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Abstract

@ 5\ DENTIFYING what makes up the Dark Matter is a long-standing problem to which

Y s.the abundance of gravitational and cosmological evidence fails to answer. In-
( lerect detection techniques have the aim to unveil the nature of Dark Matter by
catchmg and identifying the products of potential decays and/or annihilations. The
work exposed in this thesis is in line with this strategy and has for common thread the
quest for line(-like) features in the extraterrestrial fluxes of gamma-rays and neutrinos.
The motivation behind this specific interest is that, due to the absence of astrophysical
counterparts beyond the GeV scale, these features constitute the ultimate probes (also
called “smoking guns”) of the existence of Dark Matter.

The thesis is organized in three Parts, the first of which is an introduction to the
different facets of the Dark Matter conundrum and why it is not a trivial issue. The
works involving gamma-ray line considerations are gathered in Part II, and those
exclusively focusing on neutrino lines in Part III.

Part II focuses on the effective field theory of Dark Matter decay, first in the con-
text of millicharged particles decaying to gamma-ray lines, and then in the context of
(neutral and millicharged) Dark Matter decays involving the simultaneous emission
of gamma-ray and neutrino lines. In both cases, the simultaneous emission of cos-
mic rays is unavoidable and the decays are constrained in a multi-messenger fashion.
The complementarity of the results obtained is used to derive model-independent
constraints on the Dark Matter lifetime, and shows the possibility to exclude or dis-
tinguish some specific scenarios on the basis of an explicit experimental conjecture.

After an introduction to the neutrino detection principles and to the operation
of the IceCusBE detector, Part III focuses on two careful searches for spectral features
in the neutrino spectrum. The main goal behind these analyses, conducted in two
different regions of the energy spectrum but using the same likelihood ratio proce-
dure, is to popularize dedicated energy distribution studies by showing their ability
to reach sensitivity levels comparable to—sometimes even going beyond—those ob-
tained with angular distribution studies or even in the context of gamma-ray line
searches.

Keyworps: Dark Matter, Indirect Detection, Smoking Guns, Cosmic Rays,
Gamma-ray Lines, Neutrino Lines, IcECUBE.






Résumé

%) _/—@QIDENTIFICATION de ce qui compose la Matiere Noire est un probléme de longue
c&peydate auquel I'abondance d’évidences gravitationnelles et cosmologiques ne
(Q,.’Q,peuvent répondre. Les techniques de détection indirecte ont pour but de
découvrir la nature de la Matiere Noire en capturant et identifiant les produits de
potentielles désintégrations et/ou annihilations. Le travail exposé dans cette these
s’inscrit dans cette stratégie et a pour fil conducteur la recherche de raies dans les flux
extra-terrestres de rayons gammas et de neutrinos. La motivation derriere cet intérét
particulier est que, dit a 'absence d’équivalents d’origine astrophysique au dela de
I’échelle du GeV, ces raies constituent les preuves absolues (également appelées “pis-

tolets fumants”) de I’existence de la Matiere Noire.

Cette these est organisée en trois parties, dont la premiere est une introduction
aux différentes facettes de la problématique de la Matiére Noire et aux raisons pour
lesquelles il ne s’agit pas 1a d’un banal probléme. Les travaux faisant référence aux
raies de photons sont rassemblés dans la Partie I, et ceux se concentrant exclusive-
ment sur les lignes de neutrinos dans la Partie III.

La Partie II se concentre sur la théorie effective de la désintégration de la Matiére
Noire, d’abord dans le contexte de particules millichargées se désintégrant en raies
gamma, et ensuite dans le contexte des désintégrations de Matiere Noire (neutre et
millichargée) impliquant 1’émission simultanée de raies de neutrinos et de photons.
Dans les ceux cas, 1’émission simultanée de rayons cosmiques est inévitable, et les
désintégrations sont contraintes par une approche “multi-messagers”. La complé-
mentarité des résultats obtenus est utilisée pour dériver des contraintes sur le temps
de vie de la Matiére Noire qui sont indépendantes des modéles, et montre qu’il est
possible d’exclure ou de distinguer des scénarios spécifiques sur base d'une conjec-
ture expérimentale explicite.

Apreés une introduction aux principes de détection des neutrinos et au fonction-
nement du détecteur IceCusg, la Partie III se concentre sur deux recherches détaillées
de raies dans le spectre de neutrinos. Le but principal derriére ces analyses, con-
duites dans deux régions différentes de spectre d’énergie mais utilisant la méme
procédure du rapport de vraisemblance, est de populariser les études consacrées aux
distributions d’énergie en montrant leur capacité a atteindre des niveaux de sensibilité
comparables a—voire meilleurs que—ceux obtenus sur base d’études de distributions
angulaires ou méme dans le contexte des recherches de raies de photons gammas.

Mots-Clés: Matiere Noire, Détection Indirecte, Pistolet Fumant, Rayons
Cosmiques, Raies de Rayons Gammas, Raies de Neutrinos, IcECusk.
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Introduction

“A little garden in which to walk, and immensity in which to dream.
At one’s feet that which can be cultivated and plucked;

over head that which one can study and meditate upon:

some flowers on earth, and all the stars in the sky.”

— Victor Hugo, Les misérables

~yi=y-OR millenia, the sky has been a tremendous source of questioning, reflexion
@‘and concern for human beings. He who gazes into the night sky finds himself
(@9 hypnotized, with no other choice than to surrender to the call of the infinite.
Before the immensity, we are invited to experience fear, excitement, amazement, and
above all humility. It bewilders us, and, animated by the curiosity, we have always
felt the need to demystify it.

Over the past centuries, great minds, sometimes armed with but a few simple
tools, have pushed away the boundaries of our Universe to an unprecedented level.
In particular, the XX century has marked a new era in research. With high-tech
accelerators, satellites and particle detectors of all kinds making their way into the
scientists” toolbox, as well as worldwide collaborations seeing the light of the day,
fundamental research has never been the same. The frenzied production of new ex-
perimental results coupled to the hard work of an army of imaginative theoreticians
have led to the development of the Standard Model of Particle Physics in the 1970s,
followed by its incorporation into the Standard Model of Cosmology (ACDM) in the
late 1990s. The latter, a descriptive model of the evolution of the Universe, has shown
to be very successful at explaining the experimental data collected to this day.

So, are we done? Have we scientists finally come up with a detailed, compre-
hensive and global picture, a Theory Of Everything? Of course not. And this may
never happen. The journey to ACDM has undoubtedly made us acquire priceless
knowledge, but only so that we could be aware of the many more gray areas to be
addressed. In particular, among the ingredients needed for ACDM to be successful,
there is a lot of matter. How much? A simple and short answer would be “a lot more
than can actually be seen”, and by “be seen” we refer to the matter that we are familiar
with, that which we are made of and whose building blocks are successfully encoded
within the Standard Model (SM) of Particle Physics. According to the latest Planck
data [1], about 6 times more matter is needed, and this conclusion backs up a little
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2 INTRODUCTION

more than one century of gravitational evidence: from the cosmological to the galac-
tic scales, a non-shining and yet dominant component of matter, commonly referred
to as dark matter (DM), helps in solving the discrepancies between observations and
predictions based on luminosity estimates. Moreover, the fact that DM can address
the problem at all scales challenges alternative approaches such as modified gravity.
Throughout the thesis, we will take the side of the particle physicist and assume that
DM comes in the form of (almost) non-visible, likely cold particles.

Identifying clean detection channels for dark matter is key for a discovery: not
only would you open a bottle of champagne, but you would also get to know the
DM particle on a personal level. Of the three main detection strategies elaborated
over the years (direct, indirect and collider), we will exclusively focus on the indi-
rect detection of particle DM for as far as this strategy is concerned, clean detection
channels are easy to identify. The smoking guns, as they call it, sum up to a couple
of signatures: mono-energetic fluxes of gamma-rays and neutrinos beyond the GeV
scale. Contrarily to sub-GeV energies, where transition processes can create line(-like)
features in the photon spectrum and where you also find many sources of neutrinos
displaying a cut-off, astrophysical processes are not expected to produce any of these
features above ~ 1 GeV, justifying why the lines and—to a broader extent—sharp fea-
tures are interesting probes of the DM particle both in the photon and neutrino realms.

The thesis presented here situates itself in this context of smoking-gun searches
for DM. Models involving these features do exist on the dark market, but rather than
studying one of them in particular, or a selection of models, our aim is to draw inter-
esting conclusions as model-independently as possible. The effective approach is in
a good position to help us achieve that goal, and this is why we will extensively use
it in a couple of projects. The reader will also notice that the nature of the projects
exposed in this thesis range from theoretical to phenomenological and experimental,
reflecting the interests of the author.

The IceCuse experiment has generated a lof of attention back in 2013, after the
Collaboration shed light on the existence of a flux of extra-terrestrial neutrinos [2].
Neutrinos are a natural by-product of astrophysical processes, but a contribution from
more exotic scenarios is not excluded. In particular, the very high energies involved
for some of the events (>PeV) coupled to the presence of a gap of events just below 1
PeV and a bump around 50 TeV are puzzling (see e.g. Ref. [3]). Many people includ-
ing myself have seen in these features a potential manifestation of particle DM, but
unfortunately—in my humble opinion—no study has been conclusive in these terms.

With this in mind, let us now move on to the structure of this dissertation, di-
vided into eight chapters. In Chapter 1, the state of the art of the DM conundrum
is presented, including many of the experimental aspects related to the DM quest.
In Chapter 2, we discuss in a model-independent approach the search for gamma-
ray lines induced by millicharged DM decay. This includes the development of the
effective theory associated to this production and the study of the corresponding phe-
nomenology. In Chapter 3, the possibility to produce mono-energetic gamma-rays
and neutrinos in a same decay is studied. The effective approach is again used to
systematize the analysis of the phenomenology. Chapters 4 and 5 are respectively



dedicated to introducing the properties of the neutrino and the IceCube detector’s
architecture and Data Acquisition. With this done, we start by exposing in Chapter 6
our first search for monochromatic neutrinos and sharp features in a 2-year neutrino
sample that IceCuse had made publicly available together with the relevant infor-
mations needed for such an analysis. In Chapter 7, we dive on a serious level into
the experimental world through a dedicated analysis which I performed within the
IceCusk Collaboration as an associate member. This work consisted in the extension
of an already existing one-year cascade sample to 5 years of data taking. Even if this
sounds like a minor task, it was actually far from trivial since the IceCust Collabora-
tion had changed some of its filters between 2011 and 2012, making the adaptation of
some scripts used to derive the cascade sample mentioned above a real challenge! We
finally close this dissertation with our General Conclusions.

Before we begin, you can already find below the list of published articles:

o Chapter 2: C. El Aisati, T. Hambye and T. Scarna, “Can a millicharged dark
matter particle emit an observable gamma-ray line?,” 23 pp, JHEP 1408 (2014)
133 Dor:10.1007 /JHEP08(2014)133 [arXiv:1403.1280 [hep-ph]].

o Chapter 6: C. El Aisati, M. Gustafsson and T. Hambye, “New Search for Mono-
chromatic Neutrinos from Dark Matter Decay,” 12 pp, Phys. Rev. D 92 (2015)
no.12, 123515 Dor:10.1103 /PhysRevD.92.123515 [arXiv:1506.02657 [hep-ph]].

o Chapter 3: C. El Aisati, M. Gustafsson, T. Hambye and T. Scarna, “Dark Matter
Decay to a Photon and a Neutrino: the Double Monochromatic Smoking Gun
Scenario,” 19 pp, Phys. Rev. D 93 (2016) no.4, 043535
Dor:10.1103/PhysRevD.93.043535 [arXiv:1510.05008 [hep-ph]].

The analysis presented in Chapter 7 will be submitted for publication in the
coming months. There is another article that has been published this last year, but we
make the choice not to discuss it in this—we believe—"already well-stocked” thesis.
In a nutshell, the article consisted in a logical follow-up of the analyses of Chapters 6
and 7, as it was dedicated to the search and study of models that can, thanks to the
Sommerfeld enhancement, lead to visible fluxes of monochromatic neutrinos induced
by annihilating DM. If the reader happens to have an interest in this topic, he can find
the article under the following reference:

« C. El Aisati, C. Garcia-Cely, T. Hambye and L. Vanderheyden,
“Prospects for discovering a neutrino line induced by dark matter annihilation,”
JCAP 1710 (2017) no.10, 021
Dor:10.1088/1475-7516/2017/10/021 [arXiv:1706.06600 [hep-ph]].
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CHAPTER

The Dark Matter Conundrum

“Dark Matter is needed to hold galaxies together. Your mind is a Galaxy.
More dark than light. But the light makes it worthwhile.”

— Matt Haig, The Humans

WHE twentieth century has witnessed the birth of the DM problem after a long
‘(\3 QD and difficult labor, as it took more than 40 years for the scientific community to
Q':‘\@}oeventually recognize the newborn problem and tackle it on a serious level. The
first hints of the issue, which can be epitomized as the observation of a discrepancy
between the amount of visible matter and that needed to hold visible astrophysical
systems together, date back to the works of E. Opik (1915) [4], ]. Jeans (1922) [5] and
J. H. Oort (1932) [6] who all studied the motions of stars near our galactic plane. They
found that stars with velocities large enough to overcome the gravitational attraction
of the luminous content of the Galaxy were not escaping it, hence the mismatch. Soon
after, F. Zwicky arrived at the same conclusion with a larger system (1933) [7], but even
50, not much attention was drawn on these observations until the late 1970s. Around
that time, optical and radio measurements of the rotation curves of many galaxies
had become available and their flat behaviour at large distances was established on a
strong footing [8].

The increasing amount of astronomical data suggesting the presence of large
quantities of DM on many scales naturally lead the scientific community to wonder
about the very nature of this new form of matter and if it could have taken an important
role throughout the history of the Universe. The following couple of sections that the
reader is about to peruse explain why DM (cold DM in particular) is a blessing to
cosmologists. Moreover, and in contrast to alternatives like modified gravity, the
appeal of the DM hypothesis resides in its unique ability to intervene and unravel
discrepancies over a wide range of scales and times. The thesis falling in this line of
thought, we start by reviewing some of the key evidence for the existence of DM. Since
we also assume that the DM is made of particles, we then adopt the point of view of the
particle physicist by discussing the constraints that a particle must satisfy in order to
be a good DM candidate. We also devote a section to some of the theoretical aspects of
model-building and effective field theory, which we will come across later on. Lastly,
we give an overview of the experimental efforts aiming at detecting DM other than
gravitationally and discuss smoking-gun signatures. The latter have inspired all of
my PhD projects, which are exposed in Parts II and III.
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1.1 Cosmological Evidence

The main success of modern cosmology is undeniably the elaboration of a standard
cosmological model that shows incredible agreement with data. This model, called
Lambda Cold Dark Matter (ACDM)), is the fruit of a successful marriage of the Stan-
dard Model of Particle Physics with statistical physics and General Relativity. The
result is a description of the Universe in terms of the Friedmann-Robertson-Walker
(FRW) metric—at first order—and whose evolution is dictated by that of the energy
content: matter (baryons, leptons, possibly DM), radiation and dark energy—to which
the A in ACDM refers. Today, DM and dark energy are responsible for most of the
energy budget of our Universe. The quantitative appreciation of this statement is
realised through the density parameters Qx defined as the ratio of the energy density
of component X to the critical energy density p.:

Qx =25, with p, =9 (1.1)
p

where G is the gravitational constant and
Hy = (67.7440.46)km/(s Mpc) gives the
measured Hubbleratetodayat 1o CL[1].  rodey s, 1= 15 billion years
Different experiments may be sensitive o o3 imetd
to one or several of the ACDM parame- ussrs
ters. The PLanck Collaboration, which is o e
the current leader in the field, provides

the finest measurements of these param-
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Electroweak phase transition

Qmo = 0.3089, Qpwm,o = 0.2602, et maglc by e
and Qjo = 0.6911. (1.2)
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Besides these results, structure forma-
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K . & > H > SU(SU( 20
for DM and are discussed in the second o g
part of this section, after we overview the "
ePlanck epoch
physics of the CMB. To give the reader The uantm gy s

some markers, and even if we will not

discuss them all, a timeline of the im-

portant events taking place in the early Figure 1.1: A “brief” outline of the chronology
Universe is presented in Fig. 1.1.1 Astro- of the Universe. Picture taken from [9].
physical hints are discussed in the next

section.

