signature [209-215].

3These experiments were originally designed to search for neutrinoless beta decay. This has been
a constant pattern on the BSM physics community over the years. Several experiments originally
designed to search for a concrete BSM scenario have been repurposed to search for different scenarios.
Examples are numerous, but we can mention some examples such as direct dark matter experiments
as new solar neutrino detectors (as XENONI1T [197]), or proton decay and neutrino experiments as
dark matter laboratories (as Super-Kamiokande [198]).
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Figure 4.3: Left panel: First upper limit on the WIMP-nucleon scattering cross section vs
dark matter mass with a direct detection experiment, from Ahlen, Avignone,
Brodzinski, Drukier, Gelmini and Spergel [195]. The interaction strength
is parameterized as ¢/gweak = (0/0weak )1/ 2 Where oywear is the weak scat-
tering cross section of heavy neutrinos with Germanium (spin-independent
for Dirac neutrinos, and spin-dependent for Majorana neutrinos). A local
density of dark matter particles in the halo of ppy = 0.38 GeV/cm? was
assumed, and a Maxwellian velocity distribution with escape velocity of 550
km/s. The lowest value of the cross section constrained is ¢ ~ 1073% cm?,
Right panel: Currently strongest upper limit on the WIMP-nucleon scatter-
ing cross section from the LUX-ZEPLIN experiment [216]. Values of the
spin-independent scattering cross section as low as 10~*"cm? are ruled out,
which represents an improvement of ~ 12 orders of magnitude w.r.t to the

first upper limit derived in 1987.

In the following, we describe the direct detection formalism necessary to compute the
expected WIMP-nucleus recoil rate on a certain experiment.

The dark matter-induced scattering off the nucleus IV; in the detector can be expressed
as

&i 3 do;
dER Z / oy CVF ) T 0. B, (4.2)

Here, my; is the target nuclei 7 mass and &; is the mass fraction of the nuclei isotope
under consideration. .Z#(U + ¥y) is the dark matter flux at Earth (expressed in the
galactic frame)

loc

Fsm (7) = ﬁjgijvfsm(ﬁ). (4.3)

with mpy the dark matter mass. ppyy is the dark matter local density, and femy (V) is
the velocity distribution of dark matter particles in the galactic rest frame. The local
density of dark matter particles can be inferred from the motion of tracers, or from global
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measurements of the mass distribution in the galaxy from the rotation curve, yielding
values in the range ppy ~ 0.2 — 0.85 GeV/cm? [217]. The velocity distribution of the
dark matter particles is assumed to be a Maxwell-Boltzmann truncated at the escape
velocity of the Milky Way (expressed in the Solar frame):

» 1 [
— —— < . .
fsum (V) (oD 2N exp [ 2031 for v < Vese (4.4)

Here, v = |0, 0, = 156 km/s is the velocity dispersion [218, 219], vy ~ 232 km/s
is the local velocity of the Sun with respect to the galactic frame 4, and ves. = 544
km/s is the escape velocity from our Galaxy [221, 222]. Further, Neg is a normalization
constant, given by:

Vesc 2 Vesc U2
Nese = erf — /= -5 4.5
esc — €T <\/§O’v) T oy eXp( 20%) ( )
For our chosen parameters, Neg. ~ 0.993. The contribution to the local dark matter flux
from the Milky Way halo then reads:
This assumptions refer to the Standard Halo Model (SHM), which is the benchmark
parametrization used by theorists and experimentalist to infer the dark matter particle

properties with direct detection experiments. This model presents uncertainties and
caveats®. Upmini(ER) is the minimum velocity necessary to induce a given recoil energy

B 1 Egr (my +mpy)
'Umin(ER) = m ( my, + 5) (4'6)

, with 0 the mass splitting between the initial and final dark matter states, if the scat-
tering is inelastic.

The total spin-independent WIMP-nucleus ¢ scattering cross section arising from scalar
and vector couplings between WIMPS and quarks reads

2
oft = F [(pr (A= )k D 1>] ' .7

where k = 1 for Majorana particles (vector contribution vanishes) or k = 0 for Dirac

particles. Assuming equal coupling to protons and neutrons f? = ™ as well as Majorana
dark matter, the expression reduces to

2
Wy
of = AT (48)

4The velocity of the Sun with respect to the galactic rest frame is given by ¥ = Lsr + U6 pee,
where ULsr = (0,vc,0) is the motion of the local standard of rest (LSR), v. &~ 220 km/s, and
To,pec = (11.1,12.24,7.25) km/s is the Sun’s peculiar motion [220].

®In the Varieté 9.1, we propose a refinement of the SHM including non-galactic dark matter particles
bound to the Local Group and the Virgo Supercluster, but not the Milky Way, and thus with larger
velocities than the particles in the halo. Further, we study its impact in direct detection experiments.
Additionally. in [106], we proposed a method to parametrize uncertainties in the dark matter velocity
distribution with information divergences, and assess the results from several experiments for different
deviations from the common Maxwell-Boltzmann parametrization.
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Direct detection experiments use different target nuclei so it is convenient to write the
differential scattering rates in terms of the WIMP-proton cross section. In the case of
fP = f" the WIMP-proton and the WIMP-nucleus at zero momentum transfer cross
sections are related as

oft = "3 Afof, (4.9)
w2y
where 4" = n,p and p4, are the dark matter-nucleon respectively the dark matter-
nucleus reduced mass. strength to protons and neutrons. F? (ERg) is the nuclear form-
factor, for which the Helm prescription is typically assumed °, and U/S\/I' is the spin-
independent scattering cross section off the nucleus at zero momentum transfer. The
differential dark matter-nucleus scattering cross section reads
doPl  ma, 08 F(ER)

= 4.10
dEgr 2p1% v? ’ (4.10)

where JSI is the total, point-like WIMP-nucleon cross section at zero momentum

transfer. Taking this into account, the differential scattering cross section in terms of
the interactions with nucleons is given by

do SI
dER Qujzﬂ

A%0SLF2(ER) (4.11)
where all the information on the WIMP model is encoded in 05,{.

Spin-dependent interactions arise from the axial-vector coupling between dark matter
and quarks. The resulting differential cross section for a fermionic (spin 1/2) WIMP off
a nucleus ¢ is given by

doSP 2mma,
(v, ER) =
dER 3upyv?(2J+1)

with J the total spin of the nucleus, S4,(Eg) the nuclear structure function, and o5 is
the spin-dependent scattering cross section off the nucleon .4 = n, p at zero momentum
transfer.

The total scattering rate is then given by

UJ,/ SAi(ER) ) (4.12)

o0 dR;
R=¢& /0 Zi:ei(ER)EdER, (4.13)

where £ = M - T is the exposure of the detector, with M its mass and T running time of
the experiment. ¢;(ER) are the recoil efficiencies of the nucleus N;, determined experi-
mentally.

The main difference from the spin-independent dark matter-nucleus interactions is
that the spin-dependent differential scattering cross section does not increase with the

5The Helm form factor implies that the WIMP-nucleus scatterings are distributed as electron-nucleus
scatterings.
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number of nucleons, but rather depends on the nucleus spin J. Indeed, spin-dependent
interactions can be tested only on isotopes with J # 0. Furthermore, the differential cross
section is proportional to the expectation values of the spin content in the proton group
respectively the neutron group in the nucleus (Sy,), which differ for different isotopes
and do not favour heavy ones, [223]. Thus, the ideal targets to test spin-dependent
interactions are constituted elements with J # 0, (S4,) = 1/2 and low masses. Some
examples include Fluorine at PICO, or 7O at CRESST, [224]. For spin-independent
interactions, the differential cross section scales with the squared number of nucleons A2
for fP = f", so that heavy nuclei is favoured w.r.t light nuclei. For this reason heavy
target elements such as ¥¥W at CRESST or ¥!'Xe at XENONIT are preferred.

Direct detection experiments lose sensitivity at sub-GeV masses due to their minimum
energy threshold and velocity of dark matter particles reaching the detector (typically
assumed to be the escape velocity of the Milky Way)”. Some experiments are aiming
to achieve low energy thresholds in order to probe sub-GeV dark matter scatterings
with nucleons, but the improvements in recent years have been modest [228]. However,
other alternatives to extend the sensitivity reach without improving current technologies
significantly have been proposed.

For example, the ionization signal stemming from the Migdal effect after the nucleus
recoils allows to extend the sensitivity of some experiments, see Figure 4.4%. Unlike it
happens for elastic scatterings, if the dark matter scatters inelastically with the detector,
the limitation in sensitivity is a limitation in probing larger mass splittings between the
two dark matter particles. From the experimental side, the sensitivity is limited by the
maximum energy recoil considered in experiments.”. In the right panel of Figure 4.4,
we show current constraints (calculated by ourselves) from different experiments on the
parameter space of dark matter-nucleon scattering cross section vs mass splitting, for
a dark matter mass of mpy = 1TeV, and confronted with different values of the dark
matter hypercharge in electroweakly interacting dark matter models, where the inelastic
scattering cross section can be dominant, and is given by [112]

G3Y?

ot == [N = (1 4sin? ) Zr i, (4.14)

with G is the Fermi constant, 0y is the weak mixing angle, and g4, is the reduced
mass in the DM-target nucleus systems.

"Several low-threshold direct detection experiments observe sharply rising event rates below a few
hundred eV, and larger than expected from common backgrounds. The characteristics of these
excesses are different for every experiment and seem unlikely to be caused by dark matter, see e.g
[225—227]

8In the Varieté ?? we discuss the Migdal effect in some detail, further calculating the irreducible ioniza-
tion background from coherent elastic neutrino nucleus scattering, and its potential distinguisability
from a Migdal dark matter signal.

In the Varieté 9.1.3, we discuss the sensitivity reach and kinematics of direct detection experiments
to inelastic dark matter in more detail, and derive the strongest constraints to date in sensitivity to
scattering cross section from the LUX-ZEPLIN experiment, and in sensitivity to mass splittings from
a radiopurity CaWO, measurement [229, 230], and the consideration of non-galactic dark matter
particles
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Figure 4.4: Left panel: Direct detection constraints on the sub-GeV dark matter-nucleon
scattering cross section vs dark matter mass, from elastic scatterings and
from the ionization signal induced by the Migdal effect. The yellow region
corresponds to the neutrino floor [231]. Right panel: Direct detection con-
straints on the inelastic dark matter-nucleon scattering cross section vs dark
matter mass splitting from a variety of experiments, confronted with model
prediction for electroweakly interacting dark matter with different hyper-
charges.

The dark matter particle may also scatter with the electrons in the detector. In
fact, if the dark matter is light enough, it may be able to ionize electrons without
inducing detectable nuclear recoils. The differential ionization rate induced by dark
matter-electron inelastic scattering in liquid xenon, with mass splitting between the two
dark matter states given by dpm, reads [232]:

Y| Qo (5 + 70) Tn () (4.15)
= vF (V4 Ug) —=—(v .
dnEe & Jusunt (5.0) ©) dnE,,
where N7 is the number of target nuclei and
2
Vit (Ber) = \/ (Eer + |E™| + dpm) (4.16)
mpMm

is the minimum dark matter velocity necessary to ionize a bound electron in the (n,I)
shell of a xenon atom (with energy E™), giving a free electron with energy E.,. Further,

daﬁ)l][1 /dInE,, is the differential ionization cross section, given by:

nl (1. 2 2
(K, )| [Fom(a)” (4.17)

l — nl
do-irén ODM—e 9max d
S 2 9 qq
q,

)=
dinFE,, (v, Eer) SM%M’6U2

nl
mi

Here, pupm e is the reduced mass of the dark matter-electron system, opn—e is the dark
matter-free electron scattering cross section at fixed momentum transfer ¢ = am,,
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2
(k! ,q)’ is the ionization form factor of an electron in the (n,l) shell with final

momentum k' = v/2m.F,, and momentum transfer ¢, and Fpy(q) is a form factor
that encodes the g-dependence of the squared matrix element for dark matter-electron
scattering and depends on the mediator under consideration. It is from the following
factorization

2
_ Hxe o 2
5o = T My (a) (4.18)
¢ 16mm2m? xe Pma?m?
and
‘Mxe(Q)F = |Mxe(Q)’2 P=a?m2 X ’F‘DM(q)‘2 : (419)

0 is equal to the non-relativistic dark-matter-electron elastic scattering cross section,
but with the 3-momentum transfer ¢ fixed to the reference value am. (appropriate for

atomic processes). |/\/lXe(q)|2 is the squared matrix element for dark-matter-electron
scattering, averaged over initial and summed over final spin states. For fermionic dark
matter charged under a dark U(1) symmetry group with gauge coupling ¢’ and kinetic
mixing €, the cross section at fixed momentum transfer and dark matter form factor
reads

lﬁwuieaa’g

5 167T,ui6040/€2 )T, > ame (4.20)
‘ (m?%, + a2m2)2 B %, ma < ome .
and
Fou(q) = mi,;- oﬂgng N { 1,2m2 ma > ame (4.21)
my +q 2 ma < ame

and we find compact expressions for ultralight and heavy mediators.

The maximum and minimum values of the momentum transfer needed to ionize a
bound electron in the (n,l) shell recoil with energy E., from the interaction of a dark
matter particle with speed v are:

min v

nl E 2
qgll@x(Eer) =mpMmv [1E£4]1— <W> , (4.22)

with v (E.,) defined in Eq. (9.46). Finally, the total number of expected ionization
events reads N’ = R;,, -£, with R;,, the total ionization rate, calculated from integrating
Eq.(9.45) over the experimentally measured recoil energies, and £ the exposure (i.e. mass
multiplied by live-time) of the experiment.

In semiconductor detectors, the electron excitation rate induced by dark matter-
electron inelastic scatterings, with a mass splitting dpy, reads [233, 234]
e L N Im[ -! }6(w+5DM+ < (m> ,

v (2m)? e(w, )

T phye @ 2m) 2r 1 — e B 2m,
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where w is the energy deposited in the material, ¢ is the momentum transfer of the
process, and pr is the target density. The rate involves an integration of the Electronic
Loss Function (ELF) of the target material, which has been calculated for several mate-
rials [234]. For the dielectric function €(w,q), one typically uses the Lindhard method,
which treats the target as a non-interacting Fermi liquid. Finally, the total number of
events reads N' = R - &, with £ the exposure (i.e. mass multiplied by live-time) of the
experiment.

The non-observation of a significant excess of electron recoils in a given experiment
allows to set upper limits on the dark matter-electron scattering cross section, for a given
dark matter mass and a given mass splitting between the dark matter particle and the
heavier neutral state. We show in Figure 4.5 a compilation of constraints for elastic dark
matter electron scatterings in the ultralight Fpy = a?m?2/q? mediator, heavy mediator
Fpm = 1, electric dipole interaction Fpy = o?m?/q, and magnetic dipole interaction,
whose form factor is non-trivial. Values of the cross section favoured by some thermal
production models (discussed in section 3.6) are shown for comparison. °.

10Tn the Varietés 9.1.2 and 9.1.3 we derive constraints on dark matter-electron elastic and inelastic
scatterings in these scenarios, including the non-galactic components.
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Figure 4.5: Direct detection constraints on the dark matter electron scattering cross sec-
tion vs dark matter mass from a variety of experiments (dominant ones today
are SENSEI, DAMIC and XENONI1T [235-237] ) [238], for light dark matter
models, an ultralight mediator (upper left), a heavy mediator (upper right),
an electric dipole moment (lower left) and a magnetic dipole moment (lower
right). Complementary constraints from stellar cooling and Ng measure-
ments are shown for comparison. Further, the plots contain favored values
in some thermal [147, 151, 152, 239], and non-thermal production mecha-
nisms (freeze in, for different values of the reheating temperature Try [240])

We have seen that the parameter space of dark matter-nucleon interactions is strongly
constrained at the GeV scale, but experiments continue to probe smaller values of the
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scattering cross section, aim to target blind spots in the NREFT, or increase their reach
in mass splitting''. The parameter space of sub-GeV dark matter-nucleon and dark
matter-electron interactions is even less constrained, and current and future experiments
aim to reach the thermal and non-thermal production targets in the future. Also, from
the theoretical side several ideas are emerging in recent years allowing to probe light
dark matter directly, of outmost importance boosted components to the flux at Earth
are being considered [129, 241-264]).

4.3 Indirect dark matter searches

Two articles published in 1978 opened the field of searching for dark matter particles
via the products of its annihilations and decays that reach the Earth [34, 265]. The
first following works focused on the gamma-ray signal coming from regions of high dark
matter density in the Universe, which could induce gradients distinguisable from the
astrophysical background for thermal values of the WIMP annihilation cross section.
A few years later other ideas appeared. Most notably, it was pointed out that the
measured antiproton and positron fluxes could also be used to set strong constraints on
self-annihilating dark matter [266], and that dark matter particles might be captured
gravitationally from the Sun and annihilate at the core into neutrinos detectable at Earth
[267]. Tt was shown that the capture and annihilation processes may attain equilibrium
under certain circumstances. Another important milestone happened during the last
decade, when it has been extensively discussed that dwarf spheroidal galaxies provide
the strongest indirect detection constraints on dark matter, due to its high dark matter
density and low baryonic density [268, 269].

If the energy of the products of dark matter annihilation or decays do not change
between production and reception'?, the spectrum at Earth of the particle i is given by
[270]

- 2mpm 4.23
dEdtdQ)  4m dE 1 Jo~ drp(7) decay ( )

mpmMT

dN; A dN; " {W Jo° p(7)?dr  annihilation

where ‘fg is the differential final particle energy spectrum. From this expression it

can be already noticed that the presence of small-scale substructure could potentially
increase the annihilation rate. Dark matter halos are thought to form hierarchically, and
annihilation can be enhanced in these substructures, since (p?) # (p)?, and the former is
the relevant quantity for annihilation. For decaying dark matter, however, substructure
is less relevant, since the signal is controlled by % [ p(F)dV ~ M/R?, where M is the
total mass of the source. This approximation is valid as long as the source is distant

"The predicted mass splittings in split supersymmetry or the inert doublet model is of order keV for
TeV scale dark matter, although it can be higher, depending on the gaugino masses or the details of
the symmetry breaking, respectively

121p reality, particles undergo latter processes, such as decays, upscattering, absorption or redshifting.
The propagation needs to be taken into account, except for dark matter direct annihilation or decays

into neutrinos. This is done via the diffusion equation % = D(E)V*Y + 2 (b(E)Y) + Q(, E, t)
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enough r ~ R. Thus, the best constraints on decaying dark matter steam from galaxy
cluster surveys.

A crucial paper that would change the field of dark matter matter indirect detection
was published by Gondolo and Silk in 1999, showing that adiabatically growing black
holes would form a cusp of dark matter particles in its vicinity, which could enhance the
annihilation rate of dark matter particles (oc [ phy;(r)dr ) in the galactic centre w.r.t to
the pre-existing profile by up to ~ 10 orders of magnitude, depending on the inner halo
slope and density [271].13.

Several excesses that could be explained with annihilations or decays of dark mat-
ter particles were discussed over the years, some of which still remain present, while
others have been ruled out. Of particular importance was a paper by Goodenough and
Hooper analysing Fermi telescope data and finding an excess of events in the direction of
the galactic center, that was at the moment hardly explicable with astrophysical back-
grounds, and that was well fitted by annihilating dark matter particles, see the right
plot of the Figure 4.6. Today we know that the morphology of the signal is better fitted
by a population of milisecond pulsars, but the discussion remains active, e.g [272-281].

1311 section 6.2, we discuss in some detail the physics of adiabatically growing black holes and formation
of dark matter spikes. Later, in section 7, the impact of such dark matter overdensities in the
attenuation of cosmic rays around black holes is studied.
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Figure 4.6: Left panel: Figure from one of the pioneering works on the indirect detection
of dark matter, from Gunn, Lee, Lerche, Schramm and Steigman [34]. It
shows constraints on the parameter space of dark matter (in reality, heavy
neutral leptons) mass vs lifetime, assuming the decay mode produces at least
one photon. Long lifetimes are ruled out otherwise the dark matter would
overclose the Universe. For intermediate lifetimes (note to ~ age of the uni-
verse) the bounds come from limits on the astrophysical v-ray background.
Shorter timescales, but still greater than the time of big bang nucleosynthesis,
are constrained by distortions in the present microwave background. Right
panel: Galactic center gamma ray excess and its potential explanation via
annihilations of WIMPs in the dark matter halo, from the seminal paper by
Goodenough and Hooper [282]. The gamma-ray spectrum measured by the
Fermi Gamma Ray Telescope within 0.5° of the Milky Way center is shown
in red. The astrophysical contributions from a TeV point source located at
the Milky Way’s dynamical center and the diffuse background are shown in
dotted and dot-dashed lines, respectively. Finally, the dashed line denotes
the predicted spectrum from a 28GeV dark matter particle annihilating to
bb with a cross section of ov = 9 x 10726 cm?/s, and NFW-like halo with
~v = 1.1. The solid line denotes the sum of all contributions.

Current constraints on the dark matter annihilation cross section rule out thermal GeV
scale dark matter up to ~ 100 GeV by white dwarf measurements, depending on the
annihilation channel under consideration, see Figure 4.7. Direct annihilation or decays
into neutrinos is however not strongly constrained [283-290], and sub-GeV dark matter
is also poorly constrained in most channels due to the lack of telescopes sensitive in the
MeV range. However, if sub-GeV dark matter annihilates (or decays) into leptons, these
could upscatter low-energy photons in the galaxy and generate detectable X-ray emission
[149, 291], see the right plot of figure 4.7. Comparable constraints can be derived from
CMB distortions [292-294].

49



-

H
E

(ov) (

(ov) (em3s71)

ov) (em®s™!)

102}
10723 L
107
0t

10-26

1027

1072}
10723 L
10724 [
10 25 [
10726 E
10727 [

1072}
10723 L
107
10 25 [
107?6 L
10727 C

Chapter 4 Dark matter searches

— G-year Pass 8 Limit
- Median Expected
68% Containment
95% Containment

Annihilation cross section (av) [cm®/s]

1072

10725

10728

10720

1073
1

Bounds on annihilating Dark Matter

T T T T
DM‘DM—»n'r(
DMbM—)u’u’
DM‘QMHe’e’

Q..
gas‘\ea\io"—
<Rt
0\ 2
oo

T T T T

BS/W@V_@—""

T

LI I g B

10

102

DM mass mpy [MeV]

10°

102 103
DM Mass (GeV/c?)

10% 108 10*

DM Mass (GeV/c?)

10t

Figure 4.7: Left panel: Upper limits on the WIMP thermally averaged self-annihilation
cross section as a function of the WIMP mass, from Fermi-LAT observations
of dwarf spheroidal galaxies. The thermal relic values are shown in grey.
Right panel: Upper limits on the sub-GeV dark matter self-annihilating cross
section, for different leptonic final states. The strongest constraints on final
electron positron states comes from a combination of XMM-Newton data
and CMB observations.

The seminal paper from [267] offfered an interesting direction in the field, since it
provides a way to correlate the dark matter scattering cross section with standard model
particles and its thermally averaged annihilation cross section. This allows to compare
indirect detection searches results with direct detection experiments. Here we review
the standard formalism™.

Dark matter particles can be gravitationally captured in the sun, scattering with
the sun nuclei, sinking to the core, where they can annihilate into standard model
particles, see Figure 4.9. This could enhance the solar neutrino flux detectable on earth.
A WIMP with a velocity ve at large distances from the sun has a velocity w(r)

\/vgo + 02, ese(r) at a distance 7 from the center of the sun, being vsun,esc(r) the escape

velocity of the sun at a radius 7.

YIn [105], we discussed this formalism in the context of the non-relativistic effective theory of dark
matter-nucleon interactions, and derived constraints accounting from operator interferences and com-
bine them with direct detection results.
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I vy (1) = /% + Vese (r)? < Vimaa,i (1)

X+x—bb, T WIWoLLL

Figure 4.8: Schematic representation of the dark matter capture mechanism. The dark
matter particle velocity at radii 7 must be smaller than a certain maximum
velocity which depends on the recoiling element, see equation 7?7, in order
to be captured. Once accumulated in the core, dark matter particles can
annihilate into standard model particles. Some annihilation channels studied
by experimental neutrino collaborations are shown.