ITo quench his thirst, the reader is referred to the usual textbooks in the field, such as
Refs. [10, 11, 12].
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1.1.1 The Cosmic Microwave Background

The accidental discovery of the CMBR by A. Penzias and R. Wilson in 1964 [13] is akin
to a little revolution in the field of cosmology. The observation of this radiation with
the properties predicted little before and independently by strong advocates of the Big
Bang [14] ruled out once and for all the Steady State model—the Universe is, has been,
and will always be the same—in favour of the Big Bang model—the Universe started in
a hot and dense state before expanding. The reach of the discovery goes even beyond
this “mere” result, for it was soon realised that the CMB fluctuation pattern was far
from innocuous, triggering the development of very precise instruments—examples
include Cosg, WmMaP and Pranck—to map the CMB sky. Nowadays, analysing CMB
data has become the most sensitive way to extract the value of cosmological parame-
ters. So, how is the information extracted from the CMB map? In particular, how is
it linked to the DM density parameter Qpy?

For the observers that we are, the CMB temperatures lay on a two-dimensional
sphere. Let us then denote by AT(6,$) the temperature difference measured in
the direction (sin 6 cos ¢, sin 6 sin ¢,cos §) with respect to Ty = 2.725 K, the average
temperature (¢ and ¢ denote usual angles in a spherical coordinates system). It should
be noted that the CMB is very uniform and deviations from Ty only start to be observed
below the 1075 level. As any other function on the sphere, AT (0, ¢) = T(0,$) — Ty
can be decomposed over the basis of spherical harmonics, the so-called Y,,,s:

m=+I

AT(0,0) = >, > aim Yim(6,9) (1.3)

leN m=—1

This decomposition is comparable to a Fourier transform in a curved space (here, a
sphere) with some of the borders identified (hence a series in place of an integral).
The a;m,s are naturally referred to as the harmonic coefficients of the expansion and
their knowledge V I, m is equally valuable to the knowledge of T" everywhere on the
sphere.? There is thus no loss of information by storing the a;,,,s instead of T'(6, ¢),
and the inversion is easy:

27 us
i = JO o L im0 df AT (0, 6) Vi (0, 6). (1.4)

As [ increases, the behaviour displayed by the spherical harmonics is more and more
oscillatory and, together with the corresponding a;,,, they reproduce more and more
of the details of the CMB map. For instance, the spherical harmonic with [ = 0 is a
constant function over the entire sphere, actually corresponding to the average CMB
temperature Ty. The fluctuations around this value are stored in the higher momenta
(I > 0). Evenif this approach in terms of harmonic coefficients does not look natural at
first, it ends up being a very useful one, for it gives the ability to isolate what happens
at a given angular scale § ~ /. It is also widely used for image processing under

2In practice, “real” detectors have a finite resolution. Therefore, the knowledge of the
harmonic coefficients up to some Imax is enough to reconstruct the map (the better the resolution,
the higher the Imax). All coefficients with a higher ! than imax would provide sub-resolution
information not accessible by the detector whatsoever.
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what is generically called “inverse problems”. We are just dealing with one of their
many applications.

Pragmatically, we only have one Universe to sample the a;,,,s from. This limitation
is fortunately overcome because the a;,,,s follow the same distribution at a given ! (no
matter the m), meaning that we can extract their distribution using different patches
of our sky. A relevant observable should give us an idea of the typical fluctuation on
a given scale. It is therefore defined through the variance of the harmonic coefficients:

<alm a’;’m'> = C1 0w O s (1.5)
giving
1 M=
C=57 Z {am|*) - (1.6)

On top of considerations such as the instrumental resolution and noise—which we
do not discuss—, there exists an intrinsic error associated to the measurement of C;,
given by AC; = 4/2/(20 + 1). This quantity is referred to as the cosmic variance and
simply reflects the fact that at lower [, less independent patches are available in the
sky to sample the a;,,,s, resulting in a less precise estimation of the variance of their
distribution. This effect is clearly visible in the power spectrum measured by PLanck,
and shown in Fig. 1.2 (growing relative error as we go to lower [).> Note the slightly
different quantity on the left axis,

(1+1)

D, =
! 2w

G, (1.7)

which highlights the Sachs-Wolfe plateau at low values of the multipole moment [ [10].
We decide not to elaborate on this particular feature, and will simply add that because
large-scale fluctuations (I < 100) have evolved the least, the plateau reflects the initial
conditions set by inflation.

After the plateau, the CMB power spectrum displays a series of peaks and troughs
at specific values of the multipole moment {. We are about to see that they are directly
linked to the energy content—in particular that of DM—at the time of recombination.

The phenomenon behind these features goes under the name of Baryon Acoustic
Oscillations. Before recombination, photons and baryons* were tightly coupled to-
gether and behaved as one entity, the baryon-photon fluid. In the presence of the
(primordial) quantum fluctuations predicted by inflation, density perturbations are
generated here and there, pulling the fluid—via the baryons it contains—towards the
corresponding gravitational potential wells. In parallel, the radiation pressure of the
photons has a repelling action when they reach a given density, resulting in a bouncing
of the photon-baryon fluid between the wells and hills of the total potential. Regions

3Even if we will not discuss them, let us add that besides the temperature maps of the CMB,
polarization maps also exist and target the study of inflationary models.

“Charged leptons are usually left out of the conversation because of their small mass but
this does not mean that they were not tightly coupled to the photons as well. As for DM, it
does not participate in the oscillations of the fluid since it is insensitive to radiation pressure.
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Figure 1.2: The PLanck 2015 temperature power spectrum (blue) after subtracting
foregrounds (such as stars, galaxies, and dust). In red, the output of a standard
cosmology (i.e. ACDM) after a fit to the data. The correspondence of the first
few peaks with compression and rarefaction modes of the baryon-photon fluid
in the potential wells at recombination is also indicated in green. Note the two
different scales on the x-axis (logarithmic below [ = 30, linear above [ = 100).
Adapted from [1].

of compression have a higher temperature 7" than average, while those of rarefaction are
colder than average. Obviously, the location of these regions varies with time, but it
is only when recombination happens that photons and baryons decouple and that an
actual “picture” of the fluid is taken and sent to us via the now free-streaming pho-
tons. The story goes a little different for baryons as they continue aggregating in the
potential wells, eventually giving birth to the highly non-linear structures (planets,
stars, galaxies, . ..) that we observe today.

The dynamics of the bouncing baryon-photon fluid, similar to that of a mass in a
gravitational potential and attached to a spring (with the top end of the spring fixed),
can be decomposed into a series of independent modes of oscillation £ € R.> Those
modes k which were at the maximum of their oscillation at recombination contribute
to the largest temperature fluctuations AT observed in the CMB. Moreover, each of
these modes is responsible for a peak, while those modes caught at zero everywhere
do not contribute at all; and those in between are in great part responsible for filling
in the gaps between the peaks. The location of the first acoustic peak is given by the
first mode k; that entered the horizon and got caught at a maximum of its oscillation
by the time of recombination, more precisely at its first compression. This first mode
k1 can be expressed in terms of the sound speed in the baryon-photon plasma as:

™

ky = (1.8)

)
Cs tdecouphng

where ¢, is the speed of sound and tgeccoupling the time of decoupling.® Quite obvi-

By independent, we mean that the oscillations can be studied mode by mode because the
relevant equations of motion are decoupled.
SThis relation is valid under the assumption of adiabatic perturbations.
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ously, multiple integers of k; are also caught at their full extension, giving the next
acoustic peaks. We denote these modes by k,, = n k1, with n € N. Beware that odd
peaks correspond to modes ending up in a compression at the wells (odd n), whilst
even peaks are caused by modes ending up in a rarefaction at the wells (even n).” The
passage from spatial inhomogeneities—characterized by the comoving wavelength
An ~ 7/k,—to the angular inhomogeneities of our CMB sky in terms of an angle 6,
is just a matter of geometry. At a comoving distance da, far enough from the last
scattering surface, we can write that:

On ~ )\n/dA(tdecoupling)v and I, ~ 7/0p, (1.9)

giving [ ~ 200 as the location of the first acoustic peak. The peaks are shifted towards
higher or lower [ if we respectively decrease or increase the value of the curvature.
This is because curvature has a direct effect on the geodesics, making a given object or
length look smaller (larger) than it really is when the space-time is open (closed). The
measurement of the location of the peaks (the first one in particular) gives thus a clean
access to the curvature parameter. Experimentally, the data is in very good agreement
with a flat geometry (at the percent level, see Tab. 4 in Ref. [1]). To make inferences
about the baryon content, it is necessary to include the second peak and compare its
height to the first one. Indeed, the more the baryons, the higher the odd peaks. This
is easily understood with our analogy of the mass attached to a spring and bouncing
back and forth in the gravitation potential field. As nicely depicted in Fig. 1.3, more
baryons (the larger mass) go deeper in the potential wells, increasing there the level of
compression—correspondingly, the level of rarefaction at the potential hill. As they
bounce up, both masses (see figure) reach the same level of compression at the hill,
that is to say the same level of rarefaction at the well. The odd peaks of the CMB
spectrum are therefore increased with respect to the even ones, and it is possible to
extract Q; from the ratio of the first to the second acoustic peak. Adding baryons
also slows down the oscillations, slightly shifting the position of the peaks to higher /.
Another effect, clearly visible starting from the third peak, is the exponential damping
of the spectrum ([ = 1000). This is partly caused by the non-zero mean-free path of the
photons during recombination (which is not strictly speaking an instantaneous pro-
cess), and so they are more efficient at erasing the small-scale structures in the CMB
by equilibrating their temperatures. Last, but certainly not the least, it is possible to
extract some information on Qpatter—and so, on Qpy—by taking the third peak into
account. Because of the damping, a third peak with a similar or higher intensity than
the second one—as is the case experimentally—indicates the presence of extra-matter
that provides the gravitational potential necessary to enhance the compression phases
in the wells, and by that the third peak.

It is possible to perform a consistency check by looking at the damping scale.
We have already highlighted the influence of ) on this scale. Adding more matter
influences the age of the Universe at recombination, and therefore the distance that
photons can travel. Lastly, curvature has a direct effect on their mean-free path. The
starting point of the damping being sensitive to Qcyrvature, Qb and Qmatter, it is a great

"We specify where it happens because a compression in a well is automatically associated
to a rarefaction in the corresponding hill—which then contributes to the same peak—, and
vice-versa.
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Figure 1.3: The effect of baryon loading on the acoustic peaks. The subfigures give
a snapshot of the oscillation at a time when maximum compression is achieved
in (left) the potential hill and (right) the potential well. In each panel, the cases of
low and high baryon densities, respectively represented by the small and large
mass, are confronted. Left: Both masses start at the top of the hill of the potential
and they come back to the exact same point after any integer number of periods,
meaning that baryon loading has no effect on the intensity of the rarefaction
phases in the wells. Right: The mass loaded with more baryons dives deeper into
the potential well, allowing for more compression there. Heavily inspired from
Ref. [15].

way to test the consistency of the values inferred with the first three peaks.

The values obtained by the PLanck Collaboration have been quoted earlier in this
section, clearly showing that DM, even if unidentified, is the dominant form of matter.

1.1.2 Structure formation

Now that we have seen how the BAOs were made responsible for the features displayed
by the CMB power spectrum, it is natural to wonder about the existence or not of a
counterpart to these features in the distribution of matter. To do so, and in the same
way that C; was introduced—to the difference that we are now working with a 3-
dimensional field—let us define the matter power spectrum P(k) via the variance of
the Fourier transform of the matter density contrast 6(Z). That is,

-

(CS(R)S(K) Y = (2m)3 P(k) 63(k — k') (1.10)

with

5@ = LB =00 o 7R e RS, (1.11)
Po
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po being the average matter density. The 5 and the ( ) symbols respectively denote
the Dirac delta function and a volume average. The choice of the absence of vector
notation in some places simply comes from isotropy arguments.

The power spectrum P(k) can be defined for a particular component of matter
(e.g. baryons) or a particular type of structure (e.g. galaxies), in which case the
corresponding subscript may be appended. Experimentally, we only have access to
light—as nicely pointed out by the epigraph of this chapter—, so making inferences
on the matter power spectrum is not a trivial task. A naive or simple assumption
would be that light traces matter—up to some constant factor—, but we know that
this cannot be true at all scales.® To correctly reconstruct the power spectrum of all the
matter from galaxy data, computer simulations may be used to estimate the bias [16].
A discussion of the bias issue and a couple other effects that also need to be taken
into account in reconstructing the matter power spectrum can be found in Ref. [17].
A more simple way to estimate P(k) is to measure the distance between pairs of
galaxies (and repeat that process for as many pairs of galaxies as observed) and plot
the corresponding distribution. We measure the degree of clustering by defining the
two-point correlation function £(r) as the excess probability, with respect to a random
distribution, to find a galaxy at distance r from another one [18]. It can be shown that
&(r) is related to P(k) through the following expression [11]:

1 sin(kr)
£(r) = —f dk kzP(k)T, (1.12)

om? r

where k is the wave number (the same as that involved earlier in Eq. (1.10)). Given
a model of inflation, it is possible to compute the power spectrum P(k) and perform
the above integral to compare it with the observed correlation function (an example
of which is shown in Fig. 1.4). It is also possible to compare P (k) to the observed
spectrum, in which case the inversion of Eq. (1.12) requires the knowledge of £(r) at
all scales. In practice, £(r) can be approximated by a power-law [16],

-
E(r) = (:) , with 79 ~ 6h™' Mpc and v ~ 1.8 (1.13)
0

which could then be used as the integrand in the inversion of Eq. (1.12). Given a galaxy,
the correlation length denoted by rq gives the typical distance at which another galaxy
is expected with probability one. We present in Fig. 1.4 the power spectrum P(k) and
correlation function &(r) recently measured by SDSS-IV with quasars. Beware of
the slightly different quantities on the y-axis (xr2 and xk, respectively), used for
enhancing the spectra as the variable on the z-axis increases.

8 An example of observational evidence against that assumption comes from the fact that
galaxy-galaxy and cluster-cluster correlation functions do not look the same.
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Figure 1.4: Correlation function (left) and matter power spectrum (right) mea-
sured by SDSS-IV (2017). The data in red diamond comes from the Northern
Galactic Cap (NGC), and that in blue squares from the Southern Galactic Cap
(SGC). The dashed curves correspond to the mock samples” mean distribution,
with which the level of agreement is given in the top left corners. Both figures
are taken from [19].

To understand what is looked for in £(r) or P(k), let us discuss a few more things.
Take a perturbation mode k outside of the horizon some time when the Universe
was still radiation dominated. As long as this mode is outside of the horizon, per-
turbation growth through gravity is possible, but if it re-enters the horizon when
the Universe is still radiation dominated, the growth freezes (existence of a radiation
pressure). This picture changes at matter-radiation equality, after which there are no
more restrictions on which perturbation mode may or may not grow. Still, recall that
photons and baryons are still tightly coupled and all they can do then is oscillate until
recombination. The former are then released away and only then may the baryon
perturbations finally grow.

In the absence of a large amount of non-baryonic matter, the structures observed
today would display fluctuations smaller than the 0.01 % level at recombination—
like those of the CMB—, far below the observed 0.1 %. Assuming the presence of
non-baryonic matter solves this issue, for this type of matter is insensitive to the pho-
ton radiation pressure after equality, providing the deep enough wells for structure
formation. Moreover, if there was no DM, the power spectrum should display a
harmonic series of bumps—the counterpart of the CMB acoustic peaks—and their
absence (see Fig. 1.4) is used to constrain the Qparyon/CQmatter ratio.

The horizon size at matter-radiation equality, Ahorizon(teq), can also be extracted
because it separates modes which were allowed to grow until then from those which
had frozen, and is therefore associated with a change of behaviour in the power spec-
trum around k& ~ (27)/Anorizon- The “turnover” point, as they call it, is clearly visible
in Fig. 1.4. Note that the peak is located a little further than expected because the
spectrum is multiplied by k. The damping at small scales (large k) is analogous to
that observed in the CMB spectrum. Note also the presence of a bump in the left
figure. The position of this bump gives us an idea of the typical extension of the
baryon perturbation shell at decoupling and is therefore used as an estimator of the
size of the sound horizon at that time (standard ruler), a quantity sensitive to some of
the cosmological parameters [20].
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Allin all, ACDM remarkably fits the large-scale structures (see also Fig. 1.5). More
details on what is hiding behind the Cold DM statement are presented in Sec. 1.3.4.
We also discuss the collisionlessness assumption in Sec. 1.3.5.

1.2 Astrophysical Evidence

1.2.1 Galaxy clusters

The first hint for the existence of DM on galaxy cluster scales is attributed to Swiss
astronomer F. Zwicky [7]. Assuming that the cluster is a N-body system that has
reached equilibrium—each body corresponds here to a galaxy—, the virial theorem
gives:

(Exin) = f% (Epot) » (1.14)

where i, is the kinetic energy of the system, E, its potential energy, and the bracket
notation denotes the time average of the corresponding quantities. For a system ruled
by gravity, Eq. (1.14) can be brought to the following form:

v2(r) _ GM (r)
2 2r

(1.15)

where v(r) corresponds to the velocity of a body—here, a galaxy—at distance r from
the baryo-center of the system, and M (r) denotes the mass contained in a sphere of
radius r centered at the baryo-center. Since the behaviour of v as a function of r is
in one-to-one correspondence with that of M, Zwicky estimated the velocities of the
galaxies in the Coma cluster by simply adding up the masses of its luminous content.
With about 800 galaxies (~ 800 x 10° stars) contained in the cluster, a velocity of
about 80km/s was expected for the outermost galaxies. The observed value being
of ~ 1000km/s, Zwicky invoked the presence of DM to remove the discrepancy. In
other words, huge quantities of invisible matter were needed to hold back the cluster.
Posterior works have since then confirmed this observation (to a slightly lesser extent,
though, since the presence of gas, accountable for ~ 10 times more mass than the
galaxies, was not known by Zwicky at the time).

1.2.2 Galactic rotation curves

We have seen in Sec. 1.2.1 how DM was blamed for the large galaxy velocities observed
by Zwicky. Well, guess what? Not long after, in 1939, the same kind of observation
was made at galaxy scales [21]. Just as galaxies were found with large velocities in
the Coma cluster, the observed galactic rotation curve of the Andromeda galaxy M31
did not fall off like expected at large radii (v(r) oc 7~9-%), as larger circular velocities
were observed. The development of the 21-cm astronomy in the 1950s with leftover
dishes from World War II allowed to extend measurements further away from the
center, confirming the flat nature of Andromeda’s rotation curve and that of many
other galaxies (see e.g. [22]).
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1.2.3 The Local Group timing argument

The Local Group contains around 50 galaxies among which we find the Milky Way
and Andromeda M31, 700 kpc away from each other. They are the most massive
and most luminous galaxies in the group,® and instead of receding away from each
other—as we would expect from the Hubble flow—they approach each other at a
velocity of about 120 km/s, meaning that the gravitational attraction is large enough
to overcome expansion. In 1959, F. Kahn and L. Woltjer estimated that a reduced
mass of at least 1.8 x 10'2M was needed to explain the current configuration of the
system, a value about 6 times larger than the observed reduced mass of M31 and the
Milky Way (gas+stars) [23].

1.2.4 Lensing

Lensing is one of the recently developed techniques aiming at measuring gravitational
potentials. The idea behind is that mass bends light trajectories, making background
events look distorted. Depending on the level of distortion, gravitational lensing can
be classified as:

« strong lensing: in that case, distortions are clearly visible (Einstein rings, mul-
tiple images and arcs);

« weak lensing: the distortions—which are small—of the background objects are
looked at statistically;

« or microlensing: distortions are not visible but the intensity of the light received
from an object in the background varies with time.

In the context of DM, the most popular system observed with the lensing technique is
certainly that of the Bullet cluster. The name actually refers to two merging clusters
observed in the late 1990s by Tucker et al. [24]. This event, which took place ~ 100 Myrs
ago, provides a unique probe of the existence of DM. During the merger, the galaxies
of the two clusters behave like collisionless particles and pass through each other,
unaffected, while the two gas components interact, collide and slow down. If there
was no DM, a measure of the gravitational potential should be directly correlated with
the distribution of the gas, which accounts for ~ 10 times more mass than the galaxies.
The results of the weak-lensing analysis performed in 2006 by Clowe et al. [25] show
that most of the gravitating mass is centered around the galaxies, meaning that two
massive dark halos must have passed through each other as well. That they happen
to be superimposed with the concentration of galaxies reflects the collisionlessness of
their interactions. A precise measurements of the offset between the potential wells
and galaxies may be used to constrain self-interacting DM (see Sec. 1.3).

1.2.5 The small-scale crisis

In Sec. 1.1.2, we have introduced the matter power spectrum P(k) as the relevant
observable to study the clumping of matter at different scales A\ ~ 27/k. As can be
seen from Fig. 1.5, the standard cosmological paradigm is in excellent agreement with

9For this reason, the effect of the other galaxies on the dynamics of M31 and the Milky Way
can be ignored in a first approximation.
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Figure 1.5: Density fluctuations as a function of scale. Compared to Fig. 1.4, this
one has the merit to extend to lower scales, where we clearly see that the ACDM
model (continuous blue line) tends to over-estimate the clumping. The different
categories of data used are indicated on the figure. By M. Tegmark (2004) [27].

the observed density fluctuations at large scales, but fails at galaxy and groups of
galaxy scales (< Mpc) where more structures are predicted.

Because the realm of structure formation involves non-linear physics, computer
simulations are an important tool for its exploration, if not the most important one.
Over the years, the small-scale crisis of ACDM has manifested itself in different astro-
physical systems as what seem to be anomalies. We discuss some of the main ones
herebelow.

« The “missing satellite” problem: N-body simulations of CDM halos and
groups of halos predict the existence of subhalos in abundance. Typically,
O(100 — 1000) subhalos are expected for a halo like the Milky Way, but only
O(10) are observed. For low-mass subhalos, invisibility could be explained by
a low star formation rate due to e.g. supernovae winds ejecting gas out of the
subhalo and inhibiting the collapses there. The faintness and the limited sky
coverage of these structures can also be invoked to explain the small observed
statistics. Even though the increase of experimental sensitivity could poten-
tially lead to an order of magnitude more detections in the future (see e.g. [26]),
there is however no apparent reason why high-mass subhalos do not shine.
This constitutes part of the “too big to fail” problem, which we discuss at the
next bullet.

« The “too big to fail” problem: dwarf spheroidal galaxies are known to be objects
with one of the highest mass-to-light ratios—black holes aside. Assuch, they are



1.2 Astrophysical evidence 19

expected to host the densest DM halos. Unfortunately, the velocities observed
from the Milky Way’s brightest dwarf spheroidal (2 — 25km/s) are inconsistent
with those predicted from CDM-only simulations, which are typically higher
than 30km/s. These predicted high-mass DM halos are thus not superimposed
with the densest possible objects that we know about. What has happened to
them is puzzling, even more puzzling since, in principle, they could not have
failed star formation and should be visible: their high densities would have
acted against feedback processes which tend to inhibit a collapse.'® In particular,
these high-mass subhalos have a high concentration of DM predicted at their
center. This generic feature of halos (and subhalos in general) constitutes the
“core-cusp” problem discussed next.

« The cusp vs core problem: knowing how DM is distributed is essential to any
DM-related analysis. The amount of DM inferred from cosmological probes,
QOpm = 0.2647, is a global measure of its density. With the formation of struc-
tures, local over- and under-densities have developed, and these are probed
experimentally by observing the kinematics of light-emitting objects such as
stars and galaxy satellites. The kinematics of the stars observed in dwarfs and
low surface brightness galaxies—these are objects with low backgrounds, even
in their innermost part—indicate that the concentration of matter is compatible
with cored density profiles. Simulation-wise, the DM density profile increases
towards the center, it is said to be cuspy (see Sec.1.2.6).

A comprehensive discussion of the small-scale crisis can be found in Ref. [28]. Be-
fore jumping to conclusions too quickly and blame ACDM for being wrong—which
would be sad given its success in many other respects—, we want to stress that our
lack of understanding regarding structure formation dynamics is likely the first to
blame, and simulations are merely a reflection of this. Recent efforts at incorporating
baryon and gas dynamics have led to progress in the field. Until recently, and if
implemented, the effect of the baryon dynamics on DM was—undoubtedly for the
sake of simplicity—reduced to an “adiabatic” correction, meaning that the gravita-
tional potential is assumed to slowly change with respect to the relevant dynamical
time scales. Yet, a galaxy is in general far from quiet, and the adiabatic assumption
may hence naturally break down because of the presence of dynamical frictions and
outflows. Part of the energy released by these feedback processes can be passed
on to DM."! With more energy, the DM distribution migrates to larger radii, solving
the core-cusp problem. A short accessible discussion on this topic can be found in [29].

No matter what, a deep understanding of baryon dynamics and their interplay
with the DM potential is required on the long term. The consensus is that baryons
could partly or completely solve some of the small-scale problems (but not all of them
simultaneously). However, the mere fact that simulations need a deep revision does
not mean that the assumptions behind the ACDM paradigm are not challengeable, and
questioning them as well is part of the scientific method. In particular, DM properties
such as its velocity at decoupling (see Sec. 1.3.4) or the existence of self-interactions

1OBy “feedback processes”, we refer to any process that provides energy against collapse.
Supernova winds and black hole radiation are two examples of feedback.

UUnder the assumption of collisionless DM, the transfer is exclusively done through gravi-
tational interactions.
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(see Sec. 1.3.5) may impact (positively or negatively) structure formation, and may
solve one or more of the problems linked to the smale-scale crisis.

1.2.6 Popular halo density profiles

In this section, we review some of the most popular DM density profiles. Observations
show clear evidence for a flattening of the rotation curves at large radii, corresponding
to a density distribution p(r) falling off as ~ 7—2. At small radii, there is no generic
behaviour observed as mentioned earlier but the tendency remains that of a cored
profile. On the other hand, simulations predict a cusp, like the first two profiles
exposed below (Egs. (1.16) and (1.17)). To ease the comparison, they are all plotted
as a function of r in Fig. 1.6 (the choice of the different parameters is given in the
caption). Note that these profiles share the spherical symmetry, and that we will not
consider possible deviations from that assumption (such as elliptical halos).

« Navarro-Frenk-White (NFW):

_2
() = i (14 1) (116)
« Einasto: 5
prinmse() = pu exp (=2 [(r/r) = 1) .17

« Isothermal: According to Eq. (1.15) and p(r) = dM (r)/(47r?dr), this density
distribution is suggested by flat rotation curves at large radii (p(r) oc 72).

Ps
) S . — 1.1
Piso(T) 1+ (7“/7“3)2 (1.18)
This profile, like the next one, enters in the category of cored profiles (see
Fig. 1.6).
o Burkert:

Ps
= 11
PBurkert(T") (L4 7/rs)(1 + (r/rs)?) (1.19)
The above profiles are normalised so as to recover the local density ps of DM at
the Sun position r. The value of this density is inferred from galactic dynamics, and
the value that we will use in the different analyses is po = 0.39Gev cm™* (typically
in combination with the NFW profile).

1.3 The particle physicist’s approach I: constraints on
particle dark matter

While it is true that objects like undetected planets, red and brown dwarfs may make
up some part of the local DM, they cannot be made responsible for all of the evidence
discussed in the previous section. In particular, cosmological data suggests that DM
is non-baryonic and that it was around at the time of decoupling, long before the
formation of any structure. In that respect, we believe it legitimate to think of DM
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Figure 1.6: A few popular density profiles p(r) for the galactic DM halo as a
function of r, the distance to the galactic center (GC). Our location, 8.33 kpc away
from the GC, is indicated by the vertical gray dashed line. The blue, red, black
and green lines respectively correspond to the NFW (ps = 0.184GeV em =3, g =
24.42kpc), Einasto (ps = 0.033GeV cm™ 3, rs = 28.44kpc, a = 0.17), isothermal
(ps = 1.387GeV cm ™3, rg = 4.38kpc) and Burkert (ps = 0.712GeV cm 3, rg =
12.67kpc) profiles.

as made of particles.? Again, this is one of the assumptions cherished by this thesis.
It is premature to tell whether these particles that make up the DM are elementary
or composite, but for sure they have mass. Particle DM, as we will call it now, is a
mystery in itself but it does not mean that we know absolutely nothing about it. Not
seeing particle DM also means that some of its properties are tightly constrained. Yes,
whether you are elaborating the most elegant or the most intricate theory, you will
have to bear in mind all of these constraints, like a checklist. We propose to review in
this section the requirements that lay on the shoulder of particle DM. Fairly quickly,
it will become evident why physics beyond the SM is mandatory.

1.3.1 Mass

All of the evidence exposed in the previous section leads to the qualitative statement
that particle DM is massive. But is any choice of mass fine? In other words, if you are
a theoretician, how much room do you have to play with this parameter?

Recall that the smallest observed structures of DM are halos. To avoid their
destruction—and a fortiori that of larger structures—because of the uncertainty prin-
ciple of Heisenberg, we want particle DM to behave classically on any scale larger
than the typical size of a halo. This requirement of “classicality” is implemented
differently depending on the spin considered. Given a mass mpy and typical velocity

12The possibility that extended objects account for (part of) the DM is not completely ruled
out though. In particular, there is still a mass range where primordial black holes could account
for a substantial fraction of the DM [30].
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v = 200km/s, we ask in the bosonic case for the de Broglie length,

h

- (1.20)
mpmv

Ade Broglie =

where h = 27 is the Planck constant in natural units, to be smaller than 1 kpc (a typical
dwarf galaxy size):
Ade Broglie < 11<pC~ (1.21)

This implies that
mpum = 107226V, (1.22)

In the case of fermionic DM, the Pauli blocking must be considered as well, and it
actually leads to a tighter constraint on mpy than that found at Eq. (1.22), called the
Tremaine-Gunn bound [31]:

We now turn to the upper limit. The idea behind is that, as DM moves around
and passes through galaxies or clusters of stars, a reheating of these structures can
take place. Over a long period of time, this reheating is expected to lead to their
disruption. The fact that we still find these structures to this day puts the following
upper bound on the DM mass [32]:

mpm S 103 Mg ~ 107%V. (1.24)

The reader will agree that our ballpark of viable DM masses is humongous, challeng-
ing the imagination of both theoreticians and experimentalists to acquire sensitivity
in the largest range of masses possible. A (non-exhaustive) compilation of candidates
that have seen the light of day (and the corresponding ranges of masses) is presented
in Fig. 1.7.