Dark matter particles get gravitationally captured when they transfer enough energy
to the nucleus to have velocities lower than vege sun(r). This sets a minimum value of
the energy that a dark matter particle x needs to loose by scattering in order to be

captured, which is E}’gi” = %vgo The capture rate per unit time is defined as
Emam d
Qw) = uN(r)w/ " AER— (w, Eg), (4.24)
Ein dER

where vy (r) is the number density profile of the nucleus N, ddE—UR is the differential

scattering cross section (which will be discussed in next section) and the maximal recoil
energy KR = 2/@(7 NW?/my. he capture rate per unit volume is

dC  px [Ymaz(r) o f(7)
—_— = 2w 4.2
Vo /O av T wo(w), (4.25)

The total capture rate is obtained integrating equation 4.25 over the total solar volume

R Vmaz (1) v
C = Z/o © drdm - T‘QZ/NiI:LO:/O dv3—f(v> (U2 + vsun,esc(r)Q)

° (4.26)

dE
myv2/2 R dERr

2/12’ . ('U2+'Usun,esc(r)2)/m]\7i d .
/ . Xt (w, Bp).
Thermal WIMPs can self-annihilate in the core of the sun once their number density n
is large enough. The annihilation rate is proportional to n? and reads

1
Iy = §OAn2, (4.27)
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where C4 is the annihilation constant for the sun. Scattering of dark matter particles
with nuclei inside the sun can also increase their velocity above the escape velocity of the
sun. This process is called thermal evaporation, and must be included in the evolution
of the number density of dark matter particles, which can be written as

dn

— = C — Can® — Cgn, (4.28)
dt
where CE is the evaporation rate of dark matter particles in the sun. By specifying the
initial condition n(t = 0) = 0, we can solve equation 4.28 obtaining

n(t) = \/?Amnh (i) , (4.29)

where 7 = 1/4/C - C}y is the equilibration time. After sufficient time ¢ > 7, the number
of dark matter particles does not vary anymore. C'4 can be estimated

Chmrzao (T ) ()Rl (130

2.2-10"26¢m3s— ! TeV

28 cm?®

—, with mass

If we take a typical WIMP thermally averaged cross section (ov) > 10~
m, = 100 GeV and the age of the sun to be tQ = 4.5-10%, we obtain

<t®> — tanh(iy /O Ca) < 1 (4.31)

T

when using capture rates currently probed by IceCube or Super-Kamiokande. We can
assume n(t) = ’/c% which leads to the following annihilation rate

My=— (4.32)
2

so that, for every two captured dark matter particles there is one annihilation event,
i.e all captured dark matter particles end up annihilating in the core of the sun. In
this framework, the number of high energetic solar neutrinos coming from the sun is
completely determined by the capture rate of dark matter particles. This statement only
holds for certain dark matter-nucleus scattering cross section and velocity distributions.
Furthermore, this approximation is sensitive to the WIMP mass and thermally averaged
cross section and could no longer be valid in certain regions of the parameter space.
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Figure 4.9: Left panel:Upper limits on the spin-dependent dark matter-proton scattering
cross section from Super kamiokande and IceCube deepcore experiments,
from a non substantial excess of high-energy neutrinos in the direction of the
Sun, compared to the limits from the PICO 60 experiment [295]. Right panel:
Sensitivity (threshold cross section) to the spin-independent dark matter-
electron scattering cross section from potential future observations of nearby
neutron stars [296]. The equation of state used is BSk24.

Variants of these initial idea have been proposed over the years, with interesting
results. Potential observations of nearby neutron star emission could reveil heating
signatures via scattering and annihilations of dark matter particles in its interior, e.g
[117, 119, 297-305]. Similar signatures can be searches in observations of white dwarfs,
brown dwarfs, exoplanets, and other compact objects [306-313]. The minimum dark
matter mass that can be probed with these objects due to evaporation effects is however
disputed [314].

Recently, we have proposed active galactic galactic nuclei as a source able to set strong
constraints on dark matter interactions with photons and neutrinos [315], and protons
and electrons [316], via an attenuation of the emitted particle fluxes from these sources.
This is a new indirect detection technique, and we will discuss it in detail in section 7.
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Cosmic rays in the vicinity of black holes:
Theory and observations

Emission lines from the nuclei of distant galaxies (such as NGC 1068) were already
observed at the beginning of the twentieth century! [319, 320], but its systematic study
began with the work of Seyfert in 1943 [321], who analysed the nuclear emission lines
from 6 galaxies.

A milestone in the field occured a few years later, with the discovery of quasars (first by
Schmidt in 1963 [322]), extragalactic sources emitting ~ 100 times more powerfully than
other radio galaxies previously identified. Their large luminosities and unusual spectra
indicated that the powering source might not be ordinary stars. It took a few extra years
to understand that accretion of gas onto supermassive black holes (Mpy 2 106M) was
the source of these quasars, as initially suggested by Salpeter and Zeldovich in 1964 [319].
Today we denote Active Galactic Nuclei (AGN) to the compact region in the center of
some galaxies that has a luminosity exceeding the luminosity expected to be produced
by normal stars, as well as characteristics of the spectrum that can be differentiated
from stellar emission 2.

In this section, we will discuss some aspects of the physics of Active Galactic Nuclei,
which will be important in order to study the impact of dark matter particles on the
emission from this objects in the latter section 7. First, we will describe some mechanisms
of cosmic ray acceleration, further discussing some aspects on the possibility to accelerate
cosmic rays around black holes. Later, we will introduce the leptonic and hadronic
processes believed to trigger photon and neutrino emission from Active Galactic Nuclei.
Finally, we will discuss some observations from different classes of AGN: blazars, non-
jetted galaxies and Tidal Disruption Events.

5.1 Cosmic ray acceleration

The original idea of cosmic-ray acceleration was proposed by Fermi in 1949, where clouds
of ionized gas in the interstellar medium are moving w.r.t to the galactic frame, and
can reflect charged particles passing through them [323]. In this framework, particles

!Obervations by Fath in 1909 at the Lick observatory noticed that the spectrum of NGC 1068 showed
bright and dark absorption lines [317], later confirmed by Slipher [318]

2The term Active Galactic Nuclei was coined by the Soviet armenian astrophysicist Viktor Ambart-
sumian in the 1950’s [319]
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will be accelerated by each encounter with a magnetic cloud coming toward them and
decelerated by the encounters with magnetic clouds going away from them. The energy
gain (or loss) for each encounter can be calculated by a double change of reference frame
(from Galactic to cloud frame and viceversa).

In reality, the encounters of the particle with the cloud do not follow an idealized
reflexion, but rather the magnetic field is turbulent and charged particles are isotropized
inside the cloud [324]. Head-on collisions lead to energy gain but the energy can be lost
if the cloud is moving away from the particle. The argument of Fermi acceleration is
that head-on collisions are more frequent, so that particles gain energy in average with
this mechanism.

Figure 5.1: Schematic view of the encounter of a charged particle with a magnetic cloud.
The particle enters the cloud and is isotropized by the magnetic turbulence.
The relevant physical quantities E1, p1, Fa, p2, 01, 02 needed to derive the frac-
tional energy gain in the text are shown here.

We will derive the energy gain due to Fermi acceleration in the following. Assuming
that the particles are relativistic, and assuming a double change of reference frame

(5.1)

E{ =~FE1 (1 — Bcosb)
Ey = ~vE5 (1 + [ cosby)

where the subscripts 1 and 2 refer to the incident and outgoing angles and energies of
the particle, see Figure 5.1. Using F{ = F) one finds

Ey = *F; (1 — Bcosfy) (1 + Bcosbh)
AE  Ey—E; % — Bcosby + Bcos By — B2 cos by cos B
E  E 1-— 32

to get the average energy gain, we need to average the above expression. By hypothesis,
the particles are isotropized in the cloud, hence (cos ) = 0. We now need to calculate
(cos @), the probability to have an encounter with an incidence angle #; should be
proportional to the relative velocity between the particles and the cloud in the case of
uniformly distributed clouds. It gives P (6;1) ox v — Vcos6i(v ~ ¢ and V still being
respectively the velocity of the particle and the cloud). Then
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1
01 (v—Vecosby)dcos®y —2V/3 —2V/3
(cosy) = I clos 1 (v cos 61) dcos 0, _ / N / N B 5:2)
J=, (v ="V cosb)dcosb, 2v 2c 3
which leads to A ) ) ,
38y 52 e
E 1— 32 3

Thus, the average energy gain which is positive, and scales as /32, so this mechanism
is called second order Fermi acceleration.

The energy gain by the particles is proportional to 32, while a mechanism of head-on
collisions between particles and clouds should provide an energy gain proportional to £
(first order Fermi acceleration). If there is a mechanism scaling the fractional energy
like this, it would be dominant. It turns out that astrophysical shocks can provide this
mechanism in the diffusive shock acceleration. Astrophysical shock waves originate from
outflows propagating with velocites larger than the speed of sound. The shock is formed
due to the interaction of particles with the magnetic field.

When the shock propagates through a medium, there are two distinct regions, the
downstream (the region that has already been shocked) and the upstream (the region
ahead the shock). The downstream and upstream physical quantities are related by three
conservation laws (matter, momentun and energy conservation). Similarly to second
order Fermi acceleration, we can calculate the energy gain after a charged particle has
undergone a cycle upstream — downstream — upstream.

Let us denote the unprimed quantities for the upstream frame and primed quantities
for the downstream frame. Let 6, be the the angle between the particle velocity and
the shock normal at the initial shock crossing in the upstream frame and 6., the angle
of the particle with the shock normal in the downstream frame, when crossing the shock
back to the upstream medium. On a cycle upstream — downstream — upstream, we
have

El, =~FEi, (1 —pcosbiy, ) (5.4)
Eout = P)/E(/)ut (1 + ﬁ COs 0(/)ut ) '

where v and 3 correspond to the velocity of the downstream medium in the upstream

fluid frame, and then we have § = Av/c and v = % Using Ef, = E!; , one finds
1-24°
an analogous expression to the one in the second order fermi acceleration
AE % —Bcosty + Beost,, — B%cosbiy cosbly (5.5)

B 1— 32

The crucial difference between diffusive shock acceleration and second order Fermi
acceleration arises from the assumption that the shock velocity is much smaller than the
charged particle velocities v ~ ¢ > wvg, . In this case, the number of charged particles
crossing the shock with an angle between 6 and 6 4+ df through a surface dS during a
time dt is

AN = ;L% cos 0dQdSdt = %v cos 0 sin 0dfdSdt (5.6)

™
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where ng is the particle density. The probability of crossing the shock with an angle
between 6 and 6 + df is then proportional to cos # sin #df, and

emax
feerz‘ii" cos?  sin 0d6 [% cos’ 0} oo
(cosb) = [ cos 0 5in 00 = -~ (5.7)
p cos O sin [5 cos2 9} A
leading to (cos ), ) = 2 and (cos;,) = —2, so one finally gets

(F) =35 (5.8)

so, the diffusive shock mechanism can accelerate particles, since the fractional average
energy gain is positive, and it is first order since it goes linearly with .

After the particle escapes from the region where it is being accelerated, it won’t to
gain further energy. This consideration imposes a limit on its maximum energy

Emax = ¢BR, (59)

where ¢ is the electric charge of the accelerated particle, B is the magnetic field, and
R is the size of the acceleration region. The formula is obtained by demanding that the
Larmor radius of the particle, Ry, = ¢/(¢B), does not exceed the size of the acceleration
region. This is a general geometrical argument proposed by Hillas [325], and it is useful
in selecting and characterizing acceleration sites, see Figure 5.2

For diffusive shock acceleration, the maximum energy considering that particles lose
energy predominantly via synchroton radiation is [326]

3m' 51
amaX:§FB R (5.10)
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Figure 5.2: Left panel: Original plot from Hillas [325]. It displays upper limits on the
reachable cosmic-ray energy dependent on the size of the acceleration region
and magnetic field strength from different known sources at the time. Right
panel: Modern adaptation of the Hillas plot [327]. The dotted golden lines
indicate the upper limits due to the loss of confinement in the acceleration
region for CRs at the knee, ankle, and the Greisen-Zatsepin-Kuzmin (GZK).
The dotted gray line corresponds to a second upper limit that arises from
synchrotron losses in the sources and interactions in the cosmic photon back-
ground. There are no sources expected to go beyond the gray region in this
plot.

We have shown that fermi acceleration is able to produce fractional energy gains, and
from the Hillas criterion we have also shown that this can lead to high proton energies.
However, this is a necessary but not a sufficient condition for this mechanism to produce
the cosmic rays that we observe. The particles also need to be accelerated in enough
fast timescales. The particle acceleration timescale can be defined as ¢

! dE>_1 (5.11)

tacc(E) = (Edt

In the following we briefly discuss possible acceleration mechanisms in Active Galactic
Nuclei responsible for the neutrino and gamma ray emission.
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Figure 5.3: Left panel: Scheme of an AGN that produces high-energy neutrinos and
photons. Gas accreting onto an SMBH forms an accretion disk and hot
corona, from which optical, ultra-violet, and X-rays are emitted. Winds and
jets may also be present. The dusty torus and starbust region emit infrared
radiation. Electromagnetic emission from the disk, corona, and broad-line
regions is highly obscured by the ambient photons and gas [328]. Right panel:
Schematic picture of possible acceleration sites in the coronae [328]

Current observations of high-energy neutrinos from NGC 1068 suggest that acceler-
ation can happen in the coronae [328, 329], see Figure 5.3. CRs may be accelerated
via magnetic dissipation [330], magnetohydrodinamic turbulence and shear [331]. The
stochastic acceleration timescale depends on the proton energy and reads [332, 333]

2 2—
c H/ ¢ q
tace = — ) = (-2 5.12
acc — Tltur <VA> c (EBH> ( )
where 771;11 is the energy fraction of turbulence, ¢ is the energy dependence of the

momentum diffusion coefficient, and V4 ~ 0.1¢8~Y 27?,;;/ % is the Alfvén velocity.

Another possibility that has been discussed for acceleration in the coronae is a mag-
netic reconnection leading to an upflow and a downflow. This could form a shock at
which CRs are accelerated [334]. The acceleration time scale for the diffusive shock
acceleration mechanism is

2
C g
tace = Tlsho (VA) €§C (513)

where the velocity of the shock is of the order of the Afvén velocity Vi ~ V4, and
Nsho = 20/3 for a parallel shock.

If a jet is present, CRs could also be accelerated by shear acceleration [335]. In this
case the timescale is given by

tace = 775he5£2 (ltur/c) [Ep/ (eBltur)]Q_q (5.14)
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where 74, is an order-of-unity factor for shear acceleration, Sa 512,*‘7 is the the
velocity difference experienced by particles and iy, is the characteristic turbulence scale
that would be a sizable fraction of the system. The shear acceleration timescale can be
similar to the stochastic acceleration timescale. Particles might also be accelerated by
accretion shocks [336], and in particular from winds [337], in this case the acceleration
timescale goes as tacc o< Ruv, 2. Here the acceleration region might be at the Broad
Line region or beyond (~ 10*Rg) [338], further from the black hole than the corona
(~ 10 — 100Rg).

5.2 Leptohadronic models: Photon and neutrino emission

The spectrum in photons and neutrinos from AGN is believed to be caused by a com-
bination of leptonic processes (producing photons) and hadronic processes (producing
photons and neutrinos) [339, 340], see Figure 5.4. High-energy electrons in the AGN
jet can interact with low-energy photons in the surrounding environment and boost the
photon’s energy to higher values via inverse compton scattering. Further, the magnetic
field of the AGN will cause the electrons to emit synchroton radiation in the form of
radio waves, optical and X-ray photons. Another leptonic process that is present and is
responsible for the attenuation of high-energy photons in the AGN is electron-positron
pair production (yy — ete™), which occurs for ambient photons with threshold energy
€min = mEg:4. Electron positron annihilation occurs as well but it is believed to be less
important than the rest of leptonic processes.
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Figure 5.4: Scheme of the different leptonic and hadronic processes responsible for pho-
ton and neutrino emission in AGNs.

The main hadronic processes occuring in the AGN are proton-proton collision and
proton collisions with the ambient low energy photons in the AGN. Proton-proton colli-
sions are relevant in sources with large gas density, while proton-photon is more relevant
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in sources with large photon density. In both processes, charged pions are produced,
which can produce photons and neutrinos. Focusing on py interactions, we have

p+y—n+at (5.15)

where the charged pion decays into neutrinos via

L R e e S i 7 S 7 S 7 (5.16)
and
p+vy—p+a° (5.17)

where the neutral pion decays via
70— 2y (5.18)

and these processes occur with equal probability. The energy of the resulting neutrinos
is a factor of ~ 2 smaller than the photon energies £, = E,/20 = %, where E, is the
energy of the incoming proton. The luminosities in neutrinos and photons are nonetheless
comparable L, ~ L.. However, as we discussed previously, the particles need to escape
the source, and ambient photons may attenuate the high energy gamma rays via electron-
positron pair production, while the neutrinos are impeded. The threshold energy for the
Py process is

2 € —1
Egp= 2T 17" ~ 7% 10 ( ) eV (5.19)

Now, astronomers can measure the energies of the ambient photons e directly, so from
the observations of neutrinos by IceCube, the initial proton energies can be inferred. The
neutrino-gamma ray connection is partially lost due to the opacity of the vy — ete™
process, however, measurements of the ambient photon energies and densities can allow
to reconstruct such connection. For example, for a population of ambient UV /optical
photons € ~ 10 eV, and typical neutrino energies at IceCube of F,, = 100TeV, the
inferred proton energy is quite high F, ~ 105 TeV. However, for those ambient photon
energies, the threshold for electron-positron pair production is quite low, only photons
below E,20 GeV remain unattenuated. Other hadronic processes than can contribute
to photon emission are Bethe-Heitler pair production and proton synchroton emission,
but these are believed to be less relevant than pp and pry.

In the next sections, we discuss in some details observations in neutrinos and photons
from different sources, identifying the potential proton and electron acceleration regions
and neutrino and gamma-ray emitting regions.

5.3 Blazars

Blazars were first proposed as a common denomination for two types of AGNs, BL Lac
objects and flat spectrum radio quasars (FSRQs) [341]. In these objects, a relativistic jet
pointing close to our line of sight is present. The photon emission is beamed a Doppler
boosted, making them very bright objects in several wavelengths.
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The spectrum in photons from blazars generally present two peaks, where the low
energy one can appear from infrared to X-ray energies, and it is attributed in purely
leptonic models to synchroton radiation, and the higher energy peak can appear in
gamma-rays or high-energy gamma-rays, and it is attributed in leptonic models to inverse
compton scattering processes in the jet. The target photons for the inverse compton

scattering

can be provided directly by the synchroton emission at lowe energies, or can

originate from a dense radiation field surrounding the supermassive black hole, and with
its origin in the accretion disk reprocessed emission. In particular, the optical spectra
from some blazars shows broad emission lines, indicating the existence of fast moving
clouds at 0.1 to 1pc from the central black hole, while others show no weak or no emission
lines in the spectra. The former case points to synchroton self compton emission models,
and the latter favours external compton emission from the radiation field.
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Figure 5.5: Left panel: Spectral energy distribution from the blazars TXS 05064056

(red), PKS 15024106 (blue), and 3HSP J095507.94-355101 (green) at the
time of arrival of the IceCube neutrino events IC-170922A, IC-190730A,
and IC-200107A respectively. The dotted lined correspond to model ex-
pectations from [342-344]. Right panel: Expected energy flux for TXS
05064056 (red dot-dashed), PKS 1502+106 (blue dot-dashed), and 3HSP
J095507.94-355101 (green dot-dashed) at the time of arrival of the neutrino
events. The red, blue, and green arrows indicate the 90% CL upper limit
on the neutrino flux for different exposures. TXS 0506+056 had the largest
gamma-ray flux at the time of the neutrino arrival, thus it has the highest
statistical significance.

On 22 September 2017, the IceCube neutrino observatory detected a neutrino event
with an energy of 290 TeV, consistent with the direction of the gamma-ray blazar TXS

0506+056,

located at a distance of 1421 Mpc [345, 346], see Figure 5.5. The neutrino

alert from IceCube triggered an observation campaign ranging from radio to gamma-ray
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telescopes [347]. In particular, Fermi-LAT observed an excess of gamma rays from the
direction of TXS 0506+056 following the IceCube alert, with more than 5o significance
and reaching energies up to 300 GeV. On the other hand, the initial observations of TXS
05064056 by ground based gamma-ray telescopes after the IceCube alert only lead to
an upper bound on the gamma-ray flux. Nevertheless, a few days later MAGIC detected
high-energy gamma-rays up to 400 GeV with a significance that reached 5o after a few
hours of observation, and these observations are compatible with the upper limits from
HESS and VERITAS. Further analysis of IceCube archival data increased the number
of events to 13£5. If the neutrino association with the blazar TXS 0506+056 is correct,
hadronic processes need to be invoked from this source aside from the leptonic channels.

The emitting region of TXS 05064056 is expected to lie at the Broad Line Region
(BLR) or beyond [320]. If the emission were closer to the central black hole, a strongest
internal absorption of the 100 GeV ~-rays by the BLR would have been expected.

Furthermore, though with less statistical significance than TXS 05064056, the Ice-
Cube collaboration has identified neutrinos from other blazars [348]. In particular, an
event arrived from a direction where 90% of neutrinos have energy ~ 0.33PeV, assum-
ing an E~2 neutrino spectrum, and coinciding with the direction of the blazar 3HSP
J095507.94-355101. High variability emission in X-rays from thia source shortly after
the neutrino arrival. Another neutrino event with ~ 300 TeV was identified from the
blazar PKS 1502+106, however, the source was quiet in gamma-rays at the time of the
neutrino detection.

In blazars, magnetic fields are believed to launch and collimate the jets, they have a
significant role in particle acceleration and thus the flaring of blazars. Understanding
the magnetic field on the scales relevant to particle acceleration is crucial. Magnetic
fields can be studied by polarization observations because the angle of polarization is
related to the direction of the magnetic field, and some observations are shedding light
in this aspect [349].

5.4 Non-jetted galaxies

Recently, the IceCube Collaboration identified an excess of 79 events associated with the
non-jetted galaxy M77 or NGC 1068, with 4.20 significance [350] ®. The surroundings of
the supermassive black hole (SMBH) are obscure by a thick gas and dust, while X-ray
studies have suggested that NGC 1068 is among the brightest AGNs in intrinsic X-rays.

The neutrino flux is ~ X orders of magnitude larger than the upper limits on the
gamma-ray flux placed by MAGIC at sub-TeV energies [351], and the gamma-ray flux
measured by Fermi-LAT in the 0.1 — 100 GeV energy range [352]. In leptohadronic
single-zone models, high-energy neutrinos and gamma-rays are mainly produced in the
same region of the Active Galactic Nucleus (AGN), mainly via meson decays in py and
pp interactions [353, 354]. This mechanism yields comparable fluxes in neutrinos and
gamma-rays. Additionally, gamma-rays can further be produced by leptonic processes,

3Previously, the galaxy had been identified as a neutrino source at 2.90. Other galaxies are currently
being observed at this significance, and a larger increase in the future is therefore likely.
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which poses the question of whether standard leptohadronic models are able to accom-
modate the deficit of gamma rays from NGC 1068, given the neutrino flux observed by
IceCube.

A potential solution to the discrepancy between traditional leptohadronic single-zone
models and the telescope data relies on high-energy gamma rays and neutrinos being
produced near the central supermassive black hole of NGC 1068, at the coronal region
~ 10Rg — 1000Rgs [328, 337, 355]. In these scenarions, NGC 1068 is obscure to gamma-
rays due to attenuation with the baryonic matter present in the inner regions. Even
then, these models are unable to reproduce the spectrum measured by Fermi-LAT for pp
or pvy production, overproducing gamma-rays at low energy bins, and underproducing
them at the larger ones, see Figure 5.6
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Figure 5.6: Left panel: Neutrino and cascaded gamma-ray spectra via pp processes in
the coronae, where the inverse compton cascade contribution is significant
[328]. Right panel: Emission in the py scenario, where the Bethe-Heitler pair
production enhances the cascade flux. In both cases the expected neutrino
flux is compatible with observations and close to its maximum peak, and the
high-energy gamma ray flux emission is below the upper limits obtained by
MAGIC and Fermi-LAT. However, expected low energy gamma-ray overcome
the Fermi observations.

Two-zone emission models with enhanced starbust activity with high supernova rates
has been proposed as a potential source of the most energetic gamma rays [356]. In
this case, the spectral energy distribution can be explained at different wavelengths
while yielding a necessary ampount of neutrinos, but these models become increasingly
complex and need to invoke a large number of parameters, see figure 5.7
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Figure 5.7: Expected spectral energy distribution in photons and neutrinos from NGC
1068 in the two-zone model, w.r.t to observations at different wavelengths.
The light red area shows the emission from the corona. The dark grey area
indicates the internal flux of the target radiation fields of the central AGN
and the light grey area indicates the thermal emission by the starburst region.
The spectral energy distribution is well fitted at all energies.

5.5 Tidal Disruption Events

Tidal Disruption Events (TDEs) occur when a star passes within a critical distance from
a black hole, and its disrupted by the strong tidal force. The accretion of the released
stellar matter in the vicinity of the black hole produces flares of photons in several wave-
lengths lasting for several days [357-359]. It has been discussed that TDEs may be
sources of ultra high energy cosmic rays, which would inevitably lead to the production
of high-energy neutrinos [360-363]. In recent years, independent groups have pointed
out the potential detection of three TDEs (AT2019dsg, AT2019fdr and AT2019aalc) in
IceCube data , with a 3.7 o combined significance [364-367]. Further, these neutrinos
show a delay of order 100 days w.r.t to the maximum of the optical-ultraviolet luminosity.
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Figure 5.8: Schematic picture of a Tidal disruption event [367]. Some of the main el-
ements are shown, such as a corona, outflows and streams. Three photon

histories are sketched, representing the optical-ultraviolet flare, a delayed in-
frared echo emission, and backwards-emitted infrared photons. The dotted

circles indicate different possibilites for the acceleration radius.

The photon and neutrino flares from TDEs are crucial to understand the matter dis-
tribution in the innermost regions of the galaxy and the physical processes happening in
the vicinity of supermassive black holes (SMBH). Further, TDEs are especially impor-
tant since they are typically associated with SMBH that are quiet and therefore more

difficult to study than Active Galactic Nuclei, since they show no steady emission.
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Figure 5.9: Time-dependent evolution of the luminosities (upper plots) and neutrino flu-
ences (lower plots) in a model with moderate-energy photons interacting with
X-rays. The upper plots show optical ultraviolet and infrared luminosities.
The neutrino observation times are marked by arrows. In the lower plots,
the total neutrino fluence is shown, as well as its origin from different tar-
gets (outflow pp: dashed orange, X-rays: blue dashed-dotted, OUV: green

Some studies have discussed the physical processes leading to neutrino emission from
TDEs, postulating that the observed neutrino time delays with respect to the black-body
peak come from the physical size of the post-disruption system, such as confinement
of protons in magnetic fields over a large enough region, or propagation time delays.
The neutrino emission may arise predominantly from proton-photon interactions in the
corona, in the vicinity of the black hole, if high enough proton energies can be reached
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Chapter 6

Dark matter distribution in the vicinity of
black holes

In the previous section, we have seen that Active Galactic Nuclei are able to accelerate
cosmic rays to high energies, producing neutrinos and gamma-rays in the vicinity of
the central black hole. In this section we discuss our knowledge on the dark matter
distribution in galaxies, and in particular the potential formation of an overdensity in
the vicinity of the central supermassive black hole of some galaxies.

6.1 Galactic dark matter halos: Simulations and observations

In ACDM, the structures of the universe are formed from small early density fluctuations,
where the nature of dark matter plays a crucial role. The CMB temperature map
anisotropies indicate evidence for fluctuations §(z,¢) in the primordial matter density

pla,t) = AL+ 5(x, 1)), (6.1)

where p is the average matter density over all space. These small density perturbations
form, via gravity, the large scale structures observed in the late universe. The growth of
structure are determined by the background pressure and gravity. The overall fluctuat-
ing density field can be considered as a superposition of waves with different wavelengths,
phases, and amplitudes. Then, it is possible to take a Fourier transform 5 ~ 3 e %"
and measure the power spectrum on different scales, expressed either as wavelengths [,
frequencies or wave numbers k = 1/, [368], see Figure 6.1.

At early times, in the radiation dominated era, density perturbations are small § < 1
and general relativity linear perturbation theory can be applied. Indeed, the fields are
still weak, and it is possible to obtain the evolution of the density perturbations by
using special relativity fluid mechanics and Newtonian gravity (Poisson equation) with
a relativistic source term, [368],

V20 = 47G(p + 3p/c?), (6.2)

which leads to the following evolution of the density field

.. a - T
§+226 = 3208, (6.3)
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From equation 6.3, one sees that during radiation domination the growth is slow & ~
In(a), being a(t) the scale factor in the FLRW metric. After matter-radiation decou-
pling, matter dominates the background density and the radiation pressure drops to
zero, leading to a linear growth in density perturbations é ~ a. This discussion is only
valid for perturbations outside the horizon, [368]. Nevertheless, in a combined picture
of collisionless matter in a radiation background there is a mode of perturbations in-
side the horizon where the collisionless (non-relativistic) matter component of density
pm 18 perturbed relative to the relativistic radiation component of density p,. This
leads to a perturbations growth mode of § ~ 2/3 + a/aeq, where a4 is the scale factor
at matter-radiation equality. For a < a4 the (cold) matter perturbation is “frozen”,
d ~ constant, while for a > ac, the matter perturbation grows linearly with 6 ~ a/ac,.
The overall behaviour (Mészéros effect) is therefore similar to the effects of pressure on a
coupled fluid: for scales greater than the horizon, perturbations in matter and radiation
can grow together, but this growth ceases once the perturbations enter the horizon, [369].

The perturbations enter the horizon in both the radiation-dominated and the matter-
dominated epochs. The difference in the growth rate in these epochs set two important
scales in the power spectrum of density perturbations. These are the size of the horizon
at matter radiation equality, below which the power spectrum of density fluctuations
flattens, and the size of the horizon when dark matter freezes out, see Figure 6.1. Small
scales become non-linear first, § > 1 and form gravitationally bound objects that decou-
ple from the overall expansion. This leads to a picture of hierarchical structure formation
with small scale structures (like stars and galaxies) forming first and then merging into
larger structures (clusters and superclusters of galaxies).
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Figure 6.1: Matter power spectrum P(k) versus wave number extrapolated to z = 0,

from various measurements of cosmological structure. The solid line shows
the ACDM best fit, [370]
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Press and Schechter developed a formalism that allows to predict the number of dark
matter halos of a certain mass within a given volume of the Universe from the initial
overdensity field (x,t) peaks [369]. Halos are spherical and virialized objects formed
from regions with overdensities larger than a critical overdensity §(z,t) > d.. Then, fur-
ther assuming that the perturbations follow a gaussian distribution with scale-dependent
variance o given by the power spectrum, and growing linearly, Press and Schechter find
the halo mass function

dM ~— V7w M o2dM

dn 2 p o, do 52
- A4
exp[ 5 2] (6.4)

which gives the number of halos with mass between M and M+dM. !.

Using N-body simulations of structure formation in the non-linear regime, Navarro,
Frenk and White showed that the density profiles of the simulated dark matter halos
are shallower than 2 at small radii and steeper at large radii [373, 374], with profile

5char
(r/rs) (1 + T/TS)Z

where rg is a scale radius, and dchar 1S a characteristic overdensity. The NFW profile
changes gradually from having a -1 slope near the center to -3 at large radii. The
NFEW profile is a good representation of the equilibrium density profiles of dark matter
halos of all masses and in all CDM cosmologies. Thus, halos formed by dissipationless
hierarchical clustering seem to have a universal density profile with enclosed mass

P(T) = Perit (65)

Cx

M (1) = 47 pbeparrs |In(1 + cx) — 1+ oz (6.6)
where x = r/ry,, and
Th
c=-= (6.7)

is the halo concentration parameter, and r; is the bounding radius of a halo. The
characteristic overdensity can be related to the concentration parameter, therefore, the
NFW profile is completely determined by its mass and concentration parameter, or
equivalently by its scale radius and charactheristic overdensity.

Follow-up simulations found profiles showing small deviations from the NF'W profile,
so a general parametrization of the dark matter profile is typically used [91]

Po
p(r) = - (6.8)
(r/ro)" [L+ (r/ro)e) "=/
where typical values of its constants are given in the following table for some models
(the value of ry changes for different galaxies and clusters of galaxies)

!The Press-Schecter halo mass function is consistent with the oberved matter power spectrum observed
at small wavenumbers, but recent photometric observations of high redshift galaxies by the James
Webb Space telescope question its consistency at larger wavenumbers, and that of ACDM more
generally [371, 372]
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o B~ rolkpe)
Kra 20 3.0 04 10.0

NFW | 1.0 3.0 1.0 20.0

Moore | 1.5 3.0 1.5 28.0
Iso 20 20 O 3.5

where the NF'W parametrization is the most usual. Generalized-NFW profiles can be
constructed for « = 1 and 8 = 3, and varying the value of v in the range 0 — 2. More
recent simulations found that an old profile proposed for spherical stellar systems in the
60’s, the Einasto profile, seemed to be a better fit, yielding a more flattened profile in the
inner regions than the NFW profile [375, 376] The prediction from Navarro, Frenk and
White of inner density profiles p < r=7, with v = 1, seemed to be in contradiction with
the rotation curves of some galaxies, that could be better fitted with cored or isothermal
density profiles. This apparent discrepancy between simulations and observations has
been dubbed the core-cusp problem, and remains a subject of discussion [377-379]. More
accurate observations of the orbital speeds of stars and gas in the inner regions of galaxies
are needed in order to reduce uncertainties.

6.2 Dark matter spikes

The evidence for the presence of black holes at the center of galaxies is well established by
observations of the distribution and kinematics of stars in the inner regions of galaxies
[380—-382]. The origin and formation of these black holes is plausibly linked to the
formation of Active Galactic Nuclei (AGN), and to the properties of galaxies hosting
them.

Early works on models of galaxies with central black holes disregarded the origin of
the black hole, and focused on deriving stable configurations from placing a black hole at
the center of a stellar system [383, 384]. Later on, the adiabatic growth of central black
holes from the accretion of baryons on long enough timescales was studied in detail.
Adiabatic growth means that a substantial increase in the mass of the black hole takes
place after its formation, and that the accrettion proceeds slowly [385]. Mathematically,
this means that the integrals of motions of the stellar distribution do not change in time.
Peebles applied this hypothesis to the isothermal sphere model, finding that a density
cusp of p(r) ~ r~ 1% would be formed in the inner regions of the galaxy. Further advances
and refinements on this result were performed by other authors [386, 387]. Motivated
by surface brightness observations that seemed incompatible with the isothermal sphere,
Quinlan, Hernquist and Sigurdsson examined this problem for distributions of baryons
growing at smaller radii [388]. They found that the black hole mass only affects the radius
at which the cusp is formed, and that the slope of the cusp ~p is not only determined by
the slope of the pre-existing profile v, but also by the behavior of the initial phase-space
density f(E) as the energy approaches the potential at the center of the system ¢(0) 2.

2The formation of baryonic cusps around black holes had already been studied in the 70’s for globular
clusters. In this context, the dynamical relaxation time of the stars is short compared with the age
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In particular, Hernquist, Quinlan and Sigurdsson considered a model with an initial
isotropic core. Here, the potential evolves as ¢;(r) ~ r2~7 at small radii, and the initial
distribution diverges as a power-law f;(E;) ~ (E — ¢(0))~". The distribution function
f(E) is then related to the differential energy distribution N (FE)dE (the number of stars
with energies in the range E to E + dE ) as

N(E) = g(E)f(E) (6.9)

where the density of states g(F) reads

¢; ' (Eq)
9i (E;) ~ / drr®\[¢i(r) — E; ~ pERe=) (6.10)
0

Approximating the final potential by a keplerian potential around the black hole, the
energy varies with radius as Ey ~ 1/r, allowing to relate the density ps(r) to Ny (Ey)
and N; (E;) by

pr(r) ~ 72Ny (Bp) (L) ~ i () ( ;gf) . (6.11)

The adiabatic growth assumption requires invariance of the action (angular momentum
for circular orbits, radial action for radial orbits) which allows to relate £; and Ey as

Ei(4—7)/2(2—7) N E;1/27 (6.12)

or
B, ~ 2110, (6.13)

Using this relation in equation 6.11, one finds that the density of the final cusp is:
2
pr(r) ~ 3t (), (6.14)

Gondolo and Silk adopted the formalism applied for baryons by previous studies,
and derived the distribution of dark matter particles around the central black hole for
different assumptions on the inner slope of the dark matter halo and its phase-space
distribution [271]. Indeed, the assumption of adiabatic growth is well motivated for dark
matter particles due to its collisionless nature, given that the timescale for black hole
growth due to accretion of both baryonic and dark matter is longer than the dynamical
timescale of dark matter and baryons in the radius of black hole dominance, r;, =
G Mgy /o?. Tt has been argued that the black hole growth timescale will be generically
larger than the dynamical timescale of particles within r, [385]. The shortest black hole
growth timescale is given by the Salpeter timescale, tg ~ Mpy /MEdd ~ 5 x 107 yr,
where MEdd is the Eddington accretion timescale. This timescale reflects the Eddington
limit. At some level of accretion, the black hole heats the accreting material such that

of the system, which leads to a configuration of p(r) ~ r /4 [389]. However, this assumption is not
justified for Active Galactic Nuclei, and different solutions are expected.

72



Chapter 6 Dark matter distribution in the vicinity of black holes

the resulting luminosity’s radiation pressure would counteract the accretion process.
The dynamical timescale is on the other hand tqyn = 74/0, where o is the velocity
dispersion of the particles. Our current knowledge on the relation between black hole
masses and velocity dispersion indeed points towards the adiabatic growth regime [390]
for MBH 5 1010M@.

Gondolo and Silk considered models of initial profiles with an inner core and an inner
cusp. In both cases the system of equations to solve is given by the conservation of the
integrals of motion:

0 Ly AmLy
= E L Ef, L 1
ps(r) /E}nd f/%dfr%rff( 1-Ly) (6.15)
GM  Lp\1Y?
_ _or 1
v [2 (Ef+ . QTQ)] , (6.16)
and GM (. 4R
S
Ep=-—""1(1-"2 1
P (1-58), (6.17)
§ = 2cRg, (6.18)
. ) GM 1/2
Ly = [21" (Ef+r)} : (6.19)

which is derived from the adiabatic conditions
f(Ef,Ly) = f(E,L), Ly = L, I(Ey,Ly) = I(E, L) (6.20)

corresponding to conservation of the phase-space distribution, angular momentum and
radial action of the dark matter particles. As can be appreciated in the equations
above, Gondolo and Silk introduced an approximated capture condition of L = 4Gm,
corresponding to Ey = 0. In reality, when characterizing the dark matter particles with
a relativistic phase-space distribution function, Sadeghian et al found that the final dark
matter profile vanishes at R = 2Rg, instead of R = 4Rg as derived by Gondolo and Silk
[391].

For models with an inner cusp [373, 374], p(r) = po (r/ro)” 7, with ro the scale radius
of the galaxy, and the phase-space distribution reads

po TB) o
(2m0)* T (8- 3) B

with 8= (6 —7)/[2(2 —v)] and ¢¢ = 47Gr3p0/[(3 — 7)(2— ) ]. Assuming a potential
proportional to 7277 at small radii, the action integral cannot be performed exactly.
Gondolo and Silk found an approximation good to better than 8% over all of phase
space for 0 <y < 2:

f(EvL) =

(6.21)

I(E,L) = 2% l—i +1/2r3 00 <(i)) 2(2_”’)] , (6.22)
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where A = [2/(4— )Y@ N[(2—~)/(4—~)]"/? and b = n(2—~)/B (ﬁ, %) Expressing
E as a function of £y and integrating 6.15, they obtain

r

ps(r) = pryy(r) (Rsp )PYSP (6.23)

with pr = po (Rsp/70)” "y 7sp = (9 — 27)/(4 — =) is the cuspiness of the spike, and the
size of the spike is
Ry, = oy (M/porg)l/(3 " .

where o, is a normalization factor and g,(r) accounts for the particles captured by the
black hole, and can be approximated for 0 < v < 2 by g,(r) ~ (1 — %), with Rg the
Schwarzschild radius. In particular, o, ~ 0.293v/9 for v < 1, and is o, = 0.00733,
0.120,0.140,0.142,0.135,0.122,0.103,0.0818,0.0177 at v = 0.05,0.2,0.4,...,1.4,2. The
density falls abruptly to zero at r < 10Rg, and vanishes for » < 4Rg, which is however a
conservative assumption that neglects relativistic and rotating effects in black holes into
account [391, 392].

We notice that for 0 < v < 2, the density slope in the spike, s, varies only between
2.25 and 2.5 3. The slope of the spike profile from equation 6.23 is consistent with the
result from Quinlan et al, where models with 0 < v < 2 obey

(6.24)

6—7v
n=_———. (6.25)
2(2-1)

The profile of equation 6.23 only holds when the dark matter particles do not effectively
annihilate (e.g as in scenarios of asymmetric dark matter or axions), or do so very slowly.
Otherwise, the number density of dark matter particles follows the following differential
equation

PO (o) (2. (626)

with approximate solution

npm(t,r) >~ nom(ty, )
PV L o (tg, ) (o) (E — ty)

(6.27)

Therefore, maximal dark matter density in the inner regions of the spike is saturated
to

psat = mpm/ ({ov)tBH) (6.28)

where (ov) is the velocity averaged dark matter annihilation cross section, and ¢ty is
the time elapsed since the black hole formation. Further, the dark matter spike extends

3The result from Gondolo and Silk is not valid for v = 0. In this case, n = 1 and the spike scales as
p(r) ~ 72 [388]
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to a maximal radius Rgp, beyond which the dark matter distribution follows the pre-
existing NFW-like profile. In full generality, the dark matter profile in the spike reads
[271, 393, 394])

0 r < 4Rg,

plr) = { LwCe=r ARs < r < Ry, (6.29)
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Figure 6.2: Dark matter distribution in the host galaxy of TXS 05064056, for different
values of the initial slope index 7. A black hole mass of (3-10)x10%Mg, a

scale radius of rg = 10 kpc, and a mass of the dark matter halo of the galaxy
of Mpy = 1013 M, is assumed [316].

The normalization factor can be obtained from the uncertainty in the black hole mass,
in such a way that the profile is compatible with both the total mass of the galaxy and
the mass enclosed within the radius of influence of the BH, of order 10° Rg. For NFW-
like profiles with v=1, we follow in this thesis the criteria from Gorchtein, Profumo and
Ubaldi [395]. The DM mass within the region that is relevant for the determination of
the BH mass, typically within Ry = 10°Rg, must be smaller than the uncertainty on
the BH mass AMpy. The normalization constant pg is thus obtained by solving the
following equation
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10°Rg
/ 42 p(rydr = AMpy (6.30)
4Rg

Then, we use the fact that the mass is dominated by the contribution from r > Rg,
i.e., typically r > Rumin = O (100Rg) [393]. One can then obtain

4—y
(3 — ¥sp) AMpH
po = Ysp =7, .Y Sp3_’YSp 3—Ysp (631)
47TRSP To (RO - Rmin )
1
where Rgp = ayro (MpH /r%)ﬁ. This criteria yields masses of the dark matter

halo below as expected from universal relations between supermassive black hole-galaxy
masses [396, 397]. However, for NFW-like profiles with v # 1, this criteria can underes-
timate or overestimate the total dark matter mass of the galaxy. For different values of
v, we find in this thesis the normalization value from solving numerically the following
equation

Rhalo
/ 4rr?p(r)dr < Mpy (6.32)
4Rg

where Mpy is the mass of the dark matter halo and Ry, its extension. I this thesis we
use Rpalo = 5 X 1g. In Figure 6.2 we show the dark matter profile of TXS 0506+056, for
different values of the the pre-existing NF'W profile, and in Figure 6.4, we show a variety
of profiles derived under different assumptions on the dark matter self-annihilation cross
section and spike indices from TXS 0506+056 and Tidal Disruption Events.
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Figure 6.3: Left panel: Dark matter profile at TXS 0506+056, for different values of
the dark matter self-annihilation cross section and y=1. Right panel: Dark
matter profile at the host galaxies of the tidal disruption events AT2019fdr
and AT2019aalc, assuming an NFW with v = 1, and assuming a spike relaxed
by the gravitational scattering with stars and s, = 1.5, see section 7.2 for
more details.
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Shallower profiles might arise e.g., due to gravitational scattering of dark matter with
stars [398, 399], with v, = 1.5, due to mergers of galaxies [400], or due to the black
hole formation happening displaced from the center of the galaxy [401], among other
possibilities. Dynamical constraints on the existence of spikes have been derived for
some sources, with inconclusive results so far, but certainly disfavouring spikes formed
from NFW profiles with v > 1 ‘a la Gondolo and Silk [402-405], see Figure 6.4. Future
gravitational wave observations may help to understand the dark matter distribution
around black holes [406-408].
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Figure 6.4: Upper left panel: Constraints on the spike radius of the milky way vs NF'W
index ~y, from the astrometric and spectroscopic data on the S2 star at the
Galactic Centre [402]. The prediction from gondolo and Silk is shown for
comparison in blue. Upper right panel: More recent constraints on the dark
matter spike in the Milky Way, including the motions of stars S2, S1, S9
and S1 [403]. Middle left panel: Predictions for the interval between the
2022 and 2019 flares of OJ 287 (vertical axis) for the best fits with the
indicated values of the relative spike mass vs model predictions. The spike
mass is constrained to be less than 3% of the primary mass [405]. Middle
right panel: Indirect evidence for dark matter spikes around stellar mass
black holes. The black and red lines indicate the relation between the spike
index and the orbital period for A0620-00 and XTE J11184-480 respectively
[404]. Lower panel: Projected signal to noise ratio from a binary black hole
gravitational waveform, where the signal is the presence of a dark matter
spike formed from an NFW with index v = 0.05 — 2[407]
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If the dark matter is an axion or an ultralight particle, it may form solitonic cores
[409-412]. In this case, the spike formation can be different than for particle dark matter.
It has been discussed that wave dark matter halos compressed adiabatically differ from
that of the particle halo near the center where the semiclassical approximation breaks

down [413].
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Chapter 7

Dark matter scatterings with standard
model particles in AGN

In previous sections, we have discussed some particle physics models able to account for
the dark matter of the Universe, different techniques than can be used to search for these
particles, the acceleration and production of high energy particles around black holes,
and the distribution of dark matter particles around them. In this section, we put all
this information together, studying the impact of dark matter particles on the emitted
fluxes of photons and neutrinos in the vicinity of central black holes in AGN

7.1 New constraints on the dark matter-neutrino and dark
matter-photon scatterings from TXS 05064056

The flux of high energy neutrinos and photons produced in a blazar could get attenuated
when they propagate through the dark matter spike around the central black hole and
the halo of the host galaxy. In this section, using the observation by IceCube of a few
high-energy neutrino events from TXS 05064056, and their coincident gamma ray events
in Fermi-LAT and MAGIC, we obtain new constraints on the dark matter-neutrino and
dark matter-photon scattering cross sections. We will see that our constraints are orders
of magnitude more stringent than those derived from considering the attenuation through
the intergalactic medium and the Milky Way dark matter halo. When the cross-section
increases with energy, our constraints are also stronger than those derived from the CMB
and large-scale structure.

High-energy particles are produced in astrophysical sources and can reach the Earth,
providing valuable information about the environment where these particles have been
produced and the medium through which they have propagated. While high-energy
photons have been detected and their sources had been identified long ago, it is only very
recently that sources of high energy neutrinos have been discovered. On 22 September
2017, the IceCube neutrino observatory detected a neutrino event with an energy of
290 TeV, consistent with the direction of the gamma-ray blazar TXS 0506+056, located
at a distance of 1421 Mpc [345, 346]. The neutrino alert from IceCube triggered an
observation campaign ranging from radio to gamma-ray telescopes [347]. In particular,
Fermi-LAT observed an excess of gamma rays from the direction of TXS 05064056
following the IceCube alert, with more than 50 significance and reaching energies up
to 300 GeV. On the other hand, the initial observations of TXS 0506+056 by ground
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based gamma-ray telescopes after the IceCube alert only lead to an upper bound on the
gamma-ray flux. Nevertheless, a few days later MAGIC detected high-energy gamma-
rays up to 400 GeV with a significance that reached 50 after a few hours of observation,
and these observations are compatible with the upper limits from HESS and VERITAS.
Several works have shown that the observed neutrino and gamma-ray fluxes from TXS
05064056 can be explained with leptohadronic models, where the high energy neutrinos
are produced mainly via pp and py processes, and the bulk of gamma-rays is produced
via leptonic processes, with a non-negligible contribution from hadronic processes [349,
414-420].