It should be noted that under the assumption of a thermal relic (see below) and
given the Qpy parameter measured by Pranck, the unitarity of the S-matrix sets the
following bound on the DM particle mass [33]:

mpm < O(100) TeV. (1.25)

1.3.2 Lifetime

Cosmological data tell us that particle DM was around in the early Universe, at least
around redshift z ~ 1000. We also know that it is present today by observing the
rotation curves of low-redshift galaxies, including ours. If the DM particle is not
perfectly stable (because of, e.g., the absence of an exact symmetry forbidding the
decay), a set of constraints apply. A first natural and conservative estimate of the
room left for decay consists in requiring a lifetime Ty greater than the age of the
Universe 7y;:

oM = T ~ 4 x 10" seconds. (1.26)

At first, this may seem like a tight bound, but experimental constraints from indirect
detection experiments can actually do better than Eq. (1.26). The limit may also
significantly vary depending on the decay channels available (but still above 7).
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Figure 1.7: Compilation of DM particle candidates together with the mass ranges
where they can be found, and their typical scattering cross sections with usual
matter. From [34] via [35].

In the projects presented in this thesis, when assuming the decay of DM, we will
specifically be interested in final states with monochromatic photons and neutrinos.®
As we explain in Sec. 1.5.3, these decay channels give the tightest bounds on Ty
because the corresponding fluxes d®/dE are very peaked around E = mppy/2,
allowing for more sensitivity to the signal. Almost all of the projects presented in
this thesis will involve the derivation of DM lifetime constraints (though in different
contexts). We prefer to introduce the relevant limits when necessary, but the value of
1027s can be kept in mind. On theoretical grounds, such a large lifetime presupposes
the existence of an exact symmetry (such as Z) or very weak interactions. The latter
can be motivated by new high-energy Physics, in analogy to the modelling of proton
decay in the context of grand unified theories (see Sec. 1.4.2).

Before moving on, let us emphasize that the discussion hereabove does not apply—
and may consequently be skipped—if you have a perfectly stable DM particle candi-
date. Also, if your candidate is completely segregated from the SM sector, it will not
produce any SM particle in the final state, and in this case only Eq. (1.26) applies.

1.3.3 Charge

In its broad acceptation, the “charge” of a particle refers to the strength of its inter-
actions with a gauge boson. Restricting ourselves to the SM gauge group, particle
DM could in principle interact via the electromagnetic, strong and electroweak forces.
The first two of these interactions are well constrained, leaving little room for sizable
charges.

13The “monochromatic” requirement will sometimes be loosened to that of “sharp features”.
YModulo e, ¢. reconstruction and electroweak correction effects.
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Massive electrically charged—and stable—particles, also referred to as CHArged
Massive Particles (CHAMPs), are predicted in some extensions of the SM. With a
charge of one—and depending on the sign of the charge—, they are able to bind with
electrons e~ or « particles to form states that look like heavy hydrogen or even with
protons p to form what are called neutral CHAMPs. They have been proposed as DM
candidates but dedicated studies have basically ruled them out [36].

Besides the CHAMPs, scenarios where particle DM “naturally” gets a tiny charge
also exist, and we review a couple of them in Chap. 2. The DM predicted in this type
of scenarios is typically referred to as mini- or millicharged DM. A compilation of
the constraints in the (¢, m) parameter space, where € = |¢|/e is the millicharge, is
given in Fig. 1.8. They come from studies related to the effects of millicharged DM on
the CMB, on the neutrino magnetic moment, the Sun, sub-eV cosmology, etc. More
details can be found in the references cited in the figure. For the left subfigure, the
existence of a dark photon is assumed, but not for the right subfigure. For the sake
of clarity and simplicity, we will actually use in Chap. 2 a model-independent bound
coming from CMB considerations [37]:

mpM ) 1/2
GeV
More recently, a competitive bound has been obtained by K. Kadota et al. from the

consideration of the magnetic fields of galaxy clusters [38]. It is displayed in Fig. 1.9
but we have decided not to use it due to the lack of publication in a Journal.

lql/e < 1.8 x 107 ( (1.27)

In principle, colored particles of DM could exist in nature but they are expected to
confine inside hadrons below a temperature of ~ 180 MeV. Constraints on the power
of their interactions with nuclei come from searches underground, in cosmic rays
(CRs) and from studies of the ability of colored DM to heat the Earth core. The typical
cross section of a strong interaction lies in the 1072° — 10~24cm? range, but these
values are already tightly constrained, leaving little hope for ever finding colored DM
[36].

In the visible sector,® we conclude that the weak interactions are the only possible
sizable interaction left for particle DM. From there, a famous DM candidate takes its
name, the Weakly Interacting Massive Particle, or Wimmp. As we will see (Sec. 1.5.1),
the cross sections of the weak interaction (typically ~ 10~44cm?) are currently being
probed by many experiments. Note that a departure from the assumption that DM is
exactly neutral will be taken in Chap. 2, where we study a class of interesting imprints
of millicharged DM in the ~y-ray flux.

1.3.4 Cold versus warm dark matter

In Sec. 1.1.2, we have introduced the matter power spectrum P(k) as the relevant
observable to study the clumping of matter at different scales A\ ~ 27 /k. The standard

15Beware that the € in Figs. 1.8 and 1.9 is different from the kinetic mixing parameter used
in Chap. 2. Besides, these limits are obtained assuming that the millicharged particle is non-
relativistic. If not, searches for fast ionising millicharged particles would become relevant.
16By this, we mean the SM sector.
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Figure 1.8: Compilation of constraints on millicharged particles in the millicharge
vs mass plane, assuming (left) a model with a massless hidden photon (right) a
model with no hidden photon. Figure taken from [39], where references to the
individual constraints may be found.
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Figure 1.9: Recent constraint on millicharged particles in the millicharge vs mass
plane, obtained from galaxy cluster magnetic field considerations. From [38].

cosmological paradigm nicely reproduces the observed spectrum at large scales, but
fails to do so at galactic scale (< 1 Mpc)—more structures predicted (see Fig. 1.5). To
“erase” some of the small-scale predicted imprints, stepping out of the ACDM may
be necessary.

The DM particle velocity is one of the most obvious parameter that we can play
with. Cold DM—as in ACDM—refers to DM particles that are non-relativistic when
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structures began to form, and that are therefore not able to smooth out small-scale
density perturbations. The relevant quantity to discuss this is the free-streaming
length Aps of a particle, defined as:

_ (o)
Aps = J;dec @ dt, (1.28)

where v(t) is the velocity of the particle, a(t) is the scale factor, and teq corresponds
to the time when structures begin to grow, that is to say the time of matter-radiation
equality. In other words, Ars is the distance that a particle can travel once it decouples
from the plasma, and until structure formation begins. If A\ps < O(1 Mpc), particle
DM is referred to as Cold. In this scenario, structure formation proceeds in a bottom-up
fashion, with galaxies forming first, then clusters, and so on. If Ags > O(1 Mpc), we
speak of Hot DM. In that case, free-streaming has the consequence that structures take
more time to grow. Moreover, they do so in what is called the top-down fashion, with
large scale structures forming first, and then smaller sized objects forming from the
fragmentation of the larger objects. In particular, the voids and the filamentary struc-
ture of the cosmic web are more pronounced in comparison to the predictions from
CDM [40]. At the observational level though, HDM cannot satisfactorily reproduce
structure formation data,'” by contrast with CDM [41]. To address the small-scale
crisis (or at least some facets of it like the missing satellite problem), DM particles can
be taken mildly relativistic (Ags ~ O(1 Mpc)) in which case they are labelled as Warm
[42].

That hot particles cannot make up all of the DM does not prevent for Mixed
DM scenarios (MDM), where only a sub-component of the DM particles is made hot.
Within the SM, the best candidates for HDM are neutrinos. They decouple from the
thermal bath at a temperature of about 1 MeV, well before recombination, and while
relativistic since m,, « 1MeV. Their relic density (), can be evaluated through the
following expression [11]

o _ 2w
Q. h* = ST (1.29)
where the sum runs over the different neutrino mass eigenstates. This sum can be
constrained by cosmological probes to >}, m,, < 0.17eV (95 % CL) [43],'® meaning
that neutrinos could indeed make up some of the DM, but would at most contribute
at the percent level.

1.3.5 Collisionless dark matter

Besides including baryons or make DM warm, questioning the collisionless nature of
particle DM constitutes another source of investigation to (possibly) reconcile simula-
tions with observational data. With the famous example of the Bullet Cluster exposed

7For instance, galaxies only appear starting from redshift z ~ 1 — 2 in the HDM scenario,
while they are observed as early as redshift z ~ 3.

18 As we will see in Chapter 4, neutrino oscillation experiments are only sensitive to the

22

difference of mass squared A;; = m; — m;

mass, to which cosmology is sensitive.

with j = 1,2, 3 and not the absolute scale of their
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previously, the reader has already gotten the feeling that DM self-interactions, if any,
were constrained. Indeed, the fact that the gravitational potential wells inferred
through weak lensing coincide with the location of the galaxies—which are collision-
less since they have clearly passed through each other—not only suggests the presence
of DM, but its collisionless nature as well. If DM was self-interacting, the locations of
these wells would have an offset with respect to those of the galaxies. In other words,
the DM halos—and hence the wells—would not make it as far. This can be translated
into a limit on o /mpyy, the self-interaction cross section normalized to the DM particle
mass, of which we quote the latest result that we know about [44]:

o/mpy < lem?. (1.30)

However, within a radius of about the mean free path of the DM particle, N-body
simulations show that the effect of self-interactions on halos and clusters is to make
them more spherical and less dense at the center (keeping the behaviour of CDM
beyond that radius). More quantitatively, self-interactions with o/mpy 2 0.5cm?g ™!
could solve the core-cusp and too-big-to-fail problems. In parallel, measurements
of the ellipticity and central density of some clusters give the following bound:
o/mpm < lem?g~!, leaving 0.5cm?g~! — 1em?g~! as the range of o/mpy in concor-
dance with astrophysical constraints while solving the core-cusp and too-big-to-fail
problems. It should also be noted that o could be velocity-dependent, in which case
some of the above constraints could be relaxed or reconciled since the typical DM
particle velocity changes across different astrophysical systems (see e.g. [45]). A sum-

mary of the constraints existing on o/mpy can be found in Tab.1 of Ref. [28].

Another attempt at resolving the small-scale crisis has to do with the usually
assumed adiabatic nature of DM gravitational interactions with baryons, as already
discussed in Sec. 1.2.5.

1.3.6 Dark matter abundance

In Sec. 1.1, we have introduced the density parameter Qpy—also called relic density
or relic abundance—as the relevant observable to track the global amount of DM in
our Universe. To reproduce this number, several DM production mechanisms exist
on the market, but the most popular of them is certainly the production of Wimps as
thermal relics from the Big Bang.

The history of a thermal relic is simple to grasp. The particles present in the early
Universe start in thermodynamic equilibrium with the rest of the plasma because
of high interaction rates back then. By “high”, we mean in comparison with the
expansion rate H, since the expansion tends to send particles away from each other,
thereby diminishing the probability of encounters and the realisation of equilibrium.
In other words, as long as a given species satisfies the criterion that I » H, itis able to
keep up with the thermal bath and is said to be in equilibrium. During that time, the
number density is given by the equilibrium distribution which, under the assumption
that the DM is non-relativistic, takes the following form:

neq(T) = g ( “o e , (1.31)
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where T'is the temperature of the photons and g gives the degeneracy factor of particle
DM. As time goes by, m/T increases and
the abundance of DM is therefore “Boltz-
mann suppressed”. This behaviour is
clearly observed in Fig. 1.10. When I' ~
H, the species decouples and its density
as a function of time evolves indepen-
dently of what happens in the thermal
bath. If the particles are non-relativistic
at the time of decoupling, their (comov-
ing) number density freezes out instead of
dropping to zero (as would have been the
case if they were still in thermal equi-
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species). This task is generally non-
trivial, as it may require the use of nu-

merical tools (especially around the time
of freeze out). Under some mild assump-
tions, it is possible to show that the abun-

Figure 1.10: Tllustration of the evolution of the
DM abundance (oc Y) as a function of time
(oc m/T) in the freeze-out scenario. The mass

of the DM particle is denoted by m, and T is

dance of a generic Wimp, non relativis-
the temperature of the photons. From [46].

tic at the time of decoupling, is directly
correlated to its inverse velocity-averaged
annihilation cross section {(oannv) [11]:

3 x 10727cm3s 1

Qpmh? ~
oM <Uann'0>

(1.32)

The success of the Wimp paradigm relies on the easiness to reproduce the correct
relic abundance with an electroweak mass scale and typical weak couplings. With
a little bit of dimensional and/or basic tree-level Feynman diagram analysis, it is
possible to guesstimate an electroweak {oannv) :

_ _ 100GeV
(Tamn¥) ~ 3 x 10720em3s ™1 x < e > X (7' 190_2),

(1.33)

which has led to using the terminology “Wmp miracle” in the literature. Besides
the Wimp miracle, what is also natural about the thermal relic scenario is that it does
not require large couplings between the DM and SM particles to induce the initial
thermalisation of the two sectors.

Other scenarios besides the popular freeze out are proposed in the literature, of
which we quote the freeze-in scenario which consists in the production of DM in the
early Universe through decays or annihilations of other species [47]. In contrast to the
freeze-out mechanism, the production of DM is here an out-of-equilibrium process,
and the number density of DM increases with time until it reaches the desired relic
abundance.
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1.3.7 Big Bang Nucleosynthesis

Big Bang Nucleosynthesis refers to the production of light elements when the Uni-
verse was but a few seconds to a few minutes old. In contrast to stars, where the
light elements can fuse into carbon C and up to iron Fe, the early Universe could
only provide the conditions for the synthesis of light elements, such as helium “He,
deuterium D, tritium 3H, and—to a lesser extent—lithium “Li. The measurement of
the primordial abundances of these elements!® is made possible by observing regions
in the sky depleted from “recent activity”, that is to say low-metallicity environments,
or by studying the behaviour of their abundance at different metallicities and then
extrapolate to zero metallicity [48].

The primordial abundances are very sensitive to the baryon-to-photon ratio 7
before BBN starts.? This ratio is itself fixed by the freeze-out of neutron-to-proton
conversion processes, which happened—the freeze out—when the temperature was
about ~ 1 MeV. Assuming that DM particles have a thermal history as well, and
that they freeze out long before 7 does, BBN shall not be affected. On the other
hand, if DM particles are around during the freeze-out of 7, they may inject extra
particles in the thermal bath (e.g. via annihilation processes). By decaying, these extra
particles would produce stable particles (electrons, photons, ... ), possibly changing
the outcome of y when all this chain of processes is taken into account in the Boltzmann
equations. Since 7 is experimentally bounded, as already said, DM properties such as
the annihilation or scattering cross-sections—which are model-dependent—may be
constrained as well.