The gamma ray flux from distant sources is subject to attenuation due to electromag-
netic processes in the blazar jet, as well as during their propagation to the Earth due to
its interactions with the extragalactic background light, e.g. via the process vy — eTe™.
Neutrinos on the other hand interact very weakly with matter, and therefore they are
generically expected to suffer less attenuation during their propagation. Nonetheless, in
extensions of the Standard Model, there could be new gamma-ray or neutrino interac-
tions which could affect their propagation to the Earth [421-431]. A notable example
arises in scenarios where the dark matter of the Universe is constituted by new elemen-
tary particles which interact with the photon or the neutrino. Therefore, the observation
of neutrinos from TXS 05064056 by IceCube can be used to set constraints on the dark
matter-neutrino scattering cross-section, from the requirement that the neutrino flux
is not significantly attenuated due to interactions with the dark matter during their
propagation to the Earth (for previous works considering attenuation in the intergalac-
tic medium and the Milky Way, see [432-435]). Likewise, the observation of photons
by MAGIC and Fermi-LAT can be used to set constraints on the dark matter-photon
scattering cross-section.

In [315], we consider the attenuation of the gamma-ray and the neutrino flux within the
host galaxy of TXS-0506+056. Importantly, the supermassive black hole at the center
of the blazar is expected to seed the formation of a dark matter spike that extends
from ~ 1074 pc to ~ 1 pc, where the density of dark matter particles is substantially
larger than the one expected from a naive extrapolation of the galactic density profile.
Moreover, it was estimated in [436] that the bulk of the high-energy neutrinos and
gamma-rays from TXS 0506+056 are emitted from a region that is close to the Broad
Line Region of the blazar Rpr ~ 0.021 pc, which lies within the TXS 0506+056 dark
matter spike. Therefore, these particles must traverse the spike and the dark matter
halo of the host galaxy (and possibly get scattered) before leaving to the intergalactic
medium. In this paper we will argue that the absorption of the gamma-ray or neutrino
fluxes in the spike can be significant, despite its small size, due to the high density of
dark matter particles, and we will derive new limits on the scattering cross-section of
dark matter particles with photons or neutrinos.

In the following, we will assume that far away from the black hole, the dark matter
distribution follows the standard NFW profile [373, 374], which scales as y=1 in the
central region, resulting in a spike with v, = 7/3 and o, ~ 0.1. The mass of the
supermassive black hole at the center of the blazar TXS 0506+056 was estimated in
[436] to be Mpy ~ 3 x 103M, so that Rg ~ 3.0 x 107° pc. We have taken ry=10
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kpc, typical of galaxies hosting BL Lac objects, with a similar size as the Milky Way,
for example, for which rg ~ 20 kpc. Finally, the normalization pg is determined by the
uncertainty on the black hole mass [394, 395]. We find the value pg ~ 7 x 103 GeV /cm?.

Strictly speaking, this profile only holds when dark matter particles do not annihilate
(e.g as in scenarios of asymmetric dark matter), or do so very slowly. Otherwise, the
maximal dark matter density in the inner regions of the spike is saturated to psax =
mpwm/({ov)tgh), where (ov) is the velocity averaged dark matter annihilation cross
section, and tgy is the time elapsed since the black hole formation, for which we take
the value tgy = 107 yr [243]. Further, the dark matter profile of the spike extends to
a certain maximal radius Rg,, beyond which the dark matter distribution follows the
pre-existing NFW profile. In full generality, the dark matter profile in the spike reads
[271] (see also [393, 394])

0 r <4Rg
Psp(T)psa
p(T) = ,Dsp(r)""psztit 4RS S r S Rsp (71)

w(z) (ee) " e

The dark matter profile of TXS 05064056 is shown in the left panel of Figure 7.9
for various values of (ocv)/mpy. As apparent from the plot, the dark matter density is
extremely high at the position of the broad line region Rgypr ~ 0.023 pc, where neutrinos
and photons are likely to be produced [436], and interactions with dark matter particles
may occur with sufficient frequency to produce a sizable attenuation of the flux. In
order to be conservative, in our work we will also allow for neutrino/photon emission
at larger distances from the black hole, where the density is lower. Concretely, we will
consider the range Rem = 1072 — 1 pe for the region of the blazar jet where neutrinos
and gamma-rays are produced, indicated in the Figure as a green region.

Let us note that a more accurate treatment of the adiabatic growth of the dark matter
spike including relativistic effects, shows that in fact the spike vanishes at r = 2Rg
instead of 4Rg, and that the density of dark matter particles is significantly boosted
near the core [391]. This enhancement is even more pronounced for a rotating black hole
[392]. On the other hand, the difference with respect to Eq. (7.23) is only significant
close to the Schwarzschild radius, at » < 1072 pc, whereas the photons and neutrinos
are produced further out. We will then disregard these relativistic effects in our analysis,
and we will use the profile Eq. (7.23).

The flux of neutrinos and photons produced at the distance Reyn from the black hole
gets attenuated due to interactions with the medium on their way to the Earth!

obs
(I)i

em
q)i

=e M (7.2)

where @?bs and ®{™ are respectively the observed and emitted fluxes of the particle
i (i = v or «), and p; is an attenuation coefficient that receives contributions from

!Here we are assuming that the emitted flux is much larger that the observed flux, and therefore
neglecting the second term in the cascade equation, which accounts for the redistribution of neutrino
energies. In the appendix A.1, we discuss the cascade equation in some detail.

82



Chapter 7 Dark matter scatterings with standard model particles in AGN

scatterings with Standard Model particles (photons, protons, etc.) as well as from dark
matter particles. The attenuation due to dark matter reads:

ODM—i
mpwMm

where opy_j is the scattering cross section of dark matter with the particle i, and YXpy
is the column density of dark matter particles along the path of the particle 4:

Ypm = /path drp(r) (7.4)

In this paper we focus on the impact on the attenuation of the passage through the dark
matter in TXS 05064056, with density profile given in Eq. (7.23), and that as we will
see later it is orders of magnitude stronger than the contribution to Xpy; from the dark
matter in the intergalactic medium and in the Milky Way. We will then approximate:

+ XpMm

Rsp 0
YpM =~ YpMm o~ / drp(r) + drp(r) . (7.5)

Rep

spike host

To calculate Xpnm|spike We note that in the region where neutrinos and gamma rays
are produced Rem >> 4Rg, therefore g,(r) ~ 1. When the annihilation cross-section
is very small, the dark matter density in the emission region is much smaller than the
saturation density (see the left panel of Fig. 7.9). Then, the density profile in this region
reads psp(r) = psp(Rem)( 7)™ and we can write:

Rsp r e Ps Rem)Rem R 1=ysp
EDM|Spike = /R drpsp(Rem) (Rem> = M |} - (Re:q> ] . (76)

em (PYSP - 1)

As expected, in this regime Yp|spike is fairly insensitive to the annihilation cross-section,
since annihilations occur at a small rate within the emission region, and the profile in
this region is practically indistinguishable from the case with (ov) = 0. On the other
hand, when the cross-section is very large, the dark matter density is approximately
equal to the saturation density. Then,

Hep Rem
ZDM|spike = /Rem drpsat ~ psatRsp 1- Rsp ) (77)
which is inversely proportional to (ov)/mpy. In general,
Rsp r Rem)Rem R
EDM‘spike = dT psp( )psat = psp( e_) - |:f(1) - f ( P )i| I (78)
Rem Psp (7’) + Psat (7sp 1) Rem
where
1 1 R
fla) = a7y F (1, 1-—2-——; —pSp(em)x_%P> , (7.9)
Ysp Ysp Psat

with oF}(a,b;c; z) the hypergeometric function .
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Further, the contribution to Xpy; from the passage through the halo of the host galaxy

- /B: " p0<:0)_1 (1 N :0>_2 ~ poro{log <£§p> — 1} , (7.10)

where we have used 79 > Rg,. This contribution cannot be neglected. First, the dark
matter density is still very large in the proximity of the spike (this is in contrast to the
path of the neutrinos or photons from TXS 05064056 through the Milky Way halo on
its way to the Earth, which never gets that close to the Galactic center). Second, the
dark matter halo extends for several tens of kpc, which can compensate for the smaller
dark matter density.

We show in the right panel of Fig. 7.9 the value of Xpy\; as a function of the distance
from the black hole for three different values of the distance of the emitting region of
neutrinos or gamma-rays (Rem = 0.1,1,10 Rprr) and for the halo profiles considered
in the left panel of the figure, sampling different values of the dark matter annihilation
cross-section over its mass.
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Figure 7.1: Left panel: dark matter distribution around the black hole of TXS 05064056,
for different values of the dark matter annihilation cross section over its
mass. The green shaded region indicates the range of values considered in
this work for the emission region of high-energy neutrinos and gamma rays.
Right panel: Total dark matter mass along the line of sight to the emission
region of high-energy neutrinos and gamma-rays in TXS 0506+056, in terms
of the radius of the broad line region of the blazar (Rprr ~ 0.023 pc), for
the halo profiles shown in the left panel.

To derive upper bounds on the interaction cross section of neutrinos with dark matter,
we follow the same procedure as in [432-434]. Namely, we impose that the attenuation
due to dark matter-neutrino interactions is less than 90%, which translates into p, |[py <
2.3. The attenuation of the photon flux is more uncertain, since photons interact more
strongly than neutrinos with Standard Model particles in the medium. Therefore, we
will impose a more aggressive criterion and we will require that the attenuation of the
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photon flux due to dark matter interactions is less than 99%, i.e. py|pm S 4.6. These
requirements on the attenuation then allow to set upper limits on the scattering cross
section over the mass:

UDM_,,S 2.3 ,JDM,WS 4.6 7
mpm YpM  mpMm 2 DM

with ¥py given in Eq. (7.13) (see also Fig. 7.9).

Our main results are shown in Figures 7.10 and 7.3. The top panels of Figure 7.10 show
upper limits on the dark matter-neutrino (left) and dark matter-photon (right) cross-
section as a function of the dark matter mass, assuming v = 1, when the cross-section
is energy independent. The blue lines are the limits derived in this work from imposing
Eq. (7.28) in different scenarios: the solid lines assume (ov) = 0 while the dashed lines
are for (ov) = 1072 em?s~!, which amount to two different dark matter spike profiles.
The different shades of blue correspond to different locations of the emitting region of
neutrinos and photons. When (ov) = 0, we find the upper limits Jmmﬁ <2.0x107%
cm?/GeV and Jmmﬁ < 4.1 x 1072 ¢cm?/GeV. The limits for other halo profiles can be
calculated from Eqgs. (7.13-7.9). Assuming Ren = Rprgr, our upper limits change by a
factor of at most ~ 2 for halo profiles in the range v = 0.7 — 1.4.

As the dark matter self-annihilation cross-section increases, the effect of the flux at-
tenuation becomes smaller, and the limits on the dark matter neutrino and photon
scattering cross-sections become weaker. This is illustrated in the bottom panels in
Figure 7.10, which show the dependence on the upper limits on opy—i/mpMm as a func-
tion of (ov)/mppm for different values of the location of the emission region Rey. The
lines reflect the dependence of the column density on the cross-section. For small dark
matter self-annihilation cross-sections, YXpy is roughly constant, since the halo profiles
are practically indistinguishable, and thereby the limit on the scattering cross-section;
for larger annihilation cross-sections, Ypyr is inversely proportional to (ov)/mpn, and
therefore the limit on the scattering cross-section increases linearly with (ov)/mpy; for
very large annihilation cross-sections, Ypy is dominated by the passage through the
dark matter halo of the host galaxy, and again the limit on the scattering cross-section
becomes independent of (ov)/mp.
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Figure 7.2: Top panels: Upper limits on the dark matter-neutrino (left panel) and dark
matter-photon (right panel) scattering cross-sections as a function of the
dark matter mass, derived from the requirement that the neutrino (photon)
flux is attenuated by less than 90% (99%) when traversing the dark matter
spike and the galactic halo of TXS 0506+056. The different blue shadings
correspond to different locations of the neutrino or photon emission, while
the different dashing denote different spike profiles. The green line shows
the limits derived from the passage of the neutrinos or photons through
the intergalactic medium and the Milky Way halo, the purple lines from
Lyman-a observations, and the orange line from Milky Way satellite galaxy
counts. Bottom panels: Dependence on the limits on opy_,/mpy (left
panel) and opn—~/mpwm (right panel) with the dark matter self-annihilation
cross-section, for different locations of the emission region.

For comparison, we also show in the upper panels of the Figure 7.10 (as solid green
lines) the upper limits on the dark matter-neutrino and dark matter-photon scattering
cross-sections from the attenuation of neutrinos or photons due to interactions with
dark matter particles in the intergalactic medium and in the Milky Way halo. As is
apparent from the plot, the attenuation of the flux during the passage through the dark
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matter spike and the galaxy hosting the blazar is very significant. Specifically, when the
neutrinos or photons are emitted at Re;, = Rprr and the dark matter does not self-
annihilate, the limits on the cross-section become about six orders of magnitude stronger
than those obtained when neglecting the spike and considering just the propagation
through the intergalactic medium and the Milky Way halo; when the annihilation cross-
section is {(ov) = 10728 cm?s71, the limits are four to six orders of magnitude stronger,
depending on the dark matter mass.

We also show (as purple lines) the constraints on the cross-section obtained from the
suppression of primordial density fluctuations in the early universe, which would affect
the cosmic microwave background power spectrum and the Lyman-a forest [437-441]2,
for the case when the cross section is constant (dotted line), and when the cross section
scales as the square of the temperature of the Universe (solid line). For photons, we
additionally show (as a solid orange line) the limit derived in [444] for mpy 2 1 GeV
from Milky Way satellite galaxy counts [445] 3.

The cosmological limits on the dark matter-neutrino cross section are a few orders of
magnitude stronger than the ones derived in this work from TXS 0506+056. However,
in any realistic model, the dark matter-neutrino cross section will have a power-law
dependence with the neutrino energy, opn—, = oo( 1gg )™. Since the neutrinos observed
from TXS 05064056 are significantly more energetic (E, ~ 290 TeV) than the neutrinos
relevant for the Lyman-a bounds (FE, ~ 100 €V), the cross-sections involved in these
two observations could be largely different. In order to compare the impact of the
dark matter-neutrino (or photon) interactions, it is necessary to extrapolate the limits
obtained from the TXS 05064056 to the energy scales relevant for the Lyman-« forest.
The same rationale holds for DM-~ interactions.

This is done in Figure 7.3, which shows the upper limit on the dark matter neutrino
(left) and dark matter-photon (right) cross-section as a function on the energy, when the
cross-section scales with the energy as opy—y, = 00(E, /1 GeV)™, for n = 1,2,4 (dotted,
dashed and solid lines, respectively). For the plot we took for concreteness mpy = 1
GeV, and two spike profiles corresponding to a scenario of asymmetric dark matter
({(ov)=0, dark blue) and of self-annihilating dark matter ({(ov) = 10728 cm?s71), light
blue. For comparison, we also show complementary constraints at different neutrino
energies from SN1987A [451], and from Lyman-« observations. As can be seen from the
figure, our limits from the attenuation of the flux at the spike of TXS 05064056 are
substantially stronger than previous limits. For instance, for n = 1 our limits on the
dark matter-neutrino cross-section are ~ 8 orders of magnitude stronger than those from

2Recently, stronger constraints on dark matter-neutrino scattering were derived from Milky Way satel-
lites and subhalo modelling for dark acoustic oscillations, adressing on different particle physics
scenarios and energy regimes whether astrophysical os comological probes are dominant [442]. The
IceCube collaboration has also recently perfomed a dedicated analysis to search for attenuation sig-
natures from AGN in concrete models, see [443]

3Stronger constraints can be derived for concrete models. For instance, when the dark matter couples
with similar strength to electrons and to neutrinos, the limits on the dark matter-electron cross-section
from [246, 255, 446—449] can be translated into limits on the dark matter-neutrino cross-section. Also,
when the interaction dark matter-photon is due to a dark matter millicharge, the stringent limits
derived in [450] would apply.
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Lyman-« observations, and can be even ~ 20 orders of magnitude stronger for n = 2.
Similar conclusions hold for the dark matter-photon cross-section.
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Figure 7.3: Same as the top panels of Fig.7.10, but as a function of the energy for the
case mpy = 1 GeV and Ren, = 0.023 pc, assuming that the cross-section
scales with the energy as opy_i = 09(E;/1GeV)", for n = 1,2,4.

High-energy neutrinos and photons have been detected from the blazar TXS 05064056,
with fluxes which are well compatible with astrophysical models. This indicates that the
fluxes are not significantly attenuated by putative interactions of neutrinos or photons
with the dark matter particles existing between their production point and the Earth.
In this work we have investigated the possible attenuation of the fluxes due to the dark
matter spike around the black hole of TXS 0506+056.

For scenarios where dark matter particles do not self-annihilate, we find the upper
limits ?ﬁ < 2.0 x 1072 cm?/GeV and % < 4.1 x 10729 ecm?/GeV, which are
~ 7 orders of magnitude stronger than constraints derived in previous works from the
attenuation of the fluxes in the intergalactic medium and the Milky Way halo. Assuming
that the cross-section is independent of the energy, the limits on the dark-matter neutrino
(dark matter-photon) cross-section are ~ 5 (~ 2) orders of magnitude weaker than those
stemming from the cosmic microwave background and from large scale structure. Similar
conclusions hold when the dark matter particles can self-annihilate, although in this case
the constraints become weaker, due to the flattening of the spike at small distances from
the black hole.

We have also considered scenarios where the scattering cross-section depends with the
energy as a power-law opy_j = 00(%)”’7 with n = 1,2 or 4. In this case the constraints
on the dark matter-neutrino and dark matter-photon cross section from the attenuation
in the spike of TXS 0506+056 are several orders of magnitude more stringent than those
from Cosmology.

Blazar observations in neutrinos and gamma-rays therefore constitute a powerful probe
of dark matter interactions, especially for scenarios where the cross-section is energy
dependent. The likely discovery of more and more neutrino sources in current and future
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neutrino telescopes, and their identification with gamma-ray sources, will provide very
valuable information about the dark matter microphysics, and perhaps provide hints for
neutrino or photon interactions with dark matter particles.

7.2 Constraints on dark matter-neutrino scatterings in Tidal
Disruption Events

We discuss the implications of dark matter neutrino interactions in Tidal Disruption
Events (TDEs). In TDEs, neutrinos and photons are likely to be emitted very close
to the supermassive black hole, at R ~ 103Rg. We have discussed that the neutrino
and gamma-ray emission from blazars such as TXS 05064056 happens further from the
center of the galaxy, a the Broad Line Region or beyond Ren, ~ 10*Rg, and in non-jetted
galaxies as NGC 1068, current observations suggest acceleration and neutrino emission
in the coronal region of the central black hole R.y, ~ 10°Rg, however, uncertainties are
large. In this sense, TDEs may constitute in the future a more robust probe of the dark
matter distribution of the vicinity of black holes, since stars are expected to be tidally
disrupted mainly in the region of gravitational influence of the black hole. Further, since
TDEs are associated with quiet galaxies, the astrophysical background of photon and
neutrino emission is lower, and the dark matter spike may have been less depleted due
to interactions with stars, in contrast to AGNs [91, 398, 400]. Therefore, it becomes
important to derive constraints on dark matter-neutrino scatterings from these sources,
and confront them with the constraints obtained from TXS 05064056 and NGC 1068.
In the following table, we show the benchmark parameters considered for some TDEs

‘ Rem Mpu AMpu Ysp (ov)/mpm™m oM (Rem)
AT2019dsg (1) | 5x 10" em 5 x10°Ms 0.5 x10°My  2.25 0 5.2 x 10'® GeV/cm?
AT2019dsg (2) | 5x 10" em 5 x10°Mg 0.5 x10°Mg 1.5 0 2.1 x 10'® GeV/cm?
AT2019dsg (3) | 5x 10 cem 5 x10°Mgy 0.5 x10°My 1.5 107*%em®s™/GeV 2.2 x 10*° GeV/cm?®
AT2019fdr (1) | 49 x10® em 1.3 x10'My 1.3 x10°M, 225 0 3.6 x 10 GeV/cm®
AT2019fdr (2) | 4.9 x 10" ecm 1.3 x10'My 1.3 x10°My 1.5 0 4.3 x 10" GeV/cm?®
AT2019fdr (3) | 25 x 10" em 1.3 x10'My 1.3 x10°My 1.5 107*°cm®s7'/GeV 6.1 x 107 GeV/cm®
AT2019aalc (1) | 5x10® cm 1.6 x10'Me 1.6 x10'My,  2.25 0 3.8 x 10" GeV/cm®
AT2019aalc (2) | 2x 107" em 1.6 x10"Mg 1.3 x105My 1.5 0 1.5 x 10° GeV/cm?
AT2019aalc (3) | 2x 107" em 1.6 x10'Me 1.3 x10°My 1.5 107%%em®s™/CGeV 1.5 x 10° GeV/cm®

Table 7.1: Relevant parameters considered in this work for the Tidal disruption events
considered in this work, for two different sets of assumptions dubbed (1) and
(2). Racc is the region where protons and electrons are accelerated, Mgy is the
mass of the central black hole, AMpy the uncertainty on the measurement
of the mass of the central black hole, (cv)/mpy denotes the assumed values
of the effective dark matter self-annihilation cross section, and (ppy) is the
average density of dark matter particles in the region of the AGN where
protons and electrons are accelerated before the bulk of neutrinos and gamma-
rays are emitted.
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We will derive upper limits assuming that the dark matter-neutrino scattering cross
section is constant. Imposing that the attenuation of the neutrino fluxes shall not be
larger than 90% of the initial emitted neutrino flux, the upper limit is given by [315]:

oMy 23 (7.11)
mpm "~ XpMm
where Y.pyr is the column density of dark matter particles along the line of sight between
the TDE an the Earth, and is largely dominated by the contribution from the spike and
halo of the host galaxy. In the right panel of Figure 7.4, we show constraints on the dark
matter-neutrino scattering cross section, for the different TDEs considered in this work,
and the different set of assumptions discussed in 7.1.
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Figure 7.4: Left panel: Dark matter distribution around the black holes of AT2019dsg
and AT2019fdr, for different values of the dark matter self-annihilation cross
section over its mass. The green region shows the likely emitting region of
neutrinos from this sources Right panel: Upper limits on the constant dark
matter-neutrino scattering cross section from AT2019dsg, AT2019fdr and
AT2019aalc, for different assumptions on the dark matter distribution and
astrophysical emission of neutrinos, see 7.1

The constraints obtained are stronger than those derived from TXS 05064056 pre-
viously by ~ 1 order of magnitude. When considering annihilations with sufficiently
large cross section, we also find that the spike is depleted in the same way when taking
the intact spike and the relaxed spike due to gravitational scattering with stars. In
this sense, for self-annihilating dark matter the relaxation due to stars is less relevant
than for asymmetric dark matter. The constraints when including annihilations are still
stronger than those obtained from TXS 0506+056, but the enhancement here is lower,
due to the larger black hole mass (and age) of TXS 0506+056.
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7.3 A hint of dark matter-photon scatterings in NGC 1068

The IceCube collaboration recently reported a 4.20 measurement of neutrinos with TeV
energies from the galaxy NGC 1068 [350]. The neutrino flux is significantly larger than
the upper limits on the gamma-ray flux placed by MAGIC at sub-TeV energies [351], and
the gamma-ray flux measured by Fermi-LAT in the 0.1 — 100 GeV energy range [352].
In leptohadronic single-zone models, high-energy neutrinos and gamma-rays are mainly
produced in the same region of the Active Galactic Nucleus (AGN), mainly via meson
decays in py and pp interactions [353, 354]. This mechanism yields comparable fluxes
in neutrinos and gamma-rays. Additionally, gamma-rays can further be produced by
leptonic processes, which poses the question of whether standard leptohadronic models
are able to accommodate the deficit of gamma rays from NGC 1068, given the neutrino
flux observed by IceCube.

A potential solution to the discrepancy between traditional leptohadronic single-zone
models and the telescope data relies on high-energy gamma rays and neutrinos being
produced near the central supermassive black hole of NGC 1068, at the coronal region
~ 10Rg — 1000Rg [328, 337, 355]. In these scenarions, NGC 1068 is obscure to gamma-
rays due to attenuation with the baryonic matter present in the inner regions. Even
then, these models are unable to reproduce the spectrum measured by Fermi-LAT for pp
or pvy production, overproducing gamma-rays at low energy bins, and underproducing
them at the larger ones. Enhanced starbust activity with high supernova rates has been
proposed as a potential source of the most energetic gamma rays [356], but these models
become increasingly complex and need to invoke a large number of parameters.

We suggest in [452] an alternative mechanism to explain the observations from NGC
1068, which is an enhanced photon absorption due to scatterings with the ambient dark
matter particles present in the inner regions of NGC 1068. The supermassive black
hole of NGC 1068 is expected to seed the formation of a dark matter spike with very
large density within a few parsecs from the SMBH [271], which is expected to be the
same region where the bulk of neutrinos and gamma-rays are produced. This enables
relatively low scattering cross sections of dark matter particles with photons needed to
induce observable attenuation effects. As we will show later, this mechanism yields a
gamma-ray flux compatible with Fermi-LAT data in the 0.1—100 GeV energy range, and
allowing for the production of neutrinos and photons at farther regions from the black
hole, at the Broad Line Region ~ 10*Rg, or beyond. In fact, this is the expectation
in traditional leptohadronic single-zone models proposed to explain the only other well
known extragalactic neutrino source known aside NGC 1068, TXS 05064056 [436].

NGC1068 is a well studied Seyfert II galaxy, hosting an Active Galactic Nucleus
(AGN). The supermassive black hole (SMBH) at the center of NGC1068 is expected to
provide the conditions to accelerate protons to very high energies, which then lead to the
production of energetic photons and neutrinos via py and pp interactions. On general
grounds, one expects comparable production rates of photons and neutrinos [353, 354].
On the other hand, NGC1068 is known to be fairly opaque to high-energy gamma-rays,
due to interactions with photons from the accretion disk and hot corona, line emission
from broad-line region (BLR) and infrared emission from the dust torus. As a result,
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Figure 7.5: Absorption coefficient needed to attenuate the expected gamma-ray flux from
NGC 1068 [328, 355] to the observed values by Fermi-LAT (including error
bars), for both pp (upper panel) and py (lower panel) scenarios and different
locations of the emitting region of neutrinos and gamma-rays. Absorption
coeflicients larger than these values would be compatible with Fermi-LAT
data as well, if invoking an additional component of gamma-rays arising
from the starbust activity with high supernova rates [356].

the photon flux observed at the Earth is attenuated with respect to the emitted flux:

(I)obs (E’Y)

——— L = Hr 7.12
(L) (712

with g4, the attenuation coefficient due to two-photon pair annihilation vy — efe™,
which has been calculated in [328], and takes values as large as 2 (4) for values of the
emitting region of neutrinos and gamma-rays of Rey, = 10*Rg (30Rg).

The neutrino flux, on the other hand, is not expected to be significantly attenuated
during its propagation. The recent observation by IceCube of a neutrino flux from
NGC1068 opens a direct window to the production mechanisms of high energy neutri-
nos near the SMBH, and thereby to the production of high energy photons [350]. In the
simplest single-zone emission models, the predicted gamma-ray flux exceeds the total
gamma-ray flux measured by the Fermi-LAT [352], which receives a contribution not
only from hadronic processes in the AGN, but also from leptonic processes in the AGN,
and from the starburst ring. The gamma-ray deficit could then be due to a more com-
plicated production mechanism [328, 337, 355, 356], or to an additional contribution
to the attenuation during the gamma-ray propagation to the Earth, that we denote as
Ap(E,). We show in Fig 7.5 the lower limit on the absorption coefficient needed in every
energy bin measured by Fermi-L AT, in both pp and py production mechanisms, and for
different choices of the emitting region of neutrinos and gamma-rays [328]. We perform
the calculation for the central value of Fermi-LAT as well as for the upper and lower
error bars reported by the collaboration. As can be seen in the Figure, the absorption
coefficient needed to reconcile astrophysical models with Fermi-LAT data increases with
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larger values of the emitting region and gamma rays, but it reaches values above one
at some energies even when assuming emission in the innermost part of the corona, at
Remn = 30Rg. Further, the attenuation coefficients needed in py production scenarios is
somewhat larger than for the pp channel.

The mass of the SMBH at the center of NGC1068 has been estimated to be Mgy = 1—
2x 107 My, [453, 454], although some works point to masses as large as Mpy = 9x 107 M,
[455]. The Schwarzschild radius is then Rg ~ 1.9 x 1075 pc (Mpn/2 x 10" M), while
the size of the spike is Ry, ~ 21.57pc(Mpn/2 X 1O7M@)1/2 for v = 1 and Ry, ~
7.43 pc (Mpy /2 x 107 My)3/5 for v = 4/3.

Emission within the broad line region, Rgrr ~ 10*Rg = 0.019 (Mpy/2 x 10" M) pc
[328], which lies well within the dark matter spike.

The column density of dark matter that photons travel through the spike of an AGN
can be approximated by:

Rsp R'YSP—“/
Po
2DM|spike = /R drpsp(r) ~ - (7.13)

— —1
’Ysp -1 1"0 ’ngISﬁ)

where we have used Eq. (??7) and that Reym > Rg. We find numerically that the column
density of dark matter particles in the spike is much larger than the column density in
the dark matter halos of NGC1068 and the Milky Way, and in the intergalactic medium.
Therefore X ~ EDM’spike' Expressed in terms of the different parameters:

3=7 5—y  _(=3+m? 1

4 — 3=y v _5=y

YoM = <5z> MAL 15 Romt ", T pi (7.14)

The attenuation factor of the emitted photons from the AGN due to dark matter-
photon scattering is given by

Y pMODM—~ (E.
Ap(E,) ~ b nDzl\];[MW( 7) (7.15)

where opy_ is the dark matter-photon scattering cross section.
fory=1

Ap(Ey) =~ 215 ( - 2bn 2/3( ro )”3( po )1/3( Rem )*4/3(mDM)*1 ToM 4 (Ey)
HEA) =259 95107 My, 10kpe 0.043Ms /pc? 100Rs 1GeV 10-29 cm?2

For v =4/3

Ap(Ey) ~ 1.26 < Mex >3/“ ( o )1/2< po )3/8( Rem )*11/8( mom )*1 (owﬂ&))
2 x 10" Mg 10 kpc 0.37Mg /pc? 100Rs 1GeV 10—30 ¢cm?
and for v =2
We find that there is a significant absorption if the dark matter-photon interaction
cross-section is > 1073% cm?.
Let us consider a scenario where the dark matter particle is a spin 1/2 fermion charged

under a hidden U(1)p gauge symmetry, with coupling strength gp. We assume that the

93



Chapter 7 Dark matter scatterings with standard model particles in AGN

U(1)p gauge symmetry mixes kinetically with the U(1)em, with strength x. The elastic
scattering dark matter-photon DM~ — DM is suppressed by four powers of the kinetic
mixing. We consider instead the inelastic process with a dark photon 7/ in the final
state, DM~y — DM~/, which is suppressed only by two powers of the kinetic mixing. We
estimate the cross-section to be

2 ([ Me 2
ODM~y—DMy! ~ € p— (7.16)

where € = xgp /e, e is the electron charge, m, the electron mass and ot = 6.65x10~2°cm?
the Thomson cross-section. Numerically,

s o €\ mpm
ODM~y—DM~/ ~ T7.7%x10 cm (066) (1G6V) (7.17)

which is roughly one order of magnitude below the required value to induce significant
absorption in NGC 1068.

In more complex hidden sectors there could be additional processes contributing to
the total scattering cross section DMy — DM X, with X any final state, thus enhancing
the attenuation of the photon flux. Generically, the cross section for the inelastic process
reads [456-459]

2.2 2
Qg€ p N 2poko + 2pk — mj,
= = |A B(s)—1 1
8s k [ (s) + B(s) D 08 2poko — 2pk — m2 (7.18)

where g, is the dark boson coupling to the dark matter fermion, and € is the kinetic mix-
ing between the dark sector and the standard model via a dark photon mediator. A(s)

and B(s) depend on the nature of the final dark state, and py = (8 —m?2 + mi) /24/s,

1/2
p = (pg - mi) / ko = (s +m?2) /2y/s, and k = /s — ko. We will consider vector and

pseudoscalar particles in the final state.
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Figure 7.7: Upper left panel: Spectral energy distribution from NGC 1068 in photons
and neutrinos, confronted with IceCube, MAGIC and Fermi-LAT. We show
the original model prediction from [328] for pp emission, and the attenuated
fluxes due to inelastic scatterings on fermionic dark matter with a dark pho-
ton and and ALP in the final state. Upper right panel: Same as in the left
plot, but for the py model Lower panel: Absorption coefficient needed to at-
tenuate the expected gamma-ray flux from NGC 1068 to the values observed
by Fermi-LAT, assuming emission at Rep = 300Rg, and confronted with the
expected attenuation in two particle physics models, with 3 dark photons

(green) and one ALP (lime).

If a dark photon in the final state

2 (mg — mi)

is produced, we have

16 (mi + 2mz) s

A(s) =2+

+
§ (s —m?)*
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4 (mi + 2m§) 4 <4m§ — mi)

s=mg o (s—m2)

B(s)=2— (7.20)

In the upper panel of Figure 7.7, we show the absorption coefficient obtained for the
inelastic dark matter-photon scattering inducing a dark photon in the final state, for
four benchmark values of the dark matter and dark photon parameters. First, we show
the absorption coefficient for a dark matter fermion with mass of m = 1GeV, a light
or massless dark photon mediator, m, < 1073GeV, and with kinetic mixing ¢ = 0.6
(dotted line). In this case, the cross section resembles the one for compton scattering in
the regime E, ~ mpum, where the cross section decreases roughly linearly with the photon
energy. Here, the absorption coefficient obtained works well to suppress the photon flux
to the Fermi-LAT observation from ~ 2 — 20GeV, while it is slightly large in the lower
energy bins. If considering a massive dark photon, we find that the cross section mildly
flattens at low energies. One needs O(10) dark photons to obtained sizable attenuations,
for the benchmark parameters used in the estimation of the column density.

The benchmark values of the kinetic mixing for a lighter dark matter fermion with
m, <1 GeV would yield larger attenuations and only one massless dark photon in the
final state would be needed, however, light fermions with large values of kinetic mixing
are in tension with collider searches and in mild tension with N.g constraints from the
CMB [158, 159, 162, 460].

One may also produce an axion in the final state. In this case, we have

m2 — m? 8m2s
A(s) = =34+ —= X+ X 7.21
(s PR e (7.21)
2 (mi — 4mg) 2 (mi — Gmimg + 8m§)
B(s)=1 .22
(s) + s —m2 + ) (7.22)

In the Figure, we also show the absorption coefficient obtained for the inelastic dark
matter-photon scattering inducing an Axion Like Particle in the final state, for four
benchmark values of the dark matter and axion like particle parameters. First, we show
the absorption coefficient for a dark matter fermion with mass of m = 0.5GeV, and a
light or massless dark photon mediator, m, < 1073GeV, and with kinetic mixing € = 0.6
(dotted line). Here, the cross section peaks at E, = 2mpy, roughly linearly decreasing
at lower and larger energies. The absorption coefficient obtained in this scenario works
well to suppress the photon flux to the Fermi-LAT observation from ~ 0.2 — 20GeV,
while it is slightly smaller than required in the lower energy bins.

It is worth noting the dark matter column density could also be 1 to 2 orders of mag-
nitude larger in the pre-existing dark matter profile were cuspier than v = 1. Another
plausible scenario consists in the emitting region of neutrinos and gamma rays being
in the corona, e.g Rem ~ 102Rg, where the absorption coefficients needed to reconcile
the emitted photon flux with Fermi-LAT data are smaller, and the column density is
larger, requiring lower couplings of the dark matter to the visible sector. Further, we
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have neglected contributions to the attenuation from the dark matter in the intergalactic
medium and the Milky Way. These contributions are expected to be small compared to
the attenuation in NGC 1068, although the distribution of intergalactic dark matter is
subject to large uncertainties. Given that the distance that photons need to travel in
the intergalactic medium is orders of magnitude larger than at the source and the Milky
Way, the column density might be comparable if the average dark matter density were
larger than the cosmological value.

Although we have provided some concrete particle physics examples with the correct
energy dependence of the cross section, we also notice that a constant dark matter-
photon cross section of opy—- ~ 10~%cm? would also work well, and is subject to less
assumptions. This value is however in slight conflict with cosmological constraints [444,
445].

7.4 Probing dark matter-proton and dark matter-electron
scatterings through cosmic-ray cooling in AGN

We have discussed in section 5 that recent observations of high-energy neutrinos from
active galactic nuclei (AGN), NGC 1068 and TXS 05064056, suggest that cosmic rays
(CRs) are accelerated in the vicinity of the central supermassive black hole and high-
energy protons and electrons can cool efficiently via interactions with ambient photons
and gas. Further, we have seen in section 6.2 that the dark matter density may be
significantly enhanced near the black hole. In this section we discuss that CRs could
lose energies predominantly due to scatterings with the ambient dark matter particles.
We propose CR cooling in AGN as a new probe of dark matter-proton and dark matter-
electron scatterings. Under plausible astrophysical assumptions, our constraints on sub-
GeV dark matter can be the strongest derived to date. Some of the parameter space
favored by thermal light dark matter models might already be probed with current
multimessenger observations of AGN.
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Figure 7.8: Schematic picture of dark cooling of CRs due to elastic scatterings with dark
matter particles in AGN. High-energy protons and electrons may traverse a
high density of dark matter particles more efficiently than standard cooling
processes involving neutrino and photon emission.
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\ Rem Mpn iBH 0 (ov) /mpm (ppM)
NGC 1068 (I) 30 Rs  (1-2) x10"My 100 yr 10 kpe 0 5 x 1018 GeV /cm®
NGC 1068 (I1) 30 R (1-2) x107My 10 yr 10 kpe 10~3emds~/GeV 4 x 10 GeV fem?
TXS 05064056 (I) | 10°Rs  (3-10) x108M,  10° yr 10 kpe 0 8 x 1012 GeV /cm®
3

TXS 0506-+056 (IT) | 104Rs  (3-10) x108Ms  10° yr 10 kpe 107%em?s71/GeV 4 x 10 GeV/cm

Table 7.2: Relevant parameters considered in this work for NGC 1068 and TXS
05064056, for two different sets of assumptions dubbed (I) and (II). Here
Rem represents the distance of the emission region from the central SMBH
in NGC 1068 (TXS 05064-056), Mpn shows the SMBH mass and its uncer-
tainty, tgr is the age elapsed since the black hole was formed, rq is the scale
radius of the galaxy, (ov)/mpy denotes the assumed values of the effective
dark matter self-annihilation cross section, and (ppy) is the average density
of dark matter particles within Rep,.

As discussed in section 3.6, light dark matter fermions with sub-GeV masses were
historically disfavoured by the cosmological bound [32, 461]. However, large parameter
space still remains unexplored in more complicated but well-motivated scenarios [138,
151, 154].

Different approaches have been proposed to extend the sensitivity reach of direct
detection experiments for sub-GeV dark matter masses. Some of these consider a boosted
component of dark matter particles reaching the Earth, purely via gravitational effects
(e.g., Refs. [462-467]), while others rely on a boosted component due to scatterings
of dark matter particles with protons, electrons or neutrinos in different astrophysical
environments (e.g., Refs. [243-246, 252-256, 258, 259)).

Active galactic nuclei (AGN) are promising sources of high-energy protons and elec-
trons. While the dominant acceleration mechanism of these cosmic rays (CRs) is still
under debate, see section 5, modeling of multimessenger data have placed important
constraints on not only energetics of CR production but also the emission region of the
observed neutrinos that can be produced either via inelastic pp collisions or py interac-
tions [354, 468, 469]. For example, observations of high-energy neutrinos and gamma
rays from NGC 1068 [350, 470] suggest that the neutrino production occurs in the vicin-
ity of the supermassive black hole (SMBH) at Rep, < 30 — 100Rg (where Rg is the
Schwarzschild radius), which is consistent with theoretical models [329, 330, 333, 337,
471], and the required proton luminosity is at least ~ 10% of the intrinsic X-ray luminos-
ity [328, 472]. Another neutrino source candidate, TXS 0506+056 [347, 415, 436, 473,
474], is known to be a jet-loud AGN, and the observed spectral energy distribution in
photons is mostly explained by synchrotron and inverse-Compton emission from CR elec-
trons [349, 414-417, 419], and the proton luminosity required by IceCube observations
may even exceed the Eddington luminosity [416, 417].

In [316], we propose CRs produced in AGN as a new probe of dark matter-proton and
dark matter-electron scatterings through their multimessenger observations. Given that
emission regions of neutrinos and gamma rays are constrained to be near the SMBHs,

99



Chapter 7 Dark matter scatterings with standard model particles in AGN

CRs also need to traverse the dark matter spike around the central SMBH. If such
additional cooling beyond the standard model (BSM) was too strong, CR energy losses
are modified so that the required CR luminosity would be larger, and the neutrino and
photon spectra could even be incompatible with the observations. Our work is different
from previous studies on AGN probes of the dark matter scatterings with protons and
electrons, which focused either on the boosted flux of dark matter particles from the
source at Earth [243, 475, 476], or on the spectral distortions in the gamma-ray flux
induced by CR scatterings off dark matter particles [395, 477-481]. Instead we focus
on the impact of the dark matter-proton and dark matter-electron scatterings on the
neutrino and photon fluxes or the CR power, considering for the first time the cooling
of protons and electrons in the inner regions of the AGN, where a dark matter spike is
likely to be formed.
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Figure 7.9: Left panel: Dark matter distribution around the SMBHs of TXS 05064056
and NGC 1068, for different values of the dark matter self-annihilation cross
section over its mass. The red (brown) shaded region indicates the region
where the production of high-energy particles is expected to take place in
TXS 0506+056 (NGC 1068) Right panel: In solid lines, we show the cooling
time scales of protons (electrons) in NGC 1068 (TXS 0506+056) (see main
text for details). In dashed and dot-dashed lines we show the time scales
due to elastic dark matter proton and dark matter-electron scatterings, for
different values of the dark matter mass and scattering cross section.

When the dark matter particles self-annihilate with a sufficiently large cross section,
the maximal dark matter density in the inner regions of the spike is saturated to pgat =
mpwm/({(ov)tpn), where (ov) is the velocity averaged dark matter self-annihilation cross
section, and tgy is the time passed since the black hole was formed. For TXS 05064056,
we take the value tgy = 10° yr [475], while for NGC 1068 we use tgy = 100 yr [482].
Furthermore, the dark matter spike extends to a maximal radius Rsp, beyond which the
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dark matter distribution follows the initial NF'W profile. The dark matter density profile
therefore reads [271, 393, 394])

0 r < 4Rg,
p(r) = % 4Rs <1 < Ryp, (7.23)

w(i) (eg) " 2R,

The dark matter profiles in TXS 05064056 and NGC 1068 are shown in the left panel
of Fig. 7.9 for two values of (ov)/mpym allowed for sub-GeV dark matter [147, 149, 483].
We find that the dark matter density is extremely high in the region where high-energy
particles are produced, and dark interactions with dark matter particles may lead to a
sizable depletion of the observed fluxes.

Neutrinos and photons from AGN can be explained by emission from high-energy pro-
tons and electrons through purely Standard Model mechanisms. Energy-loss mechanisms
include scatterings with other Standard Model particles in the plasma or synchroton ra-
diation as well as adiabatic losses. In addition, there are escape losses due to advection
or diffusion via magnetic fields. The presence of dark matter coupling to protons and
electrons in the vicinity of SMBHs would naturally introduce additional scattering time
scales, leading to the suppression of the observed neutrino and gamma-ray fluxes in cer-
tain energy ranges, if the BSM cooling time scales of CRs were shorter than the standard
cooling time scales. For example, at mpy ~ 1072 GeV, the currently-allowed maximum
dark matter-proton scattering cross section steams from cosmic-ray boosted dark mat-
ter at the Super-Kamiokande experiment [484], with a value of opy—_p ~ 1073% cm?.
As discussed in the previous section, the average density of (asymmetric) dark matter
particles in the coronal region of NGC 1068 is (ppm) ~ 5 x 10 GeV/cm3. Thus, if
the corresponding cross section for CR protons is comparable to opn—, (although this
is not the case in general), the BSM cooling time scale for the currently allowed values
in the literature is Tpm—p ~ 1/({nDM)0DM—pC) ~ 7 X 103 s, which is well below the
proton cooling time inferred by observations of NGC 1068. This simple estimate clearly
suggests that CRs in AGN can provide a powerful probe of these interactions.

More quantitatively, the BSM cooling time scale due to elastic dark matter scattering
off CRs is given by [481]

1 /dE
el
= - = — .24
TDM—i [ E ( dt )DMJ ) (7.24)
with iE ( > — p
at _ _ {pom / DM g @ODM-CRi 795
( dt >DM—z‘ mpm Jo MM oM (7.25)

where (ppy) is the average density of dark matter particles in the region of CR pro-
duction. See Table 7.2 for the specific values that we use for NGC 1068 and TXS
0506+056. Also, dopyn—cri/dTpwm is the differential elastic dark matter-proton or dark
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matter-electron cross section, THy;* is the maximal allowed value for Ty in a collision

with a particle ¢« with kinetic energy T' = E — m;, which is

T2 4 2m, T N2 or 171
e _ 2L emil (1+ T ) + . (7.26)
mpwm mpwm mpm

We consider fermionic dark matter which elastically interacts with protons and electrons
via a heavy scalar mediator. The differential cross section reads [485]

dopM-CRi _ ODM-i F2(q%)
dTom TEax 16 u2y

(¢* + 4m?)(¢* + d4mpy) , (7.27)

where opn_; is the dark matter-proton or dark matter-electron cross section at the zero
center-of-mass momentum, pupn—; is the reduced mass, s is the square of center-of-mass
energy, and ¢> = 2mpyTphum is the momentum transfer of the process. The quantity Fj
is either the proton form factor [486], or equal to 1 for electrons. This formalism is only
valid for elastic scatterings.

In the right panel of Fig. 7.9, the solid lines represent the total standard energy-loss
time scales as a function of energy for protons in NGC 1068 [328] and for electrons in
TXS 0506+056 [487]. CR protons in NGC 1068 are almost depleted, and the dominant
cooling mechanisms at increasing energies are inelastic pp interactions, Bethe-Heitler
pair production, and py interactions [333]. CR protons do not cool efficiently in TXS
05064-056, and the fate is governed by a dynamical time scale of ~ 10° s in the SMBH
frame [487]. For electrons in TXS 05064056, the dominant cooling mechanisms are
inverse Compton scattering and synchroton radiation. The breaks in the solid lines of
the plots reflect the energies at which the transition of dominant processes occurs.

For comparison, we also show BSM cooling time scales due to elastic dark matter
scatterings with protons and electrons. The dotted-dashed line corresponds to values of
the dark matter mass and cross section that would induce a contribution smaller than
the proton and electron energy losses due to the Standard Model processes. On the other
hand, the dashed line shows values of the parameters that would induce larger energy
losses than in the Standard Model at relevant energies (according to our exclusion limit
criterion). It is important to point out that inelastic dark matter-proton scatterings
are expected to dominate over the elastic channel at energies E > m]% /2mpn, however,
the inelastic cross section is sensitive to the details of the dark matter particle model,
therefore we decide to restrict our analysis to the elastic scattering channel. Including
inelastic channels would probably allow to derive stronger limits, although one should
then consider the production of additional neutrinos and photons via pion decay, as done
in Refs. [478, 481].
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Figure 7.10: Left panel: Upper limits on the spin-independent dark matter-proton scat-
tering cross-section as a function of the dark matter mass, derived from the
requirement that the required proton luminosity is substantially larger due
to scatterings off dark matter particles in NGC 1068 and TXS 0506+056.
The different blue shadings correspond to two different assumptions on the
dark matter self-annihilation cross section, which affects the average den-
sity of dark matter particles in the inner regions of the AGN. Complemen-
tary constraints from different searches are shown for comparison (see main
text for details). Right panel: Analogous upper limits on the dark matter-
electron scattering cross section, for TXS 0506+056. We also display values
of the dark matter-electron scattering cross section vs dark matter mass
compatible with thermal production of light dark matter. Note that we
do not have constraints from NGC 1068 because the observed gamma rays
may be purely hadronic [470].