1.4 The particle physicist’s approach II: Physics Beyond
the Standard Model

The previous section has been dedicated to properties of particle DM and how (well)
they could be constrained. As a quick epitome, let us recall that particle DM cannot
be baryonic, that it is massive—but the possible range of masses is huge—, that it is
stable or quasi-stable, that it likely does not carry color, is at most millicharged, cold,
likely collisionless, and that it cannot mess up with BBN. Under the SM gauge group,
it has weak interactions at the most. To the question of whether any SM particle could
play the réle of DM, we have answered that only neutrinos could, but only to the %
level since they are hot. Consequently, we are in front of beyond-SM physics. We
quickly review in this section the key concepts around the SM and how it may be
extended in some circumstances using the effective field theory approach.

1.4.1 Standard Model and Beyond 101

The Standard Model of Particle Physics provides a unified description of the strong,
weak and electromagnetic interactions through the concept of gauge symmetry. As

Yprimordial” is here used by opposition to a later production, e.g. during star burning.
20They used to give the most precise measurements of (3, when cosmological data was not
available yet.
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any field theory, it revolves around the study of a Lagrangian density with a specific set
of symmetries.?! In this instance, these symmetries consist in the (non-local) Lorentz
symmetry and the SU(3). x SU(2)r x U(1)y gauge (=local) group.?? Particles are
then classified according to the group representations under which they transform.

« Fermions live in the spinorial representation of the Lorentz group, “repre-
sented” by the following matrices:

M = ezxp%i‘*’“’”f"w7 (1.34)

where o#¥ are the generators of the group and the w,, are real parameters
which select a specific element in that group. The fundamental representation
of these generators is reducible (= block-diagonalizable), giving in the chiral
basis:

; HsV _ sl
aW:Z(”" oo 0 ) (1.35)

4 0 oto? — Yot

where o = (1,0, 02,03),7"* = (1, —0!, —0?, —0?) and where {0?} denote the
Pauli matrices. Because of the structure of Eq. (1.35), the two handednesses (Left
vs Right) of a fermion can be treated separately—they correspond to different
physical states. Moreover, the SM is chiral since only left-handed particles
transform under SU(2)r. A summary of the fermionic content of the SM is
found in Tab. 1.1. The, II, and III columns correspond to the three generations
of leptons experimentally identified.

« Vector bosons transform under the vector representation of the Lorentz group
and carry an index 4. In the SM, you only find gauged vector bosons, meaning
that they also live in the adjoint representation of SU(3). x SU(2)r, x U(1)y.

« Last, the SM incorporates a scalar H, also known as the Brout-Englert-Higgs
boson. By “scalar”, we mean that it does not transform under the Lorentz group
whatsoever. Itnonetheless carries non-trivial quantum number under SU (2), x
U(1)y, and is responsible for giving their mass to the particles (including itself)
through the electroweak symmetry breaking:

SU(3)e x SU(2)L x U(l)y — SU(3). x U(1)q, (1.36)

where ) denotes electric charge. A summary of the bosonic content of the SM
is presented in Tab. 1.2.

All of the “regular” SM physics of the particle content just exposed is encoded in
the following Lagrangian density:

1 v,a 1 v, 1 v
LSM = — EGHV’(J/G# = ZWNVJ;WH I ZBHVBH

1
+ (D, H)(D*H) +m?% H'H — 5A(HTH)2 (1.37)

+ il Dl + ielDe + iqIDq + iulPu + idIPd
+ (aeleH + auauﬁ + aqqdH +h.c.),

21 This is where Group Theory comes in handy.
22¢is for “color”, L is for “left-handed” and Y is for “hypercharge”.
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where H = ioo(HNT, D,, denotes the covariant derivative—it ensures the local as-
pect of the symmetry—, and where m%[, A, e, @y, and a, parametrize the strength

SU@B). | SUQ)L | Uy I ii 01
1 1 -2 €R MR TR
3 1 1/3 uR,i CR,i tR,i
3 1 -2/3 dR,i SR,i bR,i
v ), ) )
€ /L K /L T /L

3 2 1/3 p ¢ ( ; )
L. S J L L.

Table 1.1: Fermion content of the SM and charges. The i index carried by doublets
and singlets of quarks refers to the triplet representation of SU (3)c.

SUB)e | SU(2);, | U(1)y || Boson
1 1 0 B,
1 3 0 W,
8 1 0 Gua
1 2 -1 H

Table 1.2: Boson content of the SM and charges. Thei = 1,2,3anda =1,2,...,8
indices respectively refer to the triplet and octuplet (adjoint) representations of

SU(2)r, and SU(3)e.

of the corresponding terms.
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The success of the SM has been established thanks to about four decades of
experimental data. It nevertheless features a number of conceptual dissatisfactions of
which we take a quick tour. The SM:

does not explain its particle content (for instance, why there are bosons and

why there are fermions);

displays 19 independent parameters, all obtained from experimental data. If it
truly were a fundamental theory, we could likely expect less of them;

does not incorporate the laws of gravitation;

does not incorporate neutrino masses (see Sec. 4.4.1), nor explain the matter-
antimatter asymmetry, dark energy, and inflation;

and does not propose any viable DM particle candidate (see Sec. 1.3).

We will not attempt at building any new theory fixing one or several of these issues—
let alone a Theory Of Everything—and to avoid the discussion of a series of techni-
calities linked to the study of a DM model in particular, we will mostly rely on the
effective approach.
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1.4.2 Effective Field Theory

Generalities The usefulness of the effective approach is tight to its model-indepen-
dent and systematic qualities. The idea and main concern behind Effective Field The-
ories (EFTs) is that you do not need to know a theory to its full extent to be able to make
inferences in some regions of the parameter space, typically when some parameter
is taken “much less than”. Popular examples of EFTs include Classical Mechanics,
which is nothing more than the v « ¢ limit of Special Relativity, which is itself the
Guv — My limit of General Relativity. Another famous example in Particle Physics is
given by the Fermi theory, which describes the electroweak interactions at energies £/
well below myy, the W-boson mass [49].

The effective approach is useful when a theory displays lots of parameters of
which few end up being relevant since, in this way, a great deal of calculations can be
skipped. In our case, we will always consider that we work in the low-energy limit of
some UV theory, of which the relevant scale is denoted by A. The scale of this theory
could be somewhere around the GUT scale, Acur ~ 1016 GeV, as suggested by the
running of the SM coupling constants. There are two main conditions that need to be
satisfied in order to use the effective lagrangian:

« Atagiven dimension, a finite number of parameters ( < operators) describe the
interactions. This condition is trivially satisfied if there exists a finite number
of fields at low energy;

o The coefficient in front of each effective interaction term of dimension k + 4 is
suppressed by A*. This second condition offers the opportunity to work within
the framework of perturbation theory. This is for instance possible when there
is a clear separation of scales between the UV and low-energy physics.

That you can avoid to study an infinite series of effective operators comes down to the
precision you want to achieve. By including terms up to ke, with k. € N, the level of
precision that you reach on an amplitude is approximately given by

E\ ke
(A> . (1.38)

In other words, to reach a given level of precision ¢, you need to include effective
operators up to dimension

In(1/€)

ke ~ ——2 1.39

In(A/E) (1.39)
The higher the A, the sooner you may stop in the effective expansion, but as E — A,
more and more terms must remain in order to keep the same level of accuracy, and
at the limit I = A, it is the whole expansion which must be taken into account. At
that point, the UV description is clearly the simplest one to use (renormalizable and
experimentally accessible). With the range of DM masses probed in Part II, we never
fall into this situation though.

On the formal level, an effective interaction is the result of the “integration out”
of the massive particles with a mass m much greater than the energy I at which the
relevant processes happen. Indeed, if m » E, those particles cannot be the external
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legs of any Feynman diagram and you only find them in propagators (internal legs). At
the level of the Green functions, that are the central quantities in QFT, this comes down
to literally performing the integration of these fields in the path integral representation
of the generating functional Z[J]:

Z[J] _ fD¢ epo(S+Sd4CL'J¢+LE())7 (140)

where the ie term is not made explicit but is there to guarantee the appropriate
boundary conditions for the Feynman propagator, and where { D¢ denotes the integral
over the field space. The action is denoted by S and the sources .J allow to conveniently
derive the Green functions. On a “Feynman diagram” basis, you can also understand
why a dimension 6 interaction is suppressed by two powers of A. For instance, the
scalar propagator (= 2-point Green function)

1 : 1
A = d*p exp™ (*1772) 141
(z1,2) (%)4] petp P2+ m? — iew(p)’ (14D)
becomes, in the limit m? » p?,
5
A(wy, w2) = 7(33;’2“), (1.42)

that is to say a contact interaction suppressed by m?, where m is the “large” scale.

The explicit construction of the effective lagrangian at the electroweak scale has
already been performed by Buchmiiller and Wyler in Ref. [50], but they have only
taken the SM content into account. Since we are interested in DM particles too, we
will rely on our own effective lagrangian L4 when we need one, with

Os O O O;
EQH:@4+3+J+J+...:Z +4 (1.43)

'3 )
2eN

and where O, 4 contains all our relevant effective operators of dimension i + 4. Note
the possible presence of new O, terms, which could lead to observable new physics.
They can be removed by invoking tiny coupling constants (this would lack of natural,
though) or extra symmetries. Note that L.¢ must be Lorentz and gauge invariant. An
extensive review of EFT is found in Ref. [51].

In practice... We have already invoked that the works to be exposed in Chapters
2 and 3 involve the study of the DM phenomenology based on a given EFT. More
specifically, in those two chapters, we will be interested in the production of gamma-
ray (and neutrino) lines from the decay of DM particles. We take a little time here
to specify that the two respective lists of effective operators considered there are the
mere result of the following set of requirements:

« Each effective operator must involve the DM field;

« Since we are interested in the emission of mono-energetic photons—and neutrinos—

(see Sec. 1.5.3 for a motivation), each operator must at least involve two-body
decays involving a photon—and a neutrino—in the final state;
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 Because gauge invariance must be preserved by the EFT, the emission of a
photon must necessarily come through the U(1)en tensor field or through a
covariant derivative;

« Lorentz invariance must be preserved.
Besides,

« to avoid redundant phenomenologies, we do not consider those operators that
are related by a total derivative term to other operators in the lists;

« we make use of the equations of motion to get rid of some operators. It may
indeed happen that these equations show from the start that the emission of
mono-energetic particles is not possible.

We will see in Chapters 2 and 3 that these requirements make the EFT of DM decay
much easier to handle.

1.5 Finding dark matter: from evidence to practice

So far, we have discussed the gravitational pieces of evidence for the existence of a
large amount of invisible matter in our Universe (Secs. 1.1 and 1.2). In Sec. 1.3, we have
taken the time to expose most of the properties that a particle may or may not have in
order to be a good DM candidate. The particulate nature of this new form of matter
is still unknown but the hunt is fiercer than ever, as demonstrated by the plethora
of experiments and analyses in the literature dedicated to DM. Three main detection
strategies have been elaborated. They have their own specificities, but should be used
in complementarity with each other.? Before we start discussing them, we stress the
fact that indirect detection is at the heart of all the works presented in the thesis. This
is why, in comparison with Secs. 1.5.1 and 1.5.2, more effort and time are devoted to
Sec. 1.5.3.

1.5.1 Direct Detection

Generalities The aim of direct-detection experiments is to look for the recoils
produced by the scattering of DM particles off a detector’s target nuclei. These ex-
periments are conducted on Earth, preferably deep underground to be shielded from
cosmic radiation,?* and are sensitive to the deposition of energy following a recoil.
This energy may arise because of heat production (phonons), ionisation (electrons),
and scintillation (photons) within the material. To reduce background events, exper-
iments often exploit two of these signals. In principle, the three of them could also
be recorded, but to this day no experimental setup has ever done this. Depending
on the signal(s) of interest, different classes of target materials are used. For instance,
germanium or low-pressure gases are suited for ionisation, crystals and noble-gas

2For instance, out of the three techniques, indirect detection is the one that depends the
most on astrophysical processes, which are sometime not thoroughly understood.

24The radioactivity of the rock and of the detector material itself also naturally contaminate
the data. These backgrounds can partly be reduced with the definition of a fiducial volume
inside of the detector.
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Figure 1.11: Diagram of the different signals probed in direction detection ex-
periments, as well as the corresponding technology used. Those technologies
placed in a corner of the triangle detect one of the three signals induced by the
recoil (written in the corresponding dotted rectangle), while those in between
exploit two of those signals. From [52].

liquids for scintillation, and super-cooled crystals for phonons. This is presented
in a triangular fashion in Fig. 1.11. At the center of the triangle would lay a hypo-
thetical future detector exploiting all three signals (phonons, photons and electrons).
Experiments looking at one type of signal only are located at the corresponding cor-
ner, while those looking for two of them lay in between the corresponding two corners.

Besides instrumental effects and the detector’s response, the rate of DM-induced
events in the detector depends on three main ingredients:

« po, the local density of DM (see Sec. 1.2);
o fo(?), the local velocity distribution of DM;?

« and a differential cross section which encodes the particle and nuclear physics
of the scattering process.

In its differential form with respect to the recoil energy Er, the rate of events as a
function of time is given by the following expression,

dR(ER,t) 6 foo don(ER,v) N
Ny v U,t) d’v, 1.44
dER Z mpM June  AER fo(®:1) (149

where Ny, don/dER, and vmin respectively denote the number of nuclei N per unit
mass of the detector, the differential scattering cross section on a nucleus N, and the

ZThe local velocity distribution fg () can be re-expressed as fgq1 (V' + Ug(t) + o), where
[gal is the galactic velocity distribution, and where tig and @ respectively denote the velocity
of the Earth around the Sun, and that of the Sun around the Galactic Center. Note that
fgal(v' > vese = 53373 km s™!) = 0 [53].



36 CHAPTER 1. THE DARK MATTER CONUNDRUM

minimum velocity needed to observe a recoil. In addition, vmin can be expressed as a
function of the threshold energy Ei, :

E
Vmin = 4 | N e (1.45)
2u5y

where my and py respectively denote the mass of a nucleus N and the reduced mass
of the DM-nucleus system. Conversely, we have

2 2,2
Ep= -4 L HENU (1.46)
2my my
where ¢ denotes the momentum transferred to the nucleus, and v the velocity of
the incoming DM particle. The summation over N in Eq. (1.44) is relevant when a
detector uses more than one type of target material. Below the escape velocity vesc,
the distribution f(¥) is often assumed to follow a Maxwell-Boltzmann distribution,2
and beyond, f(¥) is simply set to zero. As for the cross section oy, it may generally
be split into two pieces:

dO’N o myn
dER — 2u3%; v2

(0.0 F&4(ER) + 0% Fép(ER)) (1.47)

where 0% ; and 0}, are, respectively, the spin-independent (SI) and spin-dependent (SD)
cross-sections at zero momentum transfer. The F' functions are form-factor correc-
tions. They take into account the fact that, as the momentum transfer increases, the
scattering amplitude of the individual nucleons do not add up in phase anymore. In
other words, the form factors F' encode the incoherent response of the nucleus.