For the purpose of constraining the interaction strength, we find for each mpy; the
largest dark matter-proton (electron) scattering cross section yielding a time scale equal
or larger to the cooling time scales determined with models at relevant energies. In
particular, we use

TN > C 70 (7.28)

The coefficient C is a model dependent factor, and we use C' = 0.1 in this work. In other
words, we find the maximum dark matter-proton (electron) scattering cross section that
would have an O(10) or less impact on the proton (electron) cooling time scale. This is
reasonable and may be even conservative from the energetics requirement of neutrino-
emitting AGN. For NGC 1068, the proton luminosity would be 10%3 erg s7! < L, <
Ly < 10% erg s7! [328, 333], justifying C ~ 0.1 — 1. For TXS 05064056, the pro-
ton luminosity in the single-zone model already violates the Eddington luminosity Lgqq
[416], so our choice is conservative. This is also reasonable for electrons because of
Le ~ 8 x 107 erg s™! ~ 20Lgqq [487]. In principle, if the CR acceleration mechanism
is understood, spectral modification due to BSM cooling may allow us to improve con-
straints and C ~ 1 is possible. For proton energies of interest, we use 10 — 300 TeV for
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NGC 1068 [350], which is required to match the IceCube data [328]. For protons in TXS
05064056, we use 0.1 —20 PeV [473], and for electrons we use 50 GeV — 2 TeV, following
Ref. [487].

Applying the condition of Eq. (7.28) for NGC 1068 and TXS 05064056, we set con-
straints on the spin-independent dark matter-proton and dark matter-electron scattering
cross sections via a heavy mediator (see Fig. 7.10). The solid lines correspond to scenario
(I), and the dashed lines correspond to scenario (II) (see Table 7.2), corresponding to
different values of the dark matter self-annihilation cross section consistent with cur-
rent constraints [483]. When the dark matter self-annihilates, the dark matter spike
is saturated near the SMBH, and the average density of dark matter particles in the
region where CRs are confined is smaller. We find that our constraints become stronger
at lower dark matter masses. This is mainly due to the fact that the number density
of dark matter particles increases with decreasing masses, and the cross section needed
to induce large energy losses becomes smaller. However, we note that for protons the
dependence of the constraint on the dark matter mass is more pronounced than for elec-
trons. This is because we only consider elastic scatterings accounting for energy losses,
and the elastic scattering cross section decreases with reference to its maximum value
for £ 2 m§/2mDM

For comparison, we show complementary constraints from other methods. The green
region is excluded by dark matter direct detection experiments [224, 488-490], where the
maximal cross section unaffected by atmospheric scatterings is considered [491, 492]. The
magenta region is constrained by the X-ray Quantum Calorimeter (XQC) experiment
[493]. The cyan region is constrained by Milky Way satellite galaxy counts [494], and the
grey region is constrained by the Big Bang nucleosynthesis (BBN) [495, 496]. The orange
region is constrained by CR boosted dark matter (CRBDM) at XENONI1T [252], and the
red regions are excluded when considering the blazar-boosted dark matter flux from TXS
05064056 [243, 475]. Finally, values above the brown line are constrained by CRBDM at
the Super-Kamiokande experiment [484]. Further, for dark matter-electron scatterings,
we include constraints from the solar reflection [497], and the region of values where
light thermal dark matter acquires its relic abundance via various mechanisms [151,
152, 498]. From Fig. 7.10, one sees that our constraints for light dark matter coupling to
protons are stronger than complementary bounds for mpy < 1072 — 1072 GeV. For dark
matter-electron scatterings, our constraints are stronger than direct detection bounds at
masses below mpy < 5 x 1072 GeV. In addition, for dark matter-electron interactions,
AGN data allows to probe the parameter space favored for dark matter models with
mpm < 1074 GeV, although this region might be in conflict with BBN.

We have also derived constraints on the dark matter-electron scattering cross section
for different values of the pre-existing dark matter profile slope index. For the purpose of
concreteness, we consider NFW-like profiles with slope indices in the range v = 0.05 — 2,
to assess the conclusions of our work beyond the benchmark case covered in the main
text, v = 1. We normalize all profiles such that the total mass of the dark matter
halo of TXS 05064056 is bound by Mpy < 10'3Mg. In the left panel of Fig. 7.11,
we show the dark matter profiles in the vicinity of TXS 05064056 for different values
of 7v. As expected, the dark matter density profile becomes steeper for larger values of
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v, and the size of the spike becomes smaller. Outside the spike, the profiles initially
evolve with power ppy o 7377, but sufficiently far from the center they converge to
a ppm X 77 behaviour. On the right panel of the figure, we show the upper limits on
the dark matter-electron scattering cross section found for those profiles corresponding
to asymmetric (or slowly annihilating) dark matter. As can be noticed in the figure, the
constraints can vary 5 to 6 orders of magnitude depending on the value of v, although
only vary within 1 order of magnitude in the range v = 0.6 — 1.4, which is favoured by
some simulations of Milky Way analogues [499, 500].
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Figure 7.11: Upper panel: Dark matter distribution around the black hole of TXS
05064056, for different values of the pre-existing dark matter profile slope
~. Lower panel: Upper limits on the sub-GeV dark matter-electron scat-
tering cross section over the dark matter mass from TXS 05064056, for
different values of the index ~.

To conclude, recent multimessenger measurements of AGN have indicated that high-
energy particles, in particular CR protons and secondary neutrinos, are produced in the
vicinity of SMBHs. CR cooling could be significantly enhanced by BSM interactions
with dark matter, thanks to the formation of a dark matter spike around the central
SMBH, with a large density. We demonstrated that neutrino-emitting AGN, NGC 1068
and TXS 0506+056, allow us to set strong constraints on sub-GeV dark matter coupled
to protons and/or electrons.

Our constraints on light dark matter coupling to protons are stronger than other
complementary bounds for mpy < 1073 — 102 GeV. For dark matter-electron scat-
terings, our constraints are stronger than direct detection bounds at masses below
mpm < 5 x 1073 GeV, which potentially allows us to probe the parameter space fa-
vored for thermal dark matter models with mpy < 1074 GeV.

The current constraints are subject to uncertainties from the dark matter distribu-
tion in the inner regions of AGN as well as on CR cooling time scales. Nevertheless,
for the latter, we stress that our constraints are rather conservative especially for NGC
1068. This is because the source has to be nearly calorimetric to explain the neutrino

105



Chapter 7 Dark matter scatterings with standard model particles in AGN

flux [328], and relaxing assumptions (e.g., with softer CR spectra) will make the limits
stronger. Future multimessenger observations and astrophysical modeling will allow us
to better understand the sources and reduce uncertainties, and the resulting limits on
the dark matter-proton and the dark matter-electron cross section will become more
stringent and robust. Understanding acceleration mechanisms will also enable us to
compare Tglei to the acceleration time scale for placing constraints. recent multimes-
senger measurements of AGN have indicated that high-energy particles, in particular CR
protons and secondary neutrinos, are produced in the vicinity of SMBHs. CR cooling
could be significantly enhanced by BSM interactions with dark matter, thanks to the
formation of a dark matter spike around the central SMBH, with a large density. We
demonstrated that neutrino-emitting AGN, NGC 1068 and TXS 05064056, allow us to
set strong constraints on sub-GeV dark matter coupled to protons and/or electrons.

Our constraints on light dark matter coupling to protons are stronger than other
complementary bounds for mpy < 1073 — 1072 GeV. For dark matter-electron scat-
terings, our constraints are stronger than direct detection bounds at masses below
mpm < 5 x 1072 GeV, which potentially allows us to probe the parameter space fa-
vored for thermal dark matter models with mpy < 1074 GeV.

The current constraints are subject to uncertainties from the dark matter distribution
in the inner regions of AGN as well as on CR cooling time scales. Nevertheless, for the
latter, we stress that our constraints are rather conservative especially for NGC 1068.
This is because the source has to be nearly calorimetric to explain the neutrino flux [328],
and relaxing assumptions (e.g., with softer CR spectra) will make the limits stronger.
Future multimessenger observations and astrophysical modeling will allow us to better
understand the sources and reduce uncertainties, and the resulting limits on the dark
matter-proton and the dark matter-electron cross section will become more stringent and
robust. Understanding acceleration mechanisms will also enable us to compare TBIM%
to the acceleration time scale for placing constraints.

Multimessenger observations of neutrino sources have been proposed to study dark
matter interactions with photons [315] and neutrinos [315, 432-435, 501-503], as well as
historically-investigated annihilating or decaying signatures. Now there is accumulating
evidence that AGN can accelerate CRs to TeV—PeV energies. We demonstrated that
high-energy particle emission from AGN provides us with a powerful probe of dark

matter scatterings with protons and electrons.
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Conclusions

After half a century of worldwide efforts, the particle nature of dark matter remains a
mistery. However, we have learned plenty about what the dark matter cannot be like,
from the combination of accelerator searches, direct detection experiments at Earth, and
indirect astrophysical and cosmological signatures. The flexibility of particle dark matter
theories has largely increased, and the perspective from the community has broadened,
allowing us to enter an era where novel phenomenological approaches to probe the dark
matter particle nature become crucial.

In this thesis we propose the vicinity of supermassive black holes in Active Galactic
Nuclei as a promising environment to look for the interactions of dark matter particles
with the standard model. Recent multimessenger measurements of AGN have indicated
that high-energy particles, in particular cosmic ray protons and secondary neutrinos,
are produced in the vicinity of the black hole. The cooling of cosmic rays could be
significantly enhanced by scatterings with dark matter, whose density is expected to be
largely increased at sub-parsec distances from the black hole, forming a spike. In this
thesis, we demonstrated that neutrino-emitting AGN, NGC 1068, TXS 05064056, allow
us to set strong constraints on sub-GeV dark matter coupled to protons and/or electrons,
and allow to place strong constraints on dark matter scatterings with neutrinos and
photons. Our limits for dark matter scatterings with neutrinos and photons are stronger
than cosmological limits in models where the cross section rises with the energy. Further,
we have shown that neutrino observations from tidal disruption events may allow to place
limits stronger by ~ 1 order of magnitude.

Our constraints on light dark matter coupling to protons are stronger than other
complementary bounds for mpy < 1073 — 102 GeV. For dark matter-electron scat-
terings, our constraints are stronger than direct detection bounds at masses below
mpm < 5 x 1073 GeV, which potentially allows us to probe the parameter space fa-
vored for thermal dark matter models with mpy < 1074 GeV.

The current constraints are subject to uncertainties from the dark matter distribution
in the inner regions of AGN as well as on cosmic-ray cooling time scales and emitted
neutrino and photon fluxes. Nevertheless, for the two latter, we stress that our con-
straints are rather conservative, especially for NGC 1068. This is because the source has
to be nearly calorimetric to explain the neutrino flux [328], and relaxing assumptions
(e.g., with softer cosmic-ray spectra) will make the limits stronger. Future multimes-
senger observations and astrophysical modeling will allow us to better understand the
sources and reduce uncertainties, and the resulting limits on the dark matter-proton,
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dark matter-electron, dark matter-photon and dark matter-neutrino scattering cross
section will become more stringent and robust. Understanding acceleration mechanisms
will also enable us to compare the dark matter elastic scattering timescales with the
cosmic-ray acceleration time scales.

In addition, we have proven that O(1) dark matter-photon absorption coefficients in
NGC 1068 can be achieved in some light dark matter models where photons inelastically
scatter with dark matter, yielding an invisible particle in the final state. Our calculation
suggests that the deficit in gamma-rays observed by Fermi-LAT from NGC 1068 w.r.t
to the observed neutrino flux, in principle irreconcilable with single-zone leptohadronic
models, can be explained by photon attenuation due to interactios with dark matter
particles in the spike.

In summary, in this thesis we demonstrated that multimessenger observations from
Active Galactic Nuclei provides us with a powerful probe of dark matter scatterings with
protons, electrons, photons and neutrinos.
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Varietés

9.1 Non-galactic dark matter

Astronomical data suggests the existence of diffuse dark matter components homoge-
neously distributed between clusters and superclusters of galaxies, aside from the lo-
calized galactic dark matter halos [504]. Estimations of the mean matter density using
all-sky catalogs within the local universe are systematically lower than the cosmological
value measured by Planck. More precisely, in the region within 11 Mpc from us, where
the Virgo Supercluster and the Local Group are embedded, the matter density is es-
timated to be ,,=0.17 [505, 506], while the cosmological measurement is significantly
larger €2,,=0.315 [507]. This difference could be explained if a substantial fraction of
the dark matter in groups and clusters extends beyond their virial radius, [508], but
analyses of the Hubble flow yield comparable values for the virial mass and the total
mass in the Virgo Supercluster [509]. Another possible explanation is that our galaxy
is located within a giant void [510], but some observations of the K-band disfavor this
possibility [511]. A third explanation, this one being less constrained by observations,
is that a significant fraction of the dark matter is dispersed outside the virial regions
of galaxy groups and clusters. These diffuse components, such as cosmic filaments and
walls, are predicted in cosmological large scale simulations [512] and can be searched
with weak gravitational lensing [513].
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Figure 9.1: Left panel: Cluster density distribution as a function of redshift, from [506].
The underdensity at low redshift is clearly visible in the Figure. Right panel:
Mean density of stellar matter within a distance D in the Local Volume vs
the global cosmic value, from [505].

The question that we aim to answer in [465, 466, 514, 515] is whether the diffuse
dark matter components of the Local Group and the Virgo Supercluster could have a
sizable impact on direct detection experiments searching for light or inelastic dark mat-
ter. Similar analyses have been performed focusing on nuclear recoils induced by dark
matter particles with masses in the GeV scale, [462, 463, 516, 517]. Here, we concen-
trate instead on sub-GeV dark matter particles and inelastic dark matter scenarios, for
which modifications in the high velocity tail of their distributions are expected to cause
a larger impact in direct detection experiments, both for nuclear and electron recoils.
In what follows, we briefly describe our modelling of the non-galactic dark matter flux
at the Solar System and present upper limits on the dark matter nucleon/electron cross
section when considering both the galactic and the non-galactic dark matter components.

9.1.1 The non-galactic dark matter flux on Earth

A crucial ingredient in the calculation of the interaction rate is the dark matter flux at the
location of the detector. The flux depends on the number density of dark matter particles
at the solar system, which in turn depends on the mass density and the dark matter
mass, as well as on the velocity distribution of dark matter particles. None of these
quantities are positively known. It is common in the literature to assume a local mass
density ~ 0.3GeV/cm?, based on extrapolations of astronomical observations at kpc
scales to the small scales of our Solar System, as well as a Maxwell-Boltzmann velocity
distribution, based on theoretical considerations that are known to be inaccurate. In
fact, numerical simulations and observations of the kinematics of stellar tracers indicate
that the true velocity distribution at the Solar System is still qualitatively similar to a
Maxwell-Boltzmann distribution, although showing quantitative differences [518-521].
The theoretical modeling of the dark matter phase space distribution in the Solar
System normally assumes that the Milky Way is an isolated galaxy. However, the Milky
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Way is one among the various members of the Local Group, which include M31, M33
and several dwarf galaxies. Various astronomical observations suggest that the Local
Group contains a diffuse component of dark matter, not belonging to the isolated halos
of its subsystems, and distributed roughly homogeneously over the cluster [522-524].
This component would permeate the Solar System, and would contain particles moving
with speeds larger than the escape velocity from the Milky Way. Further, it has been
suggested that the Virgo Supercluster could also contain a diffuse component [525]. The
total dark matter flux, which includes the non-galactic components, would therefore
be qualitatively different to the one expected from the Standard Halo Model. In the
following, we will describe in detail the semi-analytical calculation of the non-galactic
dark matter flux at Earth, following [462].

Baushev calculation starts from a stationary and spherically-symmetric system placed
at the center in between Andromeda and the Milky Way. The angular momentum
w = [U x 7] and maximum radius rg the particle moves from the centre of the system are
conserved quantities, and the gravitational potential ¢(r) depends only on the radius r .
The maximum radius 7o of the particles in the envelope lie in the range [rin, rout |. The
inner radius is roughly 7;, = 300kpc, corresponding to the size of the Milky Way Roche
lobe in system Milky Way - M31. The outer radius is royt = 600kpc [524]. Assuming
that the particles angular momentum p = [0 x 7] follows a Gaussian distribution, which
is favoured by N-Body simulations, their distribution in the envelope is [462, 526]:

2

dm = f (ro) OZ(Q:))QGXP <_a(l:°0)2> dudrg, 10 € [Fin , Tout | (9.1)

Baushev assumes that the mass of the envelope is Mgy, = f:;z“ f (ro) dro = 1012 M,
which is somewhat smaller than the total mass of the diffuse component [524]. This

allows to estimate a(royt) as

(9.2)

(07 (Tout ) = ZTout

3

since for larger values, a significant fraction of the particles would exceed the escape

velocity at this radius [527]. The exact behavior of a(rp) is not well known, and it is
assumed to follow a power-law

a(ro) = a(rout ) ( 10 )Z (9.3)

Tout

1 \/ 2G (Mprw + Meny)

Tout

The particle distribution within the envelope can be found from the integrals of motion.
The radial velocity of the particle is

0

1 1
o= 200 - 00 -2 (- ) (0.4
and the maximum angular momentum of a particle that can reach radius r is

-1
e =2(0 () = 00) (5 = ) (0.5

)
T rh
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therefore

2 _ .2
rTra —T
0 2

_ — 2 9.6
Ur o Hmax K ( )

The contribution of a single particle of mass m on an interval dr is proportional to the
time the particle passes on this interval
dm  dtod dr

m T ol (9.7)

where T is the half-period of the particle, that is, the time it takes for the particle to
fall from its maximal radius to the minimal one

o dr

T (ro, 1) = / @ (9.8)

Tmin Ur

Now, since dm = 47r?p, the density distribution of dark matter particles at radius r
can be found from equation 9.7:

Tout Hmax ra) T ex 2 O[2 d dr
p= / / 0) 0K p( / ) Haro (9.9)

27rra2 (r0) T (1o, 1) \/18 — 2/ 12 0 —

We are interested in the non-galactic dark matter distribution at Earth, i.e r = [5.
Since o < 1y < 19, equation 9.9 reduces to

p /Tout /Hmax TO MeXp ( 2/a2) dudro (9 10)
27Tl@0é2 TQ) T( 0) MIQnax - 'u2

with fimax (Io) = lov/2 (¢ ¢ (lp)). Here we took into account that for p €
[0, pmax (lo)] period T (ro, ) is almost independent on (T (rg, 1) = T (r9,0) = T (ro).

Another simplifying assumption can be made which is that the tangential velocity
dispersion in the envelope is higher than ~ vesc . This means that a (rg) > pmax (lo)

and 9.10 becomes
/T‘out /H/max f ( )Md#dro (9 11)
27l0a? (ro) T (ro) — |

umax

The angular momentum can be further simplified by making some considerations
on the particle velocities. The total, radial and tangential velocities of a particle at
r o= l@ Will be denoted by wu,, u,, and w respectively. We have pu = u lg,u =
V2 (¢ ¢ (lo)), tmax = ule. Now, considering the particles with the same u (r¢),
the1r angular distribution is

u 2wurdus udp

dQl = — = 9.12
T TR TN CY Ty T () 912
such that \/
Tout f 7“0 2 d’r’() /
Q2 9.13
P= / 7ra2 (7"()) (9.13)
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and one can see that the distribution is isotropic. u and rgy are related by

(M> d?“(]

dro
w=1/2(¢(r0) = ¢ (lo)) du= V2@ (r0) — 6 (o) 1
and
V2(6(rou )=600))  8F (ro) (¢ (ro) — ¢ (Io)) (9.15)

2(é(rim)—#(z)) @ (r0) T (ro) (d¢ (ro) /dro)
So, the density of non-galactic dark matter particles is defined by ¢ (r9),T (r¢), and
(ro). We will assume f (r9) to be a power-law function with some index j. Since

f
f (TO) dTO = Meny ]
. , j
£ (ro) = U DMeny ( 0 ) (9.16)
Tout Tin

Tout — Tin

and ,
T — Tin g+l
M(T) = MMW + Meny ( ) (917)
Tout — Tin
The assumption of the form of M(r) propagates to T'(rg), such that
0 1_%
T (ro) =T (rin) () (9.18)
Tin
The gravitational potential is naturally defined by the mass distribution as ddg’lsﬂ?) =
GM(ro) ' then
5
ro — rin \? T
d 2 [MMW +Menv < 0 - > ‘| (919)
To L) Tout — Tin
We notice that /2 (¢ ¢ (le)) remains almost constant for rg € [riy ;Tout | OWIng
to the smallness of | qﬁ (rout ) o ( m) \ as compared with ](ﬁ (rin) — & (77@)" Therefore
one can approximate /2 (¢ (ro) — ~ /2(¢ (rin) — ¢ (o)) = vrg. The velocity of
the particles is vrg ~ 600 km/s, and they have very low velocity dispersion o, .
O = V3 +2(6 (rous ) — & (rin)) — vic ~ 16km/s (9.20)
After making some substitutions, and introducing k = rout /rin = 2, one finds the final
result AP
Gy BTy 02
(%] - Qi) (k=1)7t1 GT (rin ) Tout .

which still depends on the unkowns i and j. For the isothermal sphere (dM /dr = const
and ¢ = 1,7 = 0. Bushev then arrives to a concrete result for the non-galactic dark matter
density at the solar system stemming from the Local Group: p = 3.7 x 1072GeV /cm?.
The velocity distribution can be very well captured by a delta function at vrg ~ 600
km/s, due to the isotropicity of the solution and the small velocity dispersion, which is a
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consequence of |¢ (rout ) — ¢ (rin )| € —¢ (Ig). Therefore, two properties of the velocity
distribution are model-independent: the speeds of extragalactic DMPs from the envelope
lie in a narrow range, and their angular distribution is isotropic.

The density of the extragalactic dark matter turns out to be fairly high: 3.7 x
1072GeV /em3, around 12% of the total dark matter density at the Earth ~ 0.3GeV /cm?.

The main source of the uncertainty in this calculation is given by the mass of the enve-
lope M¢y,,. We proceed from the assumption of Cox & Loeb mass Me,,. The calculation
from Baushev relies on the assumption of Cox and Loeb that M., is approximately equal
to the masses of the galaxies of the Local Group.

Although the contribution of the non-galactic dark matter particles from the Local
Group at Earth with velocities of vp,g ~ 600km/s is guaranteed, their density may be
than the value estimated here. This would be the case if the envelope mass is lower
than the masses of the Local Group member galaxies by orders of magnitude, or if
the angular momentum distribution of the envelope dark matter particles substantially
deviates from the Gaussian. The former case is possible, but requires more observational
data and dedicated simulations on the distribution of dark matter particles in between
the Milky Way and Andromeda. Some observation of the Hubble flow show that the
total mass of the Local Group is similar to the sum of the masses of the Milky Way and
M31, enforcing the density of extragalactic dark matter particles to be much smaller
[505, 528]. The latter case is disfavoured by N-body simulation results [529]. Further,
Andromeda has quite low angular momentum and very oblong orbit [522]. Hence, the
presence in the diffuse component of the Local Group of a component of dark matter
particles with very oblong orbits that can reach the Earth is plausible.

Virgo
Supercluster

Local Group

The Local Group Milky
(5 Gyr Ago) I Way
| Piie ~ 0-88p555;
I «®
Milky Way | v~ 300 km/s
(102 Mg) |
Andromeda p ;
: ; (1.6 X 102 Mg) P ~ 0.12ppy
@ g v~ 600km/s
|
L e e e I
e / 1 6 loc
// Intragroup Medium 15 Mo PvG ~ 1077 iy
Ve (2.6 x 102 M)
s e v ~ 1000 km/s

Figure 9.2: Left panel: Scheme of the Local Group distances and the likely future col-
lision between the Milky Way and Andromeda [524]. Right panel: Scheme
of the different components of dark matter particles reaching the Earth, to-
gether with their likely densities and velocities.
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Therefore, we can approximate the velocity distribution of the non-galactic particles
from the Local Group as a delta function (due to isotropy and low velocity dispersion).

The contribution from the Local Group to the dark matter flux at the location of the
Solar System can then be written as:

loc
Fra(®) = LG 53 (5 — T1.6). (9.22)
mpm
Dark matter in the Virgo Supercluster could also contribute to the dark matter flux in
the Solar System. Measurements estimate the average density of the diffuse component
to be ~ 107% GeV/cm? [525]. However, the gravitational focusing due to the Local

Group leads to a density at the location of the Sun enhanced by a factor ~ 1 + %,

VS
which results into a contribution to the total local density of pl\‘}é ~ 1075 GeV/cm?.
Current knowledge on the dark matter velocity distribution in the Virgo Supercluster is
much poorer. Following [462], we assume that the dark matter particles have a velocity
dispersion comparable to that of the observable members of the Virgo Supercluster,
which yields velocities for the Virgo Supercluster dark matter particles at Earth to be
(at least) vys ~ 1000 km/s. The contribution from the Virgo Supercluster to the dark
matter flux at the location of the Solar System can be written as:

ploc 5
Fys(T) = mLDidw (T — vyg). (9.23)

Finally, the dominant contribution stems from dark matter particles of the Milky Way
halo. The dark matter density at the location of the Solar System and their velocity
distribution is uncertain, however, it is common in the literature to assume the values of
the Standard Halo Model, namely a local density plsoﬁM = 0.3GeV/cm?® and a velocity
distribution (expressed in the Solar frame):

o 1 v?
fsmu (V) = (2707 N exp [—%‘g] for v < Vege - (9.24)

Here, v = |0, 0, = 156 km/s is the velocity dispersion [218, 219], vs &~ 232 km/s
is the local velocity of the Sun with respect to the galactic frame !, and vese = 544
km/s is the escape velocity from our Galaxy [221, 222]. Further, Nes is a normalization
constant, given by:

v, 2v v2
Nege = erf ( o= ) — 1/ E=exp | -2 . 9.25
esc \/éo'v T O'U p 20_12) ( )
For our chosen parameters, Neg. =~ 0.993. The contribution to the local dark matter flux
from the Milky Way halo then reads:

loc
Fsum (V) = fi;ﬁ v fsam (). (9.26)

!The velocity of the Sun with respect to the galactic rest frame is given by %o = TLsr + U6 pecs
where ULsr = (0,vc,0) is the motion of the local standard of rest (LSR), v. &~ 220 km/s, and
To,pec = (11.1,12.24,7.25) km/s is the Sun’s peculiar motion [220].
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with mpy the dark matter mass.
We then model the dark matter flux at the position of the Solar System as the nor-
malized sum of these various contributions:

F (V) = Fsum(V) + Fra (V) + Fys(v), (9.27)

where we adopt values for the local density of each component derived in [462], such
that the total sum yields the canonical value of the local density (p'°¢ = 0.3 GeV/cm?)
used by direct detection experiments: piS; = 0.26 GeV/cm? (~ 88%), ploG, = 0.037
GeV/em? (~ 12%), and pio§ = 107° GeV/cm? (~ 0.00003%).

The parameters of the non-galactic flux components are subject to uncertainties, e.g.
the determination of the mass of the Local Group envelope [524]. The values we adopt
in this work can be regarded as conservative, and are meant to illustrate the potential
sensitivity of non-galactic dark matter in light dark matter searches. Recent and future
studies of the dynamics of the Virgo Supercluster and Local Group members [530-535],
in combination with a more refined modeling of the dark matter distribution in these
objects, will be essential to better determine the phase-space distribution of non-galactic
dark matter at the Solar System.

It should be noted that the true local density and velocity distribution may differ
from these commonly adopted values [217, 536], and a number of refinements to the
SHM have been proposed in recent years [521, 537]. The impact of these deviations on
direct detection experiments has been discussed in various works [Fowlie:2018sv, 210,
538-540]. Moreover, the Milky Way halo could contain substructures, such as streams
or subhalos, which may also enhance the dark matter flux at the location at the Solar
System [541]. The probability of a sizable enhancement is, on the other hand, modest
[542].

9.1.2 Direct detection of non-galactic light dark matter

The differential rate of nuclear recoils induced by scatterings of dark matter particles
traversing a detector at the Earth is given by [543, 544] (see section 4.2 for a more
detailed discussion):

. fz 0T (T dUz
E Z / - F 0+ 50) g (v Br). (9.28)

and he total recoil rate can be calculated from the differential rate using:

dR

9.29
iy (9.29)

R= / dER e(Ep)=-
with ¢;(ER) the efficiency, defined as the probability to detect the recoil of the target
nucleus ¢ with energy Er. Finally, the total number of expected recoil events at a direct
detection experiment reads N' = R - £, with £ the exposure (i.e. mass multiplied by
live-time) of the experiment.
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We show in Figure 9.3 the different contributions of the dark matter flux to the
differential recoil spectrum with a CaWQ, target (top panels) and a Xe target (bottom
panels), assuming a spin-independent interaction only (left panel) or the spin-dependent
interaction only (right panel), considering for each case values of the cross section near
the current sensitivity of experiments. We take two exemplary choices for the dark
matter mass: mpy = 1 GeV (red) and 10 GeV (purple) for the CaWO, target, while
mpym = 10 GeV (blue) and 100 GeV (brown) for the Xe target. For each mass, we show
the differential recoil rate induced just by the SHM component (dotted lines), as well as
the differential rate including the contribution from the Local Group (dashed lines) and
including also the Virgo Supercluster (solid lines).

=10"%cm? |

SHM + Local Group == SHM + Local Group

10'F —— SHM + Local Group + Virgo ! 104 —— SHM + Local Group + Virgo !
W0k ++ SHM, mpy=10 GeV, of,_, = 10~ em? | ++ SHM, mpy=10 GeV, 0%, = 107 cm? |
— = SHM + Loca —— SHM + Local

= SHM + Local Group + Virgo = SHM + Local Group + Virgo

107 0T 1 10 107 10? 10507 107 10T

Xe Xe
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Figure 9.3: Dark matter-nucleon differential recoil rate with a CaWOQ, target (top panels)
and a Xe target (bottom panels), assuming spin-independent (left panels) or spin-
dependent scattering (right panels), for two exemplary choices of the dark matter
mass, and for values of the cross-section close to the current upper limit from exper-
iments. The dotted lines indicate the differential rate expected from the Standard
Halo Model, the dashed lines include also the contribution from the Local Group,
and the solid lines also the contribution from the Virgo Supercluster.

The new contributions modify the differential rate at the highest recoil energies, caus-
ing deviations from the differential recoil spectrum expected within the SHM. The non-

117



Chapter 9 Varietés

galactic contributions could increase the total number of detected recoil events, thus
increasing the discovery potential of direct detection experiments. Further, due to the
small velocity dispersion of the non-galactic dark matter particles, the differential recoil
spectrum presents step-like features which could be crucial to distinguish a dark matter
signal from irreducible backgrounds with a smoother spectrum, such as the one arising
from the coherent elastic scattering of solar neutrinos off nuclei [206, 545].

Concretely, the ratio between the contributions to the differential recoil rate from the
Local Group, and the contribution from the Standard Halo Model can be estimated
analytically. Assuming a single target, it reads:

WO g e o)
dR/dE‘ PSim Vi V 2 _”mi2n7(2ft’) Qe*%
SHM é oD — e o
where starred variables refer to the detector frame: ©* = ¥ + ¢p. For most val-

ues of Er the Local Group contributes negligibly, due to the large suppression factor
(P ) PS5) (0w / Vi ). However, for large values of Eg, the Local Group can provide
a comparable or even dominant contribution to the rate. Concretely, the Local Group
provides a contribution to the differential rate comparable to the one from the Standard
Halo Model when

loc V$2c
a Vs
ER > Ep™© SHM[ *21 (pﬁfj Y = Negee 2% +1)] (9.31)
Vi “Psiin VG V 2

with Ep@SHM — 9),20%2 /m 4 the largest possible recoil energy within the SHM, and

dominates the recoil spectrum up to Ej*>"% = 2,202, /ma = v, Jvr2 Ep*SIM which
is the largest possible recoil energy from DM particles in the Local Group envelope For

our adopted values, one obtains Er 2 0.29E3R" SHM 4 1d extends up to ER™ LG
1 2Emax SHM |
: R

; these numbers are in qualitative agreement with Fig. 9.3. Analogous
expressions hold for the contribution from the Virgo Supercluster: one obtains that this

contribution dominates over the SHM one for Er 2 0. 94EmaLX SHM ond extends up to

max,VS max,SHM
ERaxVS o 9 5 ED .

We show in Figure 9.4 the upper limits on the dark matter-nucleon spin independent
(left panel) or spin-dependent (right panel) scattering cross section as a function of the
dark matter mass from the non-observation of dark matter induced nuclear recoils at
the CRESST-III, XENON1T and CDMS experiments. The potential impact of the dark
matter envelope of the Local Group for the search of light dark matter is apparent from
the Figure. For mpy S 1 GeV, this contribution can enhance the recoil rate at the
CRESST experiment by at least a factor ~ 2. As the dark matter mass decreases,
the enhancement becomes more and more important, and even allows to probe masses
for which the galactic dark matter would not induce detectable recoils. Similarly, for
mpm S 10 GeV, the recoil rate at the XENONIT experiment is increased by at least a

factor ~ 10, thus increasing the discovery potential of the experiment. 2

2For very large cross-sections, the dark matter flux could be attenuated in its passage through the
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Figure 9.4: Upper limits at the 90% C.L. on the spin-independent (left panel) and spin-
dependent (right panel) dark matter-nucleon cross-section from the null search re-
sults from the XENONIT (blue), CRESST-III (red), PICO-60 (green) and CDMS
(black) experiments, assuming equal coupling to protons and neutrons. The dotted
line indicates the upper limit derived under the assumption that only galactic dark
matter, described by the Standard Halo Model, contributes to the dark matter flux
at the Solar System. The dashed lines show the impact of including in the flux also
the non-galactic dark matter component from the Local Group and the solid lines
show the impact of including also the diffuse component of the Virgo Supercluster.

The dark matter-electron scattering rate in liquid xenon has been discussed at length in
the literature [232, 548-550], see also section 4.2 for a detailed discussion. The differential
ionization rate reads:

o _ N Z / PoF (i + i) STen(y, 7,,) (9.32)
dlnEeT T > mm(Eer dlnEeT s er) .
where N7 is the number of target nuclei and
2
vr?llin(EET) = \/(Eer + |Enl‘) (9.33)
mpwm

is the minimum dark matter velocity necessary to ionize a bound electron in the (n,l)
shell of a xenon atom (with energy E™), giving a free electron with energy E.,. Further,
do? /dInE,, is the differential ionization cross section, given by:

on
1 — nl
do‘f‘on ( B ) _ ODM-—e 9max
dnE er) =92 2 dqq
n er HDM,GU tr:un

1o q)‘2 [Fom(q)]®. (9.34)

Here, pupn,e is the reduced mass of the dark matter-electron system, opy— is the dark
matter-free electron scattering cross section at fixed momentum transfer ¢ = ame,

(K )‘ is the ionization form factor of an electron in the (n,l) shell with final

Earth before reaching the detector [546, 547]. We estimate this attenuation to be negligible for the
values shown in the Figure.
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momentum k' = v/2m.F,, and momentum transfer ¢, and Fpy(q) is a form factor
that encodes the g-dependence of the squared matrix element for dark matter-electron
scattering and depends of the mediator under consideration. Note that the momentum
transfer is not univocally determined, due to the fact that the electron momentum in
the atomic orbital is not fixed. The maximum and minimum values of the momentum
transfer producing an electron recoil with energy FE., from the interaction of a dark
matter particle with speed v with a bound electron in the (n,1) shell are:

(g 2
qgll@x(Eﬂ) = Mmpm7v 1+ 1-— <W> y (9.35)
min v
with v (E.,) defined in Eq. (9.46). Finally, the total number of expected ionization

events reads N’ = R;,, -&, with R;,, the total ionization rate, calculated from integrating
Eq.(9.45) over all possible recoil energies, and £ the exposure (i.e. mass multiplied by
live-time) of the experiment. ® In our analysis, we consider the ionization of electrons
in the three outermost orbitals (with binding energies in eV shown in parenthesis):
5p8 (12.4), 552 (25.7) and 4d'° (75.6). The corresponding ionization form factors were
calculated using the software DarkARC [549]. For the dark matter form factor, we adopt
two different parametrizations: the case of a heavy hidden photon A’ mediator m 4 > ¢,
with Fpy(g)=1, and an ultralight hidden photon m 4 < ¢, with Fpy(q) = a?m2/q%.

We show in Figure 9.5 the different contributions to the dark matter-electron differen-
tial recoil rates at an experiment with a Xe target, for two exemplary choices of the dark
matter mass, 10 MeV and 100 MeV, and for the aforementioned two parametrizations.
For each case, we assume a value of the cross section near the current sensitivity of
experiments. Further, for each mass, we show the differential recoil rate induced just by
the SHM component (dotted lines), as well as the enhancement in the differential recoil
rate induced by dark matter from the Local Group (dashed lines) and by both the Local
Group and the Virgo Supercluster (solid lines).

3The efficiency function of XENON10 and XENON100 is taken into account when calculating the upper
limit on the number of signal events, as described in Appendix ?7.
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Figure 9.5: Dark matter-electron differential recoil rate with a Xe target, assuming an interac-
tion mediated by a heavy hidden photon (left panel) or an ultralight hidden photon
(right panel), for two exemplary choices of the dark matter mass: mpy =100 MeV
(brown) and mpy =10 MeV (blue), and values of the cross-section close to the cur-
rent upper limit from experiments. The dotted lines indicate the differential rate
expected from the Standard Halo Model, the dashed lines include also the contribu-
tion from the Local Group, and the solid lines also the contribution from the Virgo
Supercluster.

As can be seen in the plot, the non-galactic dark matter can have a considerable
impact on the electron recoil spectrum. Similarly to the nuclear recoils, the Local Group
provides a contribution to the rate o< (01 /piSn) (0w /v ), but due to the values of the
form factors, the enhancement is numerically larger. More importantly, the impact of the
Local Group contribution is significant over a wider range of recoil energies, and not just
close to the kinematical threshold, which is due to the fact that the momentum transfer
is not fixed for scatterings off electrons in an atomic orbital. For very small mass, such
as for mpy = 10 MeV, the momentum transfer is not fixed, but takes values within a
small range, c¢f. Eq. (9.48). Therefore the contribution to the recoil spectrum from the
Local Group resembles a step function (as for nuclear recoils). For larger masses, the
contribution from the Local Group to the recoil spectrum is the superposition of various
step functions (corresponding to different values of the momentum transfer), generating
a featureless spectrum that extends to lower recoil energies.

Finally, we show in Figure 9.6 the 90% C.L upper limits on the dark matter-electron
scattering cross section at fixed momentum transfer ¢ = am, from XENON10 and
XENON100 data, including both the galactic and the non-galactic dark matter com-
ponents, for a heavy mediator (left panel) and for an ultralight mediator (right panel).
For mpy = 50 — 1000 MeV, dark matter from the Local Group envelope significantly
enhances the reach of the XENON100 experiment, by at least one order of magnitude,
compared to the expectations of the Standard Halo Model. For mpy = 30 — 50 MeV,
close to the kinematical threshold of the XENON100 experiment, the enhancement is
even more significant. Further, the non-galactic dark matter components allow to probe
the mass region mpy = 13 — 30 MeV, for which dark matter particles from the host
halo do not induce detectable recoils. For the XENON10 experiment the conclusions are
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analogous, although in this case the enhancement is somewhat more modest, but still
O(1). We also show in the plot values of parameters expected from theoretical models
[232] for a heavy or an ultralight mediator, respectively. For the former, reproducing the
correct thermal abundance via freeze-out requires values of Gpy_e above the purple line.
For the latter, the purple shaded region shows the values favored by the freeze-in mech-
anism [548]. Clearly, the non-galactic components significantly improve the discovery
potential of experiments.
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Figure 9.6: Upper limits at the 90% C.L. on the dark matter-electron cross-section from the null
search results from the XENON10 (blue) and XENON100 (brown) experiments,
assuming an interaction mediated by a heavy hidden photon (left panel) or an
ultralight hidden photon (right panel) . The dotted line indicates the upper limit
derived under the assumption that only galactic dark matter, described by the
Standard Halo Model, contributes to the dark matter flux at the Solar System. The
dashed lines show the impact of including in the flux also the non-galactic dark
matter component from the Local Group and the solid lines show the impact of
including also the diffuse component of the Virgo Supercluster. We also show in
the shaded lavender region the values of parameters expected from some selected
models (see main text for details).

For nuclear recoils, we have found an enhancement in the energy recoil spectrum
compared to the expectations from the Standard Halo Model, most notably close to the
kinematical thresholds. Correspondingly, the upper limits on the scattering cross-section
become more stringent for light dark matter. More concretely, for the spin-independent
interaction, the limits for mpy = 1 GeV (0.2 GeV) from CRESST-IIT become a factor ~ 2
(~ 10%) more stringent than in the Standard Halo Model, and the limits for mpy = 10
GeV (4 GeV) from XENONIT, a factor ~ 10 (~ 10%). Similar conclusions hold for the
spin-dependent interaction. Further, the dark matter mass range that experiments are
able to probe is extended to lower values. We have also argued that the non-galactic
dark matter component would leave a characteristic signature in the recoil spectrum
in the form of step-like features, which could be discerned from the smooth spectrum
expected from recoils induced by dark matter particles from the host halo or from the
irreducible neutrino background. We also expect a non-negligible impact of the non-
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galactic contributions to the flux for inelastic dark matter scatterings, or for secondary
ionization induced by the Migdal effect. We leave this analysis for future work.

For electron recoils, we find also an enhancement of the differential rate. Further-
more, the enhancement is appreciable over a larger range of recoil energies, and not
only close to the kinematical thresholds. In turn, the limits on the dark matter-electron
scattering cross-section are significantly strengthened in a wide mass range. For inter-
actions mediated by a heavy hidden photon, the enhancement amounts to a factor of
~ 2 (~ 10) at mpy = 1000 MeV for the XENON10 (XENON100) experiment, and
increases for lighter dark matter, being the enhancement a factor of ~ 10% at mpy = 10
GeV for the XENON10 experiment and a factor of ~ 10% as well at mpy = 40 GeV for
the XENON100 experiment. For an ultralight mediator, the conclusions are analogous,
being the strengthening of the limits somewhat larger for the XENON100 experiment.

An obvious caveat of this analysis is the as yet poor understanding of the non-galactic
dark matter phase-space distribution. Therefore, the limits on the cross-section derived
in this work should be taken with a grain of salt. We hope that future astronomical
observations, and a more refined modeling of the dark matter envelope of the Local
Group and the Virgo Supercluster, will lead to a more robust assessment of the impact
of these two contributions in direct dark matter searches. A proper understanding of the
non-galactic components to the dark matter flux may prove to be crucial for the correct
interpretation of the experimental data.

9.1.3 Direct detection of non-galactic inelastic dark matter

The kinematics of the inelastic scattering differs from the one in the elastic scenario. In
order to allow the production of a heavier neutral particle in the final state, the velocity
of the incoming dark matter particle must be larger than a certain threshold. Therefore,
as the mass difference between the initial and final neutral particles increases, faster and
faster dark matter particles are necessary in order to open kinematically the inelastic
process. For dark matter particles bound to our galaxy, and which have speeds smaller
than the escape velocity from the Milky Way, vese = 544 km/s [221, 222], the inelastic
scattering off a nucleus is kinematically allowed when the mass difference between the
two states is dm < 1/2uv,., with u the reduced mass of the DM-nucleus system; for the
scattering off an electron, the inelastic channel is open when ém < 1/2u.v%, — |E™|,
where fi. is the reduced mass of the DM-electron system, and |E™| is the binding energy
of an electron in the (n,[) shell of the target nucleus. In practice, experiments can only
detect recoiling nuclei/ionized electrons within a given energy range, therefore the mass
difference that can be probed in direct searches is smaller than this value.

The differential rate of nuclear recoils induced by inelastic up-scatterings of dark
matter particles traversing a detector at the Earth is given by:

&i 3u.F do;
E_Z />v <ER>d F+0) g5, (v Er)- (5:36)

= “min

differing from the elastic case in the minimum velocity necessary to induce a recoil with
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energy Er of the nucleus ¢ with mass m 4, and mass fraction &; in the detector

1 Erpmay,
E L4+ 6 . 9.37
mln( R) \/m( Lin, + DM) ( )

Further, for spin-independent interactions, the differential dark matter-nucleus cross
section reads,

197 (o By = oS F2(E 9.38

E(Ua R)_W (ER) - (9.38)
Here m 4, is mass of the nucleus ¢, p 4, is the reduced mass of the dark matter-nucleus 4
system and F?(ERg) is the nuclear form-factor, for which we adopt the Helm prescription.
Besides, ogfi is the spin-independent dark matter-nucleus scattering cross section at zero
momentum transfer, which depends on the details of the dark matter model and the
target nucleus. From the differential rate, one can calculate the total recoil rate using:

dR

T (9.39)

R= / dEp ei(Bp) 2
where ¢;(ER) is the efficiency of that experiment. Finally, the total number of expected
recoil events is N' = R - £, with £ the exposure (i.e. mass multiplied by live-time).

In our analysis, we will consider two scenarios for the coupling of dark matter to
nucleons. First, we will consider a Majorana dark matter candidate. In this case

s A, P n]?
00 = [Zz‘fs + (4; — Zi)fs} , (9.40)

where f§ and fI parametrize the strength of the scalar interactions to the proton and
the neutron (see e.g. [544, 551]). It is common to write Eq. (9.40) as

12 fo
oy = 5|4+ (A - 2)%5
Mp f S
with 1, the reduced mass of the DM-proton system and opw,p an effective DM-proton
interaction cross-section. Within the Majorana dark matter scenario, we will consider in
particular the widely adopted benchmark case where the interaction is “isoscalar”, 7.e.
when the dark matter couples with equal strength to protons and neutrons, for which

2
} ODM,p » (941)

2
Ha,

o0 = —5- AToDM,p (9.42)
Hp

We will also consider a scenario where the dark matter has hypercharge Y, and in-
teracts with the quarks via the exchange of a Z boson. In this case, ag}i has the same
form as Eq (9.40), replacing the scalar couplings by the corresponding vector couplings,

e — . For interactions with the Z boson, f}, and f{} are explicitly given by:
GrCY i GrCY
b= 1 —4sin®0w), fit = — ,
AV w0 =57
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with ¢ = 1 (¢ = 2) for fermionic (bosonic) dark matter [89, 125, 552]. In this scenario, the
dark matter-nucleus cross section can be related to the dark matter-proton cross-section
through:

2
SI HA. (Az — Zz) 2
==L 9.43
00,i N?D [ i (1— Asin 0 )} ODM,p ( )

which is independent of the dark matter hypercharge and spin.

To assess the impact of the non-galactic diffuse components for direct detection ex-
periments, we plot in Figure. 9.7 the differential rate of inelastic scatterings in the
LUX-ZEPLIN experiment for the “isoscalar” scenario, assuming mpy = 1 TeV and
opm,p = 10738 cm?, for dpy = 100 keV (light blue) and 200 keV (dark blue), including
in the flux only the contribution from dark matter bound to the Milky Way (dotted
lines), as commonly assumed in the literature, and including the contribution from the
non-galactic diffuse component (solid lines). The impact of the non-galactic component
in the differential rate is apparent from the figure, and increases the number of events
at all recoil energies, especially in the region with low Er which is not kinematically
accessible to the galactic dark matter. The non-galactic dark matter, therefore, has
implications not only for enhancing the sensitivity of the experiment, but also for the
interpretation of a putative dark matter signal.

3
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Figure 9.7: Differential rate for the inelastic scattering of a Majorana dark matter can-
didate in the “isoscalar” scenario with mass mpy = 1 TeV, for dpy = 100
keV (light blue) and 200 keV (dark blue), for a dark matter flux at Earth as
modelled by the Standard Halo Model (dotted line) or including also the con-
tribution from the non-galactic diffuse dark matter component (solid line).
For the plots it was assumed opy,p = 10738 cm?.