The expression for the cross-sections can further be simplified if they do not
depend on velocity. The first of them is then given by:

2
Ao =op (2 (a=2) P, (1.48)
p

whereas the second encodes the part which depends on the total spin Jy carried by
the nucleus,

Jy +1

32 .
o0 = —#k - Gh [ap - (S7) + an (ST (1.49)

In the above expressions, P denote the contribution of protons and neutrons to
the DM coupling, p,, the reduced proton-DM mass, A the atomic mass number and
Z the number of protons in the nucleus. As for the a, , and G coefficients, they
respectively denote the proton (neutron) couplings and the Fermi coupling constant.
{SP™) denote the expectation value of the spin of the protons and neutrons. Assuming
isospin conservation, i.e. f, ~ fy, the SIcross section grows as the square of the atomic
number Ay . Besides this, Eq. (1.49) tells us that target materials with an even number

26Deviations from this assumption are motivated by simulations, and their impact on direct
detection are addressed in the literature, see e.g. Refs. [54, 55, 56].
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Figure 1.12: Upper limits at the 90 % CL on the spin-independent DM-nucleon
scattering cross section as a function of the DM particle mass. The very recent
results from XenoN1T are presented in black, together with their 1 and 2-o sensi-
tivity bands (green and yellow, respectively). For comparison, recent limits from
competitors are also presented. Results from Panpa-X II (2016) [57], Xenon100
(2016) [58] and Lux (2017) [59] are respectively shown in brown, gray and red.
Figure (slightly adapted) from [60].

of nucleons cannot probe SD cross sections. The SD cross-sections are typically
smaller than the SI ones by a factor of A%;, which is why the corresponding limits
on the former are a lot looser than those on the latter. Depending on the theoretical
model, the predicted DM-nucleus interaction—and hence the cross section—may be
classified as SD, SI, or both.

Experimental results As already mentioned, different experiments typically use
different target materials. To make the comparison of their respective results easier
and as fair as possible, the cross sections are reported for a single nucleon, proton
or neutron. We present them for the spin-independent case in Fig. 1.12, and for the
spin-dependent case in Fig. 1.13. The presence of a DM-induced signal is either tested
by looking for distinctive features in the energy spectrum, for the annual modulation
of the event rate as the Earth orbits around the Sun or for a directional dependence
of the signal—for those detectors who have the technology necessary to reconstruct
the recoil track. Modulation is induced by the change in the relative velocity of the
detector with respect to the DM halo, and the corresponding maximal event rates
are expected on June 2"¢ of each year. As you can see from Fig. 1.14, the residual
rates measured by Dama/Nal and Dama/Lira (the successor of Dama/Nal) seem
to be in concordance with that date for over 14 cycles, bringing the significance of
this modulation detection to 9.3¢ [61]. Quite strangely, no other experiment has con-
firmed these results?” and, for the most recent ones, even exclude the parameter space

%’ There have been weaker hints by Cowms-II but they have disappeared with the next gen-
eration of the experiment, SuPERCDMS [62]. The CoGENT Collaboration also reports a mild
evidence (2.20) for an annual modulation [63].
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Figure 1.13: Cocktail of signal hints and upper limits on the spin-dependent DM-
proton scattering cross section from various experiments. The contour regions
favoured by Dama are visible in the upper left corners. In the left (right) subfigure,
a pure proton (neutron) coupling is assumed. More details on each of the limits
can be found in the reference [389] cited in [52], from where this figure was taken.

favoured by Dama (see Fig. 1.13). Other projects using a similar technology as that of
Dama are currently being pursued to independently check this result, notably at the
South Pole under what is called the Dm-Ice project. If the Dama modulation happens
to come from a seasonal variation effect, the opposite modulation should be seen
in the Southern hemisphere. The Dwm-Ice Collaboration has released its first search
for an annual modulation, and found that the data was consistent with no modula-
tion, providing constraints in the DM mass versus cross section parameter space [64].
The Dama contour regions are not excluded yet by Dm-Icg, but projected sensitivities
show that they will be tested with the next planned detector (see Fig. 5 in [64]). Last,
“directional” studies come down to finding a forward-backward asymmetry in the
recoils, which are preferably expected from the Cygnus Constellation if induced by
DM particles. An in-depth discussion of all the aspects related to the direct detection
of particle DM is presented in Ref. [52].

Before moving on to Luc searches, we note that the scattering of DM particles off
the target’s electrons is also a possibility worth being studied. The difference with
a DM-nucleus scattering resides in the range of recoil energies probed. According
to Eq. (1.46), the recoil energy decreases as the DM particle mass decreases. Since
the threshold of the detector is non-zero (typically at the keV scale), there exists a
mass under which it—the detector—is no more sensitive to the nuclear recoils. The
exact value of this mass varies with different target materials, but we can give the
rough estimate that this happens below mpy ~ 1 GeV.2 The situation is different
for electronic recoils where all of the kinetic energy can be available for the electron,
with the consequence that a lower range of DM masses is made accessible. The
main types of material used to detect electronic recoils consist of semi-conductors
and scintillators. A premiere discussion of the subject can be found in Ref. [65].

2 This effect is also behind the rise of the limits around 10 GeV (see Figs. 1.12 and 1.13).
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Figure 1.14: Residual rates measured by Dama /Lisra and Dama /Nal. The contin-
uous curve corresponds to the expectation from DM-induced recoils, and shows
an oscillatory behaviour because of our motion around the Sun. The dashed
(dotted) vertical lines correspond to the time of the year when we expect the
DM-induced signal at its maximum (minimum). A periodicity of 1 year is visible
and holds for over 10 cycles. From [61].

1.5.2 LHC Searches

Generalities The production of DM in particle accelerators is an alternative® to
the detection of those DM particles which have accumulated locally and cosmologi-
cally, and whose presence is tested through direct (Sec. 1.5.1), indirect (Sec. 1.5.3), and
gravitational (Sec. 1.2) detection techniques. We have seen that particle DM was at
most weakly interacting under the SM gauge group but could, more generally, interact
with the SM via new BSM interactions. DM particles may therefore be produced in
pairs in the collisions of SM particles, like those taking place at the Luc. From there,
two strategies may be adopted.

The first consists in the detection of missing energy. Indeed, if DM particles leave
the detector, they behave like neutrinos by not depositing energy. At the LHC, where
the longitudinal momentum of the incoming partons is not known, the escape of DM
out of the detector—remember that DM is constrained to be long-lived—is signalled
through missing transverse energy Er. It is interesting to search for DM by collecting
samples of mono-X events, where X represents a jet, a photon, a lepton, the SM scalar
boson, etc., because momentum is obviously missing under this criterion [66].

Alternatively, if the DM particles are not produced within final states but as inter-
nal legs of Feynman diagrams, one could look for deviations from the SM prediction
of the distribution of certain variables. Significant excesses or dips would indicate
the presence of new physics processes taking place in the collision, possibly involving
DM. % For instance, the hint of a di-photon excess at 750 GeV [67, 68] has generated a

29Beware that if the discovery of a DM particle were to happen at colliders, we would still
need to check by other means whether or not it is the cosmological DM. In particular, the
complementarity with the two other detection techniques shall be exploited.

30To do this, a dedicated statistical analysis is needed in order to confront the experimental
data to the DM model and judge if the latter gives a satisfactory fit.
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lot of excitement among the community, and DM interpretations of the excess have
proliferated around it. Another example, relevant for low mass DM candidates (< 60
GeV) consists in the study of the invisible decay width of the SM scalar boson [69].

1.5.3 Indirect Detection

Generalities The idea behind indirect detection is not to detect the DM particles
themselves, or their interaction within a detector, but rather to detect anomalies in
the cosmic ray fluxes that would be attributable to their decays or annihilations. For
instance, if the DM particle is a thermal relic, you would naturally expect some of
the annihilation processes that took place at freeze-out to continue happening later
on. Obviously, just after freeze-out, we know that DM cannnot keep up annihilating
because the expansion of the Universe “wins”. But as structures form, these annihila-
tions may happen again—because encounters are made possible again—, potentially
giving rise today to large fluxes of particles from places where the DM density is high.
This is because the event rate depends on the square of the density, as two particles
are needed to annihilate. In the case of decaying DM and direct detection, structures
also increase the event rate in the detector, but less efficiently since it is “only” pro-
portional to the density. Places like the Galactic Center, the core of the Sun, that of the
Earth, and Dwarf spheroidal galaxies are interesting targets for indirect detection, as
they likely hide a lot of DM in them. By applying indirect detection techniques to a
target like the Sun or the Earth, it is also possible to probe the (mpwm, on) parameter
space, more commonly probed by direct detection experiments—poetic, isn't it?. The
explanation comes from the fact that, under some assumptions about the target, the
annihilation rate (which is a function of the annihilation cross-section onn) may be
related to the capture rate (which is a function of the scattering cross-section o).

In the following two chapters, we will study the decay of particle DM within
the effective approach. In particular, we will be interested in stable products like
photons, neutrinos, anti-protons and positrons. In order to make reliable predictions
of what the DM-induced fluxes of these particles look like at Earth, it is important to
understand how they propagate away from their production site. The treatment is
different depending on whether the particle is charged or whether it is neutral.

Charged particles Charged particles feel the presence of galactic magnetic fields
whose influence needs to be taken into account. The corresponding effects are en-
coded in the CR transport equation [70]. We do not believe it necessary here to
show it in its full extent—the general expression is a bit lengthy—, but let us say
that it consists in a differential equation that describes the evolution of the density
f(Z, E,t) of a given CR species in terms of particle injections (= source terms), diffu-
sions, convections, diffusive re-accelerations, energy losses, energy gains, and losses
by fragmentations and decays. The source term takes into account the injection of
primaries in the interstellar medium (by, e.g., a supernova explosion or DM decay),
spallation processes and contributions from the decay of other species. Diffusion and
convection are respectively caused by the scattering of CRs on the irregularities of the
magnetic fields and by the presence of galactic winds of particles generated from the
stellar activity within the Galaxy. Diffusive reacceleration processes are described by
a diffusion in momentum space caused by the scattering of CRs on moving magnetic
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turbulences. The importance of one term on the other depends on the CR species
under consideration.

Under the steady-state assumption, and modelling the galaxy as a superposition
of

« a thick cylinder of height 2 which embeds the magnetic turbulences;

« and a thin cylinder (or disk) which contains the gas and the stars and is sand-
wiched within the thick cylinder,

we can simplify the CR transport equation inside of the galaxy to the following
expression,

0:(Vof) = K(B.®)Af + 0p (b (E,&)f - Kpp(B.%)0pf) = o(B.3,1),  (150)

where V¢ is the velocity of the galactic wind which wipes the CRs away from the disc
(in the z direction), K is the diffusion coefficient, b!°° parametrizes the energy losses
and Kgg the energy gains. The source term ¢ is on the RHS of the equation. To
ease the resolution of Eq. (1.50), the explicit dependence of K on position is usually
ignored, and the following parametrisation is adopted: K = K (E/GeV)°. Also, the
diffusive reacceleration coefficient Kgg can be related to the diffusion coefficient K
through: Kpp = 2/9 V2E?B*/K(E), where V, represents the drift velocity of the
scattering centres and /3 = v/c is the velocity of the CR particle in units of c.

When solving Eq. (1.50), the common approach is to set the function f to zero
on the boundary of the thick cylinder and outside. Obviously, this approach does
not do justice to reality and could be relaxed if a more involved treatment is desired.
The Green method may be used to solve Eq. (1.50) (see e.g. Ref. [71]), meaning that
the solution can be written as a convolution of the source function ¢ with the Green
functions of the problem I(FE, E;, Z).%' The energy of the particle at the source—i.e.
at its production site—is denoted by I/; and that eventually observed at location & is
denoted by E. In terms of the differential flux (in units of m—2s~'sr—1GeV 1),

dp  vf
dEdQ ~ 4r’ (1.51)

and taking DM as a source, we have

MDM

dD; ann N v P(j) 2 J dNp_,; (Es) .
———(E,2,t) = — | —= B dEs——I(FE, Fs,
agdq \Bot = g1 <mDM <Uamv>t°t; By 5 dE ( 7)

(1.52)
in the case of an annihilation, and

ADi dec 1, v ([ p(E) JmDM/ > dNp_i(Es) .
——— (5 t) = — T B dEg‘ I E, Esv d
apdq B0 = <mDM *Dt; Br | g U 7)

(1.53)

31\e are making a small short-cut here, as in reality, this function I(E, Es, ¥) has already
the halo integral of the “true” Green function in it.
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in the case of a decaying DM. The i subscript refers to the CR species of interest and
the sum over F simply reflects the fact that, in general, several decay/annihilation
channels F' might be available and that each of these channels may contribute to
the total flux of i. The BRr factor denotes the branching ratio of channel F'. As
for {ann¥)tot and Tyor, they respectively denote the total velocity-averaged annihila-
tion cross-section and total decay width (= inverse lifetime mpy). dNp_,;/dE is the
multiplicity spectrum of ¢ given the F' final state. Note that Eq. (1.52) holds for a
self-conjugate DM particle,® and that it is given anywhere in the galaxy. In order to
obtain the corresponding flux at the location of the Earth, we replace Z by ¢ ;. in
cylindrical coordinates.

Codes dedicated to the resolution of Eq. (1.50) are available and documented
online, like GarLPror [70], Picarp [72], Dracon2 [73], and HeLMob [74]—the latter
focuses on the effects of solar modulation. If you are specifically interested in DM, a
shortcut may be done by using the Pppc notebooks from Cirelli ef al.[75] who actually
used Garrrop to derive the halo integrals I(E, Es, Z), and provide them in the form
of ready-to-use tables and interpolating functions.

The parameters used in the CR transport equation (like V¢, V,, L and §) can be
inferred from the ratio of secondary to primary CR abundances. By primary, we
mean those CR species present at the site of acceleration and which are injected into
the interstellar medium, and by secondary, we mean those species that are produced
by the primaries’ reactions onto the ISM as they propagate. This is why the ratios
of primary to secondary elements are a probe of the propagation parameters in our
Galaxy. The boron-to-carbon ratio B/C is precisely measured and therefore the most
convenient one to estimate the propagation parameters [76]. Obviously, the errors
of measure imply that there is not just a single set of parameters that is compatible
with the B/C ratio. Choices of parameters that lead to a maximum (minimum) flux
of electrons, positrons, anti-protons, or anti-deuterons at Earth are referred to as the
Max (Min) parametrization. The Mep parametrization refers to the set of parameters
which fits best the B/C ratio. Note that the MiN, Mep and Max configurations are not
the same whether you are interested in electrons/positrons, or whether you look at
anti-protons and anti-deuterons (see Table 1.3). This is simply because these particles
do not obey the exact same limit of the transport equation (e.g., the energy loss terms
are negligible for a heavy particle like the proton). In the following two chapters,
and unless stated otherwise, whenever we need to assume a propagation model we
systematically take the Min configuration, so as to remain as conservative as possible
with our limit estimates.

Neutral particles For photons and neutrinos, which are at the core of all the works
presented in this thesis, the story is a lot easier since they propagate along straight

321f this is not the case, an extra-factor 1/2 must be added. This factor is easily understood
by the fact that, if the DM population is equally split into particles and antiparticles, there
are twice less particles to possibly annihilate with—in comparison with the case where DM is
self-conjugate.
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Model | § K [kpCZ/Myr] 0 K [kch/Myr] Velkm/s]  V, [km/s] L [kpc]

Mmv | 0.55 0.00595 0.85 0.0016 13.5 22.4 1
Mep | 0.70 0.0112 0.70 0.0112 12 52.9 4
Max | 0.46 0.0765 0.46 0.0765 5 117.6 15

Table 1.3: Summary of the MiN, Mep and Max propagation parameters in our
Galaxy. The parameters for the propagation of electrons and positrons are pre-
sented to the left of the table (columns 2 and 3), while those applicable to (anti-)
protons are presented to the right (columns 4-7). The last column is valid for
both electrons/positrons and (anti-)protons. Adapted from [71] and [77].

trajectories without being affected by magnetic fields.** For both of them, the total
flux at Earth may be decomposed into a galactic and an extra-galactic contribution.
The former is not isotropic since we are not located at the center of our Galaxy. This
angular dependence is in principle parametrized with two angles (e.g. the galactic
latitude b and longitude [), but as we only assume spherically symmetric halos in the
works of this thesis, it is enough for us to keep track of the angle 1) formed by the
neutrino or the photon event with the GC. The extra-galactic contribution may further
be split into isotropic and non-isotropic parts, which we discuss below.