Current direct search experiments have not observed a significant excess of nuclear
recoils, which allows to derive upper limits on the dark matter nucleon cross section for
given combinations of the dark matter mass and mass splitting between the dark matter
particle and the neutral particle in the final state. In Figure 9.8, we show upper limits on
the dark matter-proton spin-independent scattering cross section versus mass splitting
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for mpy = 1 TeV from LUX-ZEPLIN (blue) [216], PICO60 (green) [488], CRESST-II
(red) [553], and from a radiopurity measurement in a CaWOy crystal (orange) [230,
554]. The dotted lines represent the limits obtained considering the galactic dark matter
(described by the SHM) as the only contribution to the dark matter flux, while the solid
lines were obtained including also the contributions to the flux from the non-galactic
diffuse component in the Solar System. In the upper left plot, we show the limits
for a Majorana dark matter candidate in the “isoscalar” scenario, and in the upper
right plot, the most conservative limit for the Majorana dark matter, without making
assumptions on the coupling strengths, derived following the approach of [105]. Lastly, in
the lower plot we show the limits for a scenario where the dark matter interacts with the
nucleus via the exchange of a Z-boson. In the latter plot we also show the dark matter-
proton scattering cross-section for scenarios of a fermionic dark matter, and Y = 1/2
(corresponding to the well motivated scenario of the Higgsino dark matter in the limit
of high scale supersymmetry [112, 113]), ¥ = 1 and Y = 3/2 (which correspond to
different scenarios of minimal dark matter [552]), for a xenon target. For other targets,
the expected cross section for mpy = 1 TeV scales as ~ A;/Z;, being indistinguishable
in the Figure.
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Figure 9.8: 90% C.L upper limits on the spin-independent dark matter-proton inelastic
cross section for a dark matter mass of 1 TeV as a function of the mass
splitting, from LUX-ZEPLIN (blue), PICO60 (green), CRESST-II (red and
orange) and from a CaWO, detector radiopurity measurement (orange). We
show the limits for three different scenarios: Majorana dark matter with
isoscalar interactions fP = f™ (upper left plot), arbitrary fP and f™ (upper
right plot), and dark matter interacting via the Z-boson (lower plot). In the
lower plot, we also show for reference the predicted value of the cross-section
with a xenon target for scenarios of fermionic dark matter with hypercharge

As seen in the plots, for all the scenarios the non-galactic diffuse component enhances
the sensitivity of experiments to inelastic dark matter, allowing to probe larger mass
splittings. For instance, for our representative dark matter mass of 1 TeV, the LUX-
ZEPLIN experiment is insensitive to dark matter particles of the Milky Way scattering
inelastically if the mass difference with the neutral particle in the final state is dpy 2 300
keV. However, the presence of dark matter in the Solar System from the envelope of the
Local Group extends the reach up to dpy =~ 330 keV and allows to probe uncharted
parameter space for large mass splittings.
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sets for the isoscalar scenario the limit O']SDIM_p < 10~* cm? for dpy; = 250 keV, which is
about three orders of magnitude stronger than the limit obtained assuming that all dark
matter is bound to the Milky Way, and only a factor of 100 weaker than the limit on
the elastic scattering cross-section i.e. for dpy; = 0. For the interaction mediated by the
Z-boson the upper limit is U%IM_p < 107* em?, and the most conservative limit without
making assumptions on the form of the interaction is U%IM_p < 10749 cm?, obviously
much weaker than for concrete scenarios. The dark matter particles from the Virgo
Supercluster extend the reach to even larger mass differences, up to dpy =~ 450 keV and
sets for the isoscalar scenario the limit U%Ipr <Hx 10~% ¢m? for dpy = 450 keV: for
the interaction mediated by the Z-boson the upper limit is UIS)Ipr < 107%! cm?, while
the model independent limit is UIS)Ipr < 5x 10730 cm?. Similar conclusions apply for the
PICO and CRESST experiments, and from the radiopurity measurements on a CaWQy4
target.

It is interesting to note the complementarity of the different experiments in probing the
parameter space of inelastic dark matter scenarios. Both in the scenario of a Majorana
dark matter with f® = fP and for the scenario with Z-boson mediation, LUX-ZEPLIN
is the most sensitive probe for small dpy;, whereas the radiopurity measurements on a
CaWOQy is the most sensitive probe for large dpy. PICO-60 is relevant for intermediate
values of dpm, and is in fact the most sensitive current probe of some well motivated dark
matter scenarios, as suggested by the gray lines in the Figure, which correspond to the
expected cross-section for different scenarios of electroweakly interacting fermionic dark
matter. The complementarity of experiments in probing these scenarios is investigated
in Figure 9.9. The dotted lines show the upper limit on the mass splitting as a function
of the dark matter mass assuming the Standard Halo Model. Under this common as-
sumption, LUX-ZEPLIN is the most constraining experiment over the whole parameter
space considered. However, when including the non-galactic components, different ex-
periments contribute to set the upper limit, as reflected by the breaks in the solid lines
in the Figure: LUX-ZEPLIN remains as the most sensitive experiment for small dark
matter masses, while PICO-60 is the best experiment for larger masses. Further, the
dark matter mass at which PICO-60 becomes the leading experiment becomes larger
and larger as the dark matter hypercharge increases. As seen in the Figure, for this class
of scenarios the non-galactic components in the dark matter flux enhance the sensitivity
of experiments to the mass splitting by a factor ~ 2 for mpy = 100 GeV - 1 TeV.
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Figure 9.9: Upper limits on the mass splitting for electroweakly charged (pseudo-)dirac
dark matter as a function of the dark matter mass, for different choices of
the hypercharge, and including in the flux only the Standard Halo Model
component (dotted lines) or also the non-galactic diffuse components (solid
lines).

It is noteworthy the pivotal role of the radiopurity measurements on a CaWOQO, target
to probe large mass splittings in inelastic dark matter scenarios. This can be understood
from the expression for the minimum DM velocity required to induced a recoil with
energy Fpr, Eq. (9.37). Let us consider a velocity distribution where the maximum
speed is v,. Then, for an experiment capable of detecting a recoil of a nucleus A; with
energy Fr, the maximum mass splitting that can be probed is:

E . 1
opm < \/mv* - Z?Al iﬁ‘AiUz ) (944)

where the absolute maximum is reached when Fr = uiivf /(2m4,). This is shown in
Figure 9.10 for a '84W target, and for v, = 764 km/s, v, = 820 km/s, v, = 1220 km/s
(solid lines), corresponding respectively to the maximal velocity at the Earth of dark
matter particles bound to the Milky Way (described by the Standard Halo Model), from
the Local Group envelope and from the Virgo Supercluster. The plot also shows the
range of recoil energies that can be detected by the CRESST-II experiment and by the
radiopurity measurements in CaWQ, crystals. As seen in the plot, while CRESST-II
can only probe up to dpy ~ 700 keV, the radiopurity measurements allow to probe up to
dpm ~ 1200 keV, when including the flux component from the dark matter bound to the
Virgo Supercluster (however with a lower sensitivity due to the smaller exposure). From
this plot it follows that the CRESST experiment would have an enhanced sensitivity

IA
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to inelastic dark matter scenarios if the window of recoil energies used in the analysis
were extended to larger values. Let us note that for low dark matter masses, extending
the search window of a given experiment to higher recoil energies would not always
help in probing larger values of the mass splitting. This is illustrated in the Figure for
mpm = 100 GeV, from where it is apparent that in order to increase the reach in mass
splittings it is necessary to extend the search of the radiopurity CaWQO4 measurement
to lower recoil energies.
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Figure 9.10: Values of the mass splitting dpy that can produce a recoil energy in a #4W
target for mpy = 100 GeV (left plot) and mpy = 1 TeV (right plot) when
the maximal velocity of the dark matter particles at Earth is v, = 764
km/s (dotted lines), v, = 820 km/s (dashed lines) and v, = 1220 km/s
(solid lines), corresponding respectively to dark matter bound to the Milky
Way (described by the Standard Halo Model), bound to the Local Group
and bound to the Virgo Supercluster. For comparison, we also show the
range of recoil energies that can be detected by the CRESST-II experiment
(red band) and by the CaWQ, radiopurity measurement (yellow band).

Finally, we show in Figure 9.11 the isocontours with the 90% C.L. upper limits on the
cross-section for different dark matter masses and mass splittings, from LUX-ZEPLIN
(top panels), PICO60 (middle panels) and from radiopurity measurements on a CaWO,
target (bottom panels), considering that all dark matter in the Solar System is bound
to the Milky Way, as commonly assumed (left panels), and including the non-galactic
components (right panels). The enhancement in sensitivity is clear from the plots.
Further, one can appreciate in the figures a series of “breaks”, that correspond to those
regions in parameter space where the contribution to the scattering from the Local
Group component starts to dominate over the SHM contribution, and to the regions
where the contribution from the Virgo Supercluster component starts to dominate over
the Local Group contribution. More concretely, if the mass difference is small, the SHM
component generates the largest component to the signal rate. However, as the mass
difference increases, dark matter particles bound to the Milky Way cannot induce a
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visible scattering, whereas dark matter particles bound to the Local Group can, thus
allowing to probe larger cross-sections (thus resulting in the “breaks” in the isocontours
in the Figure for certain values of the dark matter mass). The same behaviour occurs for
larger mass splittings, when dark matter particles from the Local Group cannot induce
detectable recoils, while dark matter particles from the Virgo Supercluster can. Since
the fraction of dark matter particles bound to the Virgo Supercluster is rather small,
only ~ 0.003%, the impact of this component is modest, except around the threshold.
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Figure 9.11: Isocontours of the 90% C.L. upper limits on the spin-independent dark
matter-proton inelastic cross-section for the isoscalar scenario (f? = f™) in
the parameter space spanned by the dark matter mass and mass splitting,
from LUX-ZEPLIN (top panels), PICO60 (middle panels) and radiopurity
measurements in a CaWOy target (lower panels), assuming that all dark
matter in the Solar System is bound to the Milky Way (left panels) or
including the non-galactic diffuse component (right panels).

The differential ionization rate induced by dark matter-electron inelastic scattering
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in liquid xenon, with mass splitting between the two dark matter states given by dpr,

reads:

. ?‘Ll
dRion doion (v, Bey) , (9.45)

—N / BoF (7 + 7
dink,, T; vl (Eur) (04 %) T,

where N7 is the number of target nuclei and

2
Ur7Illlin(Ee7’) = \/mDM(EeT + |Ent] + dpm) (9.46)

is the minimum dark matter velocity necessary to ionize a bound electron in the (n,!)
shell of a xenon atom (with energy E™), giving a free electron with energy E.,. Further,

dai’}fn /dInE,, is the differential ionization cross section, given by:

nl (1. 2 2
(K, )| [Fo(a) (9.47)

. dqq

nl = nl
daion (1} 67") _ U2DM—e /qmax
’ 2
dinFE,, SMDM’GU q

Here, ppm e is the reduced mass of the dark matter-electron system, opn—e is the dark
matter-free electron scattering cross section at fixed momentum transfer ¢ = am,,

2
(k! ,q)’ is the ionization form factor of an electron in the (n,l) shell with final

momentum k' = v/2m.E,, and momentum transfer ¢, and Fpy(q) is a form factor that
encodes the g-dependence of the squared matrix element for dark matter-electron scat-
tering and depends on the mediator under consideration. The maximum and minimum
values of the momentum transfer needed to ionize a bound electron in the (n,[) shell
recoil with energy FE,, from the interaction of a dark matter particle with speed v are:

nl. E 2
qﬁlll@x(Eer) =mpmv |1 £ \l 1-— <W> , (9.48)

with v (E.,) defined in Eq. (9.46). Finally, the total number of expected ionization
events reads N’ = R;,, -&, with R;,, the total ionization rate, calculated from integrating
Eq.(9.45) over the experimentally measured recoil energies, and £ the exposure (i.e. mass
multiplied by live-time) of the experiment.

In semiconductor detectors, the electron excitation rate induced by dark matter-
electron inelastic scatterings, with a mass splitting dpy, reads [233, 234]

_ — — 3 _ 2
po Loomen [ 3 F(O+T0) [ dy @ | Fom(q)|? do 14 L5 (wt don + -2 -q-v),
v ( 3 6(‘”7@)

= — m
PT Hpppe O 2m) 21 1 — e Pw 2my

where w is the energy deposited in the material, ¢ is the momentum transfer of the
process, and pr is the target density. The rate involves an integration of the Electronic
Loss Function (ELF) of the target material, which we calculate with DarkELF [234]. For
the dielectric function €(w, q), we use the Lindhard method, which treats the target as a
non-interacting Fermi liquid. Finally, the total number of events reads N' = R - £, with
& the exposure (i.e. mass multiplied by live-time) of the experiment.
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The non-observation of a significant excess of electron recoils in a given experiment
allows to set upper limits on the dark matter-electron scattering cross section, for a
given dark matter mass and a given mass splitting between the dark matter particle
and the heavier neutral state. We show in Figure 9.12, upper limits on the inelastic
dark matter-electron cross section versus mass splitting for a fixed dark matter mass of
mpm = 1 GeV from XENONIT [555](blue lines), and from the semiconductor experi-
ment SENSEI [489](purple lines), both when considering the SHM flux only (solid lines),
and when including the non-galactic components to the dark matter flux (dotted lines).
In the upper plots, we take the form factor Fpy = a?m?/q?, corresponding to an ultra-
light or massless mediator. In the middle plots, we take the form factor Fpy = ame/q,
corresponding to an electric dipole interaction, and in the lower plots we take the form
factor Fpy = 1, corresponding to a heavy mediator [238, 556].

134



Ultralight mediat

Chapter 9 Varietés

or

Dipole interaction

mpM = 1‘]Gg*\" .
Fon = u'mf/qz

1072 _,
mpy = 1 GeV
Foum = ame/q
107

10-32

A1

s 10-38

10-"

— XEN

SENSEI (SHM)
—— SENSEI (SHM-+Non-galactic)

14
ONIT (SHM) 10

=+ SENSEI (SHM)

= SENSEI (SHM+Non-galactic
NIT (SHM)

—— XENONIT (SHM+Non-galactic)

10
OpM [eV]

l(r[h
10-%

10-32

10-1
104

10717

Figure 9.12: 90% C.L upper limits on the spin-independent dark matter-electron inelastic
cross section for a dark matter mass of 1 GeV, as a function of the mass
splitting, from XENONI1T (blue) and SENSEI (purple), when the dark
matter-electron interaction is mediated by an ultralight dark photon (upper
left plot), by a dipole operator (upper right plot), or by a heavy mediator

(lower plot).

As can be seen in the Figure, the non-galactic components enhance the sensitivity
to the mass splitting of both XENONIT and SENSEI by a factor of ~ 2, compared to
the sensitivity estimated from considering just the galactic component. This conclusion
holds independently of the choice of the dark matter form factor. Further, the reach
in cross-section is enhanced due to the non-galactic components, especially at low mass
splittings, being the effect stronger for XENON1T than for SENSEI. For comparison, we
also show as a grey band the cross section for which the observed dark matter abundance
is reproduced via freeze-in in the case of an ultralight mediator [548], or via freeze-out
in the case of a heavy mediator [127]. Clearly, the non-galactic dark matter components
allow to probe larger values of the mass splitting. Finally, we also show in Figure 7 the
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isocontours with the 90% C.L. upper limits on the dark matter-electron scattering cross-
section for different dark matter masses and mass splittings, from SENSEI (upper panels)
and XENONIT (lower panels), considering that all dark matter in the Solar System is
bound to the Milky Way (left panels), and including the non-galactic components (right
panels). The non-galactic components enhances the reach in mass splittings by a factor
or ~ 1.5 for SENSEI and ~ 2.5 for XENONI1T, allowing to probe lower dark matter
masses and cross sections in both cases.
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Figure 9.13: Isocontours of the 90% C.L. upper limits on the dark matter-electron inelas-
tic scattering cross-section for the heavy mediator scenario (Fpy = 1) in
the parameter space spanned by the dark matter mass and mass splitting,
from SENSEI (top panels), and XENONIT (lower panels), assuming that
all dark matter in the Solar System is bound to the Milky Way (left panels)
or including the non-galactic component diffuse (right panels).

We have investigated the impact of a non-galactic diffuse dark matter component
inside the Solar System for the detection of the inelastic scattering of a dark matter
particle in direct search experiments. Concretely, we have considered the contribution
to the dark matter flux from dark matter particles in the envelope of the Local Group
and from the Virgo Supercluster. Their speeds in the galactic frame are ~ 600 km/s
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and ~ 1000 km/s, respectively, which are larger than the maximal speed of dark matter
particles bound to the Milky Way, ~ 540 km/s. As a result, the region of parameter
space that can be probed with current experiments is larger than reported in previous
works, that implicitly assumed that the Milky Way is an isolated galaxy in the Universe.

For nuclear recoils, the non-galactic component expands the reach in mass splitting at
the LUX-ZEPLIN, PICO60, and CRESST-II experiments by a factor ~ 2 in the mass
range mpy = 10 GeV- 10 TeV, and enhances significantly the reach in cross-section,
especially close to the kinematic threshold for the galactic dark matter. For instance,
for mpy = 1 TeV and dpy = 250 keV, the sensitivity to the cross-section improves by
about three orders of magnitude. We have also stressed the relevance of experiments
capable of detecting high recoil energies for probing the parameter space of inelastic dark
matter scenarios. We have illustrated this capability with the radiopurity measurements
in CaWOy crystals performed by the CRESST collaboration, and which allows to probe
up to dpm ~ 1.2 MeV (1.4 MeV) for mpy = 1 TeV (10 TeV). For electron recoils, the
conclusions are analogous, allowing to increase reach in mass splitting of the XENON1T
and SENSEI experiments also by a factor ~ 2 for dark matter masses in the range
mpmM = 0.01 GeV-10 GeV.
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A.1 Discussion on the cascade equation

Dark matter-neutrino interactions may attenuate the neutrino flux reaching the Earth,
and the attenuation is encoded in the cascade equation

do(E,) o doypM oy )
= —oou(E)R(E,) + L AET (E, - E,) ® (E.) (A.1)

where F, is the neutrino energy, o(FE),) is the neutrino-DM total cross section for a neu-
trino with energy E,, do(E!, E,)/dE, is the differential cross-section between energies
FE and E and 7 is the dark matter column density along the line of sight, where b and
I are the galactic latitude and longitude respectively, r is the distance from which we
calculate the column density along the line of sight and mpy; is the DM mass.

The integral part of the equation can be discretized by the Euler method, by choosing
equal logarithmic intervals Az with x = log,o(E/TeV) [502]. We define the dimensionless
column density y = (m,/%,)7, and then the cascade equation is

d®;
dy

= A(—U(EZ-)CD(E,-) + + Azln 10%@“5&’@@(@)) ,

where A = (Xpar/my)(1/Ep), E; = 10% is the energy and y € [0, 1].

A simple benchmark example, that arises naturally in U(1) extensions of the standard
model, consists in a fermionic dark matter particle that interacts with neutrinos via a
vector boson mediator. The lagrangian in this case reads [557]

Lint D =9 X" Z XL — 9xx XV Z,XR — 9 VIV Z] 0L
where the first term represents the coupling of the of the dark matter fermion to the

vector boson and the second term represents its coupling to neutrinos. The (Majorana)
fermion dark matter-neutrino elastic scattering cross section reads.
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2 2
el 9x9v
oy, =
X 16T EZme

X

2,(2E
(2E,m, + m2Z/ + mi) log < mz 2By +my)

4E2m,, + 2E,m%, + mym?%,

The cross section dependence on the neutrino energy F, presents three distinct regimes.
When E, > mQZ, /My, the cross section approaches a constant value. Given that the
galactic neutrino energies observed by IceCube are F, 2 1 TeV, this regime applies
for GeV-scale dark matter particles with mediator masses below myz < 1 TeV, or for
light dark matter particles with mediators at the GeV scale or lower. In these cases,
since the cross section does not depend on the neutrino energy the neutrino fluxes are
attenuated exponentially due to scatterings on dark matter particles in the dark matter
halo. However, when mQZ, > myE, (e.g. very light dark matter particles and heavy
mediators), the cross section rises linearly with the neutrino energy. In this case, the
attenuated fluxes are affected by a redistribution of neutrinos energies, depending on the
differential scattering cross section of going from an initial neutrino energy F, to a final
energy E!. This differential cross section reads

dot,  g2g>my(E2 + Ey(my — 4E) + E,(E}, — m,))

== 2 / 2 \2 (A'3)
dE, 8rE2(2my (E!, — E,) + m3,)
=1,9,=0.1, ¥py = 10% GeV/em? 07 .
9x » v -1, Zpm ev/cm
I == KRAZ® Model i _
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; L
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Figure A.1: Attenuated fluxes from solving the full Boltzmann equation.

In the Figure A.1 we calculate the attenuated fluxes using the full Boltzmann equation
for the diffuse flux of galactic neutrinos using the KRA%0 model, for fermionic dark matter
and a vector mediator in a regime where the second term of the cascade equation play
no role. On the right, we construct an idealized example with a lineraly dependent cross
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section and choice of parameters where the second integral term is indeed sizable (green
line vs orange line).

A.2 Details to calculate upper limits from direct detection
experiments on the dark matter-nucleon and dark
matter-electron cross section

In this appendix, we include details with our procedure to calculate upper limits on the
scattering cross-section from the experimental data.

To derive upper limits on the SI and SD dark matter-nucleon cross section for CRESST-
I1II [224], XENONIT [558] and PICO-60 [559], we follow a poissonian-likelihood approach
and use the detector response functions given in the DDCalc package [560]. For CRESST-
III, we use the published data [561] corresponding to an exposure of 5.594 kgxday, and
we account for a finite energy resolution and cut-survival probability in the expected
dark matter spectrum as described by the collaboration. All events in the acceptance
region are considered signal events, which gives us a conservative 90% C.L upper limit
of 873.9 events. For the XENONIT experiment, we use the data from [558] with an
exposure of 35.6 tonnesxday. DDCalc divides the signal region into two energy bins,
which correspond to [3,35] PE and [35,70] PE. The estimated background in both bins
are 0.46 and 0.34 events, while the number of observed events are 0 and 2, respectively.
The efficiencies were calculated simulating fluctuations of the S1 and S2 signal and us-
ing both scintillation and ionization yields. We consider a 90% C.L upper limit on the
number of signal events of 3.9. Lastly, for the PICO-60 experiment, we use the results
from [559], corresponding to an exposure of 1167 kgxday. Since PICO-60 observed no
signal events, we take a 90% C.L. upper limit on the number of signal events of 2.3.

For the calculation of the ionization rate we follow [232] to model the conversion from
the electron’s recoiling energy FE., to the experimental observable at the XENONI1T
experiment, the number of photoelectrons (PE). The recoiling electron will ionize and
excite other atoms, yielding Floor(E.,/W) primary quanta in form of observable elec-
trons n. and unobservable photons. We take the value of the average energy needed to
produce a single quanta (photon or electron) to be W=13.8 eV. Further, we choose the
probability for the initial electron to recombine with an ion to be zero and the fraction
of primary quanta observed as electrons to be 0.83. A more refined modeling of the
electron ionization and the associated uncertainties at XENONI1T can be found in [548,
562].

We then calculate 90% C.L upper limits on the dark matter-electron scattering cross
section at fixed momentum transfer ¢ = am, using XENON10 and XENON100 data.
The experiments report the number of photoelectrons (PE) produced by an event. To
convert the n. into PE, we assume that an event with n. electrons produces a gaus-
sian distributed number of PE with mean n.p and width n.o, where p = 27(19.7) and
o =6.7(6.2) for XENON10 (XENON100). We consider the energy range in XENON10
going from 14 to 95 PE, corresponding up to n. = 3. For XENON100, we consider
the energy range going from 80 to 110 PE, corresponding to n.=4 and n.=5. We use
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the binned 90% C.L. upper bounds on the event rate calculated in [548], obtained after
multiplying the signal with the trigger and acceptance efficiencies. We notice that our
limits for the SHM flux are more conservative than those of [548] . This is likely due to
the fact that we are considering only the three outermost orbitals of xenon (5p, 5s and
4d), while the referenced work considers the orbitals 4s and 4p as well. Furthermore,
the energy thresholds considered in this note for XENON10 and XENON100 are n, = 3
and n. = 5, while [548] considers n. up to 6 in both cases. We consider the observed
event rate for electrons in XENONI1T between 150-3000 photoelectrons (PE), which cor-
responds to the range 0.18 keVee to 3.5 keVee (kiloelectronvolt electron equivalent). We
take the efficiency function from [490], an exposure of 22 + 3 tonne-days and an upper
limit on the number of events of 39.2 For SENSEI, we sum-up the observed events in the
energy bins ranging from 4.91 eV to 16.31 eV, resulting in an upper limit of 4.957 events
per gram day of exposure. Further, we use the efficiency reported by the collaboration
in every energy bin [489].
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