The expression of the differential fluxes in units of m~2s~!sr 'GeV ' for both
decaying and annihilating DM are given herebelow. The i subscript refers to the
photon or the neutrino, £ is its energy, and ¢ its direction—with respect to the GC.

do; ; -
We stress again that in expressing —— L ann gal (E,Q) and %’égﬁl, the DM particle

dE dQ
was assumed to be self-conjugate, and that an extra factor of 1/2 must be added to

Egs. (1.54) and (1.59) if this is not the case. One more thing worth highlighting is
the fact that neutrinos oscillate, which must in principle be taken into account since
neutrino detectors do not see the three flavours with the same efficiency. The practical
details of this will be discussed in Chap. 6.

« Galactic flux:

dq)i, ann, gal dNF_,l 2
TdE dQ (E,Q) = Fy— <Uannv>tot Z Los. ds ppm(r(s, 1)) (1.54)
chi, dec, gal l"tot dN F—i
i£d Y= o 2 o, poMr(s¥) - (159)

Because the density halo profiles depend explicitly on the distance r from the
GC, we need to know how to map r to the variable used in the line-of-sight
(Lo.s.) integral and the angle ¢. This is made possible through the following
expression:

r=4/r% + 52— 2rscos. (1.56)

33Assurning that the neutrino is also massless, it is more correct to state that they propagate
along the geodesics.
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In practice, the contribution of the galactic DM halo may be ignored above
rmax = 40 kpc, meaning that the l.o.s. integral may be truncated when s >

Tr2nax
in Egs. (1.54) and (1.55) the pieces which are solely related to astrophysics and to
particles physics. The astrophysics is sometimes gathered in a so-called J-factor,

defined as

— 13 + 13 cos? ¢ + rg cos 1. Just as for Eq. (1.44), we can easily identify

T = fl ds (s, ), (1.57)

in the case of an annihilation, and as

J() = jl ds p(s, ) (1.59)

in the case of a decay.

Extra-galactic flux: The extra-galactic emission may itself be split into two
categories: resolved and unresolved sources. In the former case, it is enough
to have a model of the DM distribution within the object and apply Egs. (1.54)
and (1.55) in a cone of opening angle d() corresponding to the angular size of
the object. In the second case, the contribution of each source adds up, forming
what is called the extra-galactic diffuse background. This diffuse extra-galactic
flux can be estimated with the following expressions:

depth
dq)i, ann, x-gal c <UannU>tot(QDMpc)2 « e i " (E'i’z)(l + Z)SC(Z) dn;
(E;) = dz
0

dE; dQ 8rmi H(z) dE |E=E,1+2)
(1.59)
and
D, e, x-gal ¢ Qpmpe Tt [© . e (B2 gN;
T deexegal oy 7J P . (1.60)
dFE; dQ) 4mmpwm 0 H(Z) dE |E=E;(1+2)

where c is the speed of light in vacuum, and H (z) is the Hubble expansion rate
at redshift z. If several final states F' are available, you can easily generalize
Egs. (1.59) and (1.60) in the same way as is done in Egs. (1.54) and (1.55). As you
can see from the integration, the extra-galactic flux receives contributions from
all redshifts. These contributions are weighted by some geometrical factors
coming from cosmology—because expansion has a dilution and redshifting
effect—, and are worth being computed as long as E(1 + z) < mpym (annihi-
lation) or E(1 + z) < mppm/2 (decay).** Note also that, in comparison with

dN /dE, the extra-galactic spectra migrate towards lower energies (redshifting).

The optical depth T,L-d P which characterizes the level of absorption as a par-

ticle travels in the intergalactic medium, cannot be neglected for photons and
exponentially reduces the integrand of Egs. (1.59-1.60) with increasing redshift
[75]. In contrast, neutrinos do not get absorbed and, practically, we set their
optical depth to zero [78].

34Beyond the corresponding redshift, IN(E(1 + z))/dE returns zero, allowing to truncate

the integral.
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Figure 1.15: Comparison of the galactic and extra-galactic fluxes induced by a
monochromatic spectrum at the source as a function of the energy F, in the
direction of the GC and of the anti-GC, and assuming that DM is distributed
according to the NFW profile (see Eq. (1.16)). The final state here is v, 7, with
mppm = 5 TeV, and the dN/dE spectra has been taken from the Perc [75]. The
annihilating (decaying) DM scenario is presented in the left (right) panel. Galactic
(Extra-galactic) contributions to the flux are shown in blue (green). For the
galactic flux, we differentiate the contributions from the GC (continuous) and
anti-GC (dashed). The gray curve in the left plot is obtained by truncating the
redshift integral to zmaz = 6. The lifetime 7 and velocity-averaged annihilation
cross-section are respectively set to 1028s and 10~23GeV/cm?, and the branching
ratio of DM (DM) — v, 7y is set to 1.

You will notice that in the case of annihilating DM, the integrand depends
moreover on the function ¢(z), which is a measure of how much the DM has
clumped into structures at a given redshift z (more clumping means a higher
annihilation rate). This function, which basically denotes a clumpiness or boost
factor, can be estimated on the basis of numerical simulations. A first estimation
may consist in taking the combination

(1+2)%¢(2)

~ 108 1.61
@+ Qo1+ 22 = 10 (L61)

until redshift z = 6 [79].

Naively, one may expect that the diffuse extra-galactic contribution is irrelevant, but
this is actually not always true.®® We show in Fig. 1.15 that, depending on the direction
you look at, this contribution may constitute a sizeable fraction of the galactic flux.
We show this with the energy distribution of a few decay and annihilation channels,
and for a couple of selected directions (the GC and the anti-GC).

Anomalies The first of the anomalies observed over the past decade consisted of
an unexpected excess in the positron fraction spectrum. In the usual picture, both
positrons and electrons can be produced from the spallation reactions of hadronic

1t is of course “fine” to neglect the extra-galactic flux in the sense that you would not get
a wrong limit on the DM parameters (e.g. on the lifetime), but you would just end up with a
weaker (= conservative) estimate of the limit.
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CRs on the interstellar medium (secondary production), but only electrons receive a
contribution from primary production processes (supernova remnants) [80]. If this
picture is true, positrons should be more present at low energies while primaries—
here, the electrons—would make up most of the flux at higher energies. In this way,
the positron fraction spectrum defined as the ratio @+ /(®.+ + @, ), where ®; is the
flux of ¢ particles, is expected to smoothly decrease with respect to energy. Several
experiments [81, 82, 83, 84, 85] have observed the puzzling rise of this ratio, as well
as an excess in the combined flux ®.+ + ®@.-, clearly indicating that extra sources of
primary positrons are absent from the models.

Whether this rise in the positron fraction is an evidence for the injection in the
ISM of primary positrons by the DM is very debatable, as a purely astrophysical inter-
pretation of the anomaly is possible if pulsars are encoded in the astrophysical model.
A primary flux of electrons and positrons can be accelerated in the magnetosphere
of pulsars through a mechanism known as spin-down emission. As they do so, they
gather around the pulsar and are then released within the interstellar medium when
the nebula disrupts. Di Mauro et al. have studied this option [80] as well as the
addition of DM in the picture [86].% Their best-fit configurations to the Ams-02 data
at the 1 and 20 levels are presented in Fig. 1.16 for a few choices of leptonic (left) and
hadronic (right) annihilation channels. In the upper row, the limits obtained at the
20 CL by the study of the corresponding fluxes of photons with the Ferm1 data are
displayed in the same color. The continuous curves are conservative estimates of the
limit that Bringmann et al. derived in [87], by taking a cored profile and ignoring the
effect of substructures. The dashed curves are optimistic estimates from [88]. Tension
is noticeable for all the channels tested except the electronic and muonic ones. The
lower row displays the different contributions to the @+ /(®o+ + D,-) spectrum—
secondaries, DM induced, pulsars—and their sum (black). Ignoring possible tensions
with v-ray data, the positron fraction energy spectrum can both be reproduced with
more (right) or less (left) DM—conversely, less or more positron injection by pulsars.

Besides possible tensions with the gamma-ray spectrum that must be kept under
surveillance, a flux of anti-protons might as well be generated by the DM scenarios
proposed to resolve the positron anomaly. The anti-proton data being very well
described by the astrophysical backgrounds (see Fig. 1.17), this leaves very little room
for new contributions—even astrophysical—, in particular those coming from the
hadronic decays/annihilations of the DM particle. This is why you hear sometimes
that leptophilic scenarios are attractive. Even so, care should be taken, as electroweak
corrections may generate anti-protons and hence create tension in some regions of the
parameter space [89].

1.5.4 The Golden Channels

By now, it should sound familiar that, in any type of analysis, searching for a signal
first comes down to a good understanding and modelling of the backgrounds.?” If

36Because pulsars are known to exist, the DM is assumption is not included on its own, but
rather added on top of the pulsar component.
7For us, background refers to everything that is not DM induced.
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Figure 1.16: In the upper left panel, the best-fit regions to the recent Ams-02 data
in the (mpyp, {ov)) parameter space are given for a selection of channels: e*e™
(green), u i~ (red),and 777 (purple). The 1o and 20 contours are respectively
depicted by a darker and a clearer color. In the upper right panel, these contours
are given for the bb (red) and W W™ (green) channels. Estimates of the 95 % CL
limits on {(ov) as a function of mass are given by the continuous (conservative
estimates) [87] and dashed curves (optimistic estimates) [88]. The lower row of
panels shows the positron ratio energy spectra associated to the " p ™~ (left) and
bb (right) annihilation channels exposed above, together with the astrophysical
contributions (usual secondaries and pulsar wind nebulae). Data points come
from Fermr (blue), PameLA (red) and AMS-02 (black). Their references can be
found in [86], where the figure was taken from.

this is not the case, it is easy to draw the wrong conclusions and claim the presence
of a signal when in fact there is none. Above ~ 1 GeV, the energy spectra of the
photon and neutrino backgrounds are smoothly distributed.*® This absence of sharp
features, intuitively understood as the consequence of the fact that astrophysical pro-
cesses involve first and foremost violent shocks and acceleration of particles, is a true
godsend for it makes supra-GeV monochromatic neutrinos and photons incarnate the

38Below ~ 1 GeV, the quantum nature of the transition levels of molecules and atoms
are responsible for the presence of absorption and emission lines in the photon spectrum.
Neutrino transition lines do no exist, but above 1 GeV you get rid of most of the background
sources—including the solar neutrinos which display a few cutoffs—, basically remaining with
the atmospherical ones.
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Figure 1.17: Antiproton-to-proton ratio measured by PameLa (2012) [90] and Awms-
02 (2015) [91]. The uncertainty on the predicted secondaries are encapsulated in
bands, and each source of uncertainty is given in a different color (see legend on
the figure). For some parameter choices, the total width of these bands can be
narrowed within the error bars. The continuous curve corresponds to reference
values used in [92], where the figure was taken from.

“smoking guns” of particle DM.

In the literature, there have been claims that lines had been observed in the photon

spectrum at 3.5 keV [93], 511 keV [94] and 130 GeV [95, 96]. These observations have
opened the door to DM interpretations of the signals, but unfortunately for us, none
of them has been conclusive in theses terms.

« The analysis of Bringmann et al. [95], who were the first to suggest the presence

of a spectral feature around the GC in the context of Internal Bremsstrahlung
signatures, was soon complemented by that of Weniger [96] who, under the
assumption of DM annihilations into a pair of photons, found a local significance
of 4.60 at mpy ~ 130 GeV. After taking into account the look-elsewhere effect,®
this significance was actually reduced to 3.20. On its side, the FErmI-LAT
Collaboration reprocessed the data with updated calibrations of the instrument
[97] and found a hint for a line around 133 GeV. However, it had a much lower
significance: 3.3¢ locally, which translated to a global value of 1.50. The
130 GeV excess, which has now faded away for the reasons just exposed, is
not to be confused with the excess that has been reported by other groups
near the GC (see, e.g., [98, 99, 100]), and which is present at a few GeVs (non-
monochromatic). According to the FErmr-LAT Collaboration [101], that excess
seems hardly consistent with a DM origin but is still under investigation. This
is in part due to the extension of the excess along the galactic plane—where a

3We comment more on this effect in Chap. 6.
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DM signal is not expected—but it obviously does not prevent the Collaboration
from providing limits in the (mpwm, (ov)) parameter space (see their figure 29).

« The 511 keV line emission from the Galaxy has been observed for over four
decades [94] but has been measured with high accuracy only recently, thanks
to the INTEGRAL detector [102]. To this day, it is still unclear what could produce
this line, but many sources other than DM could potentially contribute to a
line at that energy—e.g. positronium decays in the Galaxy, and *-decay of
unstable nuclei in stars [103]—, making the DM interpretation a very touchy
one.

« Asforthe 3.5keV line, there has been a lot of debate on whether it resulted from
anew transition line (see footnote 38) or whether DM could be made responsible
for it. The analysis of the few high-resolution data that the Hrromr instrument
has been able to collect before its tragic dead shows that it is inconsistent with
the line observed by Bulbul ef al., and that there is likely no line anywhere
around 3.5 keV [104]. To definitely settle the situation, we will unfortunately
have to wait until another high-resolution detector is sent into orbit to take more
data, but in my opinion, it does take some imagination to see a line in the X-ray
spectrum presented in Ref. [93].

At the theoretical level, photon and neutrino lines are expected from the decays
and annihilations of non-relativistic DM with two particles in the final state (among
them, at least one  or one v).# More broadly, other categories of sharp signatures
exist, with the box-shaped [107] and Internal Bremsstrahlung [108, 109, 110] spectra
as main ambassadors—they involve more particles in the final state. That they may
also be qualified as smoking guns of the DM comes from the presence of sharp edges
that, like the lines, have no astrophysical counterpart beyond the GeV scale.

At the experimental level, though, a broadening of the aforementioned features is
unavoidable—making them look like bumps in the data—and the challenge is to have
a detector with good enough energy-reconstruction skills. In the case of the FErm1
and Hess instruments, that reach an energy resolution of about 10-15 % [111, 112],4
the limits on the line feature are quite impressive, as depicted in Fig. 1.18. For DM
annihilations (left figure), thermal cross sections ((cv) ~ 3-10~26cm?/s) have already
been probed in a large region of the parameter space, and for decaying DM (right
figure), the level of sensitivity on the inverse decay width can be about 10 orders of
magnitude above the age of the Universe 7;7. Note that these limits are several orders
of magnitude better than those holding on a typical y-ray continuum, reflecting the
mere fact that a line feature is nothing like the expected backgrounds. In the case
of neutrino telescopes, like IcECuse and AnTtarEs, the resolution potential highly
depends on the sample under consideration. As already said, all neutrinos do not be-
have the same way, and the estimation of energy can be optimized through the choice
of some specific types of events (see Fig. 13 in Ref. [115]), even if this is usually not as
good in comparison with gamma-ray telescopes. We show in Fig. 1.19 a summary of
the most recent searches for neutrino lines performed by Collaborations between ~ 30
GeV and 10° GeV, which covers the range of masses that our analyses have focused on.

40 popular example involving the two lines is that of the gravitino decay [105, 106].
1 The exact value is obviously energy-dependent, but we quote this as a benchmark.
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Figure 1.18: Left: 95 % CL limits on (ov)~~, the DM annihilation cross section into
two photons, as a function of the DM mass (m in the figure). The black curve and
the blue arrows respectively give the limits obtained by the FErmi-Lar (2015) [111]
and Hess (2013) [112] Collaborations. The most recent limits obtained by Hess
(2016) [113] are given by the red arrows. The curves in clear blue, continuous
red and dashed red give the sensitivities of Hess derived with, respectively, a
15.2-hour observation of the GC, 15.2 and 112 hours of observation of the halo.
The green dot is placed where Weniger had suspected a line. Figure taken from
[113] and see unmentioned references therein. Right: 95 % CL limits on Tu~,
the inverse DM decay width with one photon in the final state, as a function of
the DM mass mpy;. The continuous and dotted curves respectively denote the
limits derived by the FErm1-LAT Collaboration [111] and by M. Gustafsson et al.
Ref. [114], who used the limit on the flux ¢ provided by Hgss in [112].

We note the presence in the literature of recent alternative limit estimates on {ov),z
based on the continuum of photons radiated by the v7 final state [119]. These limits
are however no more competitive with neutrino Collaboration estimates, which is
why we do not show them in Fig. 1.19. It could however be interesting to reconsider
them once Cra is in operation and provides its sensitivity estimates.

Be prepared to see some of these limits quite often in the following chapters, as
we will derive some of our own with other methods and a number of discussions will
follow from their comparisons.

Before moving on to the next chapter, let us add that the worldwide development
of Gton Cherenkov detectors during the last decade has propelled neutrinos to the
fore, making the complementarity of neutrino and gamma-ray data a reality. We
will see this statement at work through some of the projects exposed in this thesis
which—you may have guessed it by this time—is for the most part about neutrino
and gamma line searches.



1.5 Finding dark matter: from evidence to practice

(ov) [em?/s]

. 28
1021 ‘ ‘ 10 — SR
m— |ceCube (2014) H;'i%r\llcgz:lzlgfg
------ Antares (2015) Y
= = IceCube (2016)
+ IceCube (2017)
1022} =
% 1026 L u
©
E
o
102 -
s 102 | |
10-241 \2 \3 \4 s N | - L L |
10 10 10 10 10 103 104 105
mpy [GeV] m, [GeV]

Figure 1.19: Left: 90 % CL Limits on (cv),5 from neutrino data. The continuous,
dashed, and dotted-dashed curves come from official IcECuBE analyses, respec-
tively in 2014 [116], 2016 [228], and 2017 [120]. The dotted curve comes from the
AnTtAREs Collaboration [117]. Right: 90 % CL Limits on 7,~. The latest and best
limits that we could find and that were published by a Collaboration are from
IceCusk (2011), see Ref. [118].
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CHAPTER 2 .

Mono-energetic photons from millicharged
DM decay

@q N the previous chapter, we have extensively exposed the gravitational evidence
g/ -'é}for the existence of DM. We have moreover assumed that DM comes in the
) @(‘Qform of particles, exposed the constraints holding on potential candidates,
and exhibited the experimental efforts set for a detection. We have particularly fo-
cused our attention on indirect detection and by doing so, we have identified that the
smoking-gun signatures of DM consisted in the observation of mono-energetic fluxes
of neutrinos and photons—to put it simply, vy-ray and v lines.

Experimentally, the potential presence of a y-ray line in the photon spectrum is
closely supervised. The current “leaders” in the field are essentially the Hess and
Fermi-LAT Collaborations, but the arrival of new telescopes on the market (ground
based and satellites) is all the more exciting for they will allow to probe the photon
spectrum with further enhanced sensitivity to potential lines. Generally speaking,
mono-energetic photons can be emitted through the (co-)annihilation or decay of DM
particles. As explained in Sec. 1.3.3, the latter are electrically neutral or millicharged
at the most, which means, in the first case, that a 7-line emission would only proceed
through the loop of a charged particle, and in the second, that the emission could
moreover directly come from millicharged particles. Assuming that particle DM has
a thermal history and freezes out, and given the current experimental sensitivities,
it is then unlikely for the annihilation scenario to produce observable ~y lines. The
reason behind this statement is the strong suppression of the corresponding partial
cross section—either because of the loop or the millicharge—with respect to the total
cross section which is directly constrained by the relic density Qpyg. On the other hand,
the decay scenario leaves us more room to play.

We investigate in this chapter the possibility to induce observable ~-ray lines
from the decay of millicharged DM particles—the case of neutral DM had already been
considered in the literature. After a short motivation, Sec. 2.2 introduces to the reader
the different millicharge generation mechanisms available. We then expose in Sec. 2.3
the effective theory of this decay and finally discuss the phenomenology in the last
section. This chapter strongly bases itself on the work presented in Ref. [121].
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2.1 Motivation

Before we come to discussing the two main mechanisms of millicharge generation, let
us consider for a moment the motivation and assumptions behind our will to effectively
study the decays of particle DM and the corresponding phenomenology.

The experimental constraints holding on -lines show that these decays must be
slow (remember Fig. 1.18). We therefore assume that the stability of particle DM is
due to an accidental symmetry, like in the case of proton decay. The motivation be-
hind this assumption comes from the fact that an accidental symmetry may naturally
be broken by the underlying theory at the UV scale Ayy and that, in the low energy
regime, the corresponding decay widths are naturally suppressed by a certain power
of Ayy. Given the fact that we restrain ourselves to DM masses below 100 TeV, and
that the decay width into a y-line is constrained to be smaller than 10~27s~!, Ayy must
be larger than 10'? GeV if you are considering a dimension 6 operator. This clearly
shows the existence of a separation of scales—that is not obvious in the annihilation
scenario—and justifies the use of an effective approach.

As already explained in Sec. 1.4.2, by writing out the list of effective operators rel-
ative to a class of processes—here, the slow decays of millicharged DM—"'you avoid
the need to make any assumption on the UV completion behind. In this respect, this
approach is model-independent and permits to capture within a finite set of operators
all the possibly relevant physics in the low energy regime of the theory. Moreover,
this language allows for a systematization of the analysis. We will restrict ourselves
to effective operators of dimension six (and less).

The phenomenology of each operator goes beyond the mere v-line emission—
which we guarantee by construction. For instance, the gauge invariant nature of the
operators necessarily predicts decay channels where the emission of a photon is re-
placed by that of a Z boson (as soon as mpy > mz is verified). In turn, that Z boson
induces the emission of CRs (p, 7, e™, ...) which are looked for and constrained by
other measurements. The amount of CRs emitted along with the v-line is predictable
for each effective operator, giving us the ranges of branching ratios that we can expect
from the UV physics for all the decay channels available. With this knowledge, it is
possible to derive constraints on the DM decay width I'i,: based on the continuum
emissions and confront them to those directly inferred from the v-line emission. From
there, and given an experimental conjecture, we discuss how a distinction among the
different effective operators emerges, allowing for the extraction of some properties
of particle DM.

As a last remark, let us add that the connection of a photon with a millicharged
particle is necessarily realised through the insertion of covariant derivatives in our
effective operators. This is why, in the two millicharge generation mechanisms that

1The possibility to generate an observable ~-ray line from the decay of millicharged DM
particles had never been investigated in the literature, probably because one would naively
think that this line is strongly suppressed with respect to other induced signals as it involves
the millicharge. However, we will show that there exist specific scenarios where this argument
does not hold.
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we are about to discuss, we are mainly interested in the general expression of the cor-
responding covariant derivatives. We will start by considering the case of a fermionic
DM particle, and will discuss the scalar and vector cases at the end of this chapter.

2.2 Millicharge generation mechanisms

We discuss in this section two main frameworks for the generation of a millicharge.
Because of the abelian nature of U(1)y, it would also be possible to simply postulate
that the particle has a hypercharge Y such that T3 + Y'/2 is a small number. However,
the appeal of the two mechanisms that we are about to expose resides in the fact
that the millicharge generation is here a dynamical process. Both scenarios involve
the extension of the SM gauge group by an extra U(1)’, and millicharges come into
the picture as the mere consequence of a small mixing of the SM hypercharge gauge
boson with the extra U (1)’ gauge boson.

2.21 Massless scenario: millicharge from kinetic mixing

The extension of the SM gauge group by an extra U(1)’ makes it possible to add the
following renormalizable operator to the lagrangian [122, 123]:

L> —%FYWF"“’ : .1)

where Fy,, and F,, respectively denote the field strength tensors of U(1)y and U(1)".
As you can see, this term is nothing but a non-canonical kinetic mixing term between
the corresponding gauge bosons. It can be gotten rid of by applying the following
non-unitary transformation:

A;L 1 € 0 A,
B, |={0 vi=e o B, 2.2)
W) o 0 1 W,

where the U(1)’, U(1)y and SU(2), gauge bosons are respectively denoted by A4,
B,, and W, (the last two had already been introduced in Sec. 1.4.1). The apostrophe
in the LHS of the equation denotes the new basis thusly obtained. In this new basis,
the kinetic term associated to the abelian sector is canonical:

1 ! v 1 / ynx
L5 A, AW — 1B, B, 2.3)

If the U(1)" is unbroken, as we assume here, it is possible to further work on a
redefinition of the fields A}, and Bj, through a unitary transformation:

’

A), 10 0 Al
Al |=1 0 cosfe sind. B, |, (2.4)
Z, 0 —sinf. cosb, WZL

where tan 6. = tanfy /v/1 — €2.2 The reason for this redefinition is that two gauge
bosons of the theory have remained massless, and therefore there is some arbitrariness

2The Weinberg angle 6y is defined in the SM through the relation: tan fy = gy /g. In the
following, we will work at the first non-trivial order. It is therefore enough for us to use the
approximation tan 6 ~ tan Oy .
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in the definition of these fields. We make the convenient choice—from our point of
view—to work in the basis where we can exclusively assign one gauge boson to the
Q' generator, while the other one is free to couple through the Qs = 75 + Y /2 and

Q' charges. In the (AZ/, A}, Z,,) basis, and after the electroweak symmetry breaking
has taken place, the covariant derivative becomes:

D, =0, + ig(leQj + (I;in) o
i A7 (eQcos(0e _ g'Q’ecosb.
e H(COSGW\/ler \/1752 ) )
+ iZH(ng‘cosGe—gy% sin 0. +ngsm65)

, vV 1—e2 vV 1—e2
+ 1A}, ¢Q'.

(2.5)

From this expression, we see that a field with charges T3, Y, and @’ couples to the pho-
ton field A}, with a charge Qe = (Qsm — 9'Q’ €/gy )¢/, where €’ = gy cosf/v1 — €2
(the “new” electronic charge).? In particular, a field that originally starts with Qsp = 0
acquires a millicharge

Qem = —(ed'Q' /gy )e'. (2.6)

We correctly recover all the usual SM expressions in the limit ¢ — 0.

As we have seen in Sec. 1.3.3, the experimental constraints are generally set on the
millicharge Qe rather than directly on e. A value of € ~ 1 is therefore not excluded,
in which case there would be some tension with our remark presented in footnote
2. However, ¢ is generally and legitimately expected to be smaller than one. For
instance, if we consider that the thermal relic abundance of the DM is only provided
by the annihilation into dark photons, we obtain a constraint on Q"% = Q'?¢'? /47 as
a function of mpy which, together with Eq. (1.27), gives €2 < 107% and justifies our
approximation.

2.2.2 Massive scenario: millicharge from the Stueckelberg
mechanism

We show in Appendix A.2 that if the U(1)" symmetry is spontaneously broken, a
kinetic mixing interaction cannot induce a millicharge for an “originally” neutral field.
This is fortunately not the last card that we can play. The Stueckelberg mechanism
allows to have a massive gauge boson without having to break the corresponding gauge
symmetry. The idea behind this mechanism is to add an extra scalar @ to the model
so that you have the degrees of freedom needed to give mass to new gauge bosons.
Besides, to make the two sectors talk to each other and generate a mixing, the scalar
is chosen such that it couples to both of them (in our case, U(1)y and U(1)’). We
proceed as in Ref. [124] by considering the U(1)’ Stueckelberg extension of the SM.
Because they are quite lengthy, the details related to the Stueckelberg lagrangian and
the rotation performed to reach the mass eigenstate basis are presented in Appendix

3The subscript em simply refers to the “electromagnetism” group U(1)em.

4See Figs. 1.8 and 1.9. Beware that in those figures, e actually denotes the ratio of a
new particle’s charge to the electronic charge, not the kinetic mixing parameter introduced in
Eq. (2.1).
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A.3. The covariant derivative—which is the object that we have the most interest
in—ends up reading:

D, =0,+ iZ}’L (g’Q’(cw% — 55054) — ngcgsw
+ gy%(cd}s,ﬁ + SQC¢S¢))
+ 12, (9'Q (—sypcg — cypsose) — gT3coey 27)
+ gy%(—s¢s¢ + 59CgCy)) ’
+ 4], (—g’Q’ces¢ + gT3s9 + gy%cacqg)
+ igT' W +igT? W2,

where ¢ and s stand for sine and cosine. The angles ¢, 6 and 1 are defined through
the following expressions,

My gy tan 6 tan qSM‘?V
tang = —=, tanf = = cos¢, and t = , (2.8
an ¢ My o g cosg, and tany cos (M2, — (1 + tan® ) M) @8)
where M7 and M respectively correspond to the “bare” masses of the U(1)" and

U(1)y gauge bosons [124]. You can easily guess in Eq. (2.7) the expression of the
electric charge:

Qem = (7gl/ngl tan(b + QSM)elv (29)

where ¢/ = ggy cos¢/4/g? + g3 cos? ¢. An originally neutral field acquires in this
way a charge Qe = —Q' tan¢ ¢’ /gy ¢’

With the Z-mass and Lep data measurements at our disposal, it is possible to
constrain the mass eigenvalues predicted by the Stueckelberg mechanism in the gauge
sector. Their expressions depending on the parameters presented above (see M in
Appendix A.3), we have tan ¢ < 0.04 [125] and thereby justify the approximation of
small ¢ used in the following.

2.3 Effective operators

Assuming particle DM to be a fermion, which we denote by Wpy, the Lorentz-
invariant structure of the Lagrangian imposes the presence of a second fermionic
field W in the decay. In addition, exactly two particles are required in the final state
of this decay (in order for the photons to be monochromatic). By construction, this
means that the following decay channel

Wpm — Wy (2.10)

is the only way that Wpy can emit mono-energetic photons. Under our assumption
that Wpy has a millicharge, the field W necessarily carries that same millicharge.
We will not specify the exact nature of W—e.g. whether it is a Dirac or Majorana
particle—but bear in mind that it could potentially be a SM neutrino.> We moreover
assume that my « mpy so that E,jine ~ mpm/2.

5This option is further discussed in Sec. 2.5.5.
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We now come to the determination of the operators which induce the Wpy — Wy
decay. Recall that we are interested in those operators which realise the coupling to
the photon through the covariant derivative of a millicharged field.® We find a single
dimension-five operator:

(DD, W) Wpy 2.11)

and three dimension-six operators:

(DD, )" W@, (2.12)
Woh" (D, D, Wpm)®, (2.13)
(D/LW)O'MV(DV\I’DM)(D, (214)

where ® can be a new field beyond the SM or simply the SM scalar doublet H. The
addition of their respective hermitian conjugate is here implicit. Note the presence of
0, which implies that the operators displaying two successive covariant derivatives
on a given particle can be rewritten as a sum of operators where those covariant
derivatives are replaced by the field strength tensors of each gauge boson to which
the particle couples, and where each term is weighted by the corresponding gauge
coupling.” Regarding dimension-five operators, another option would naively con-
sist in those operators that display a covariant derivative on a scalar field, such as
Wr, Wpm DH®. This kind of operator does not give any radiative two-body decay as
it would require the scalar field to have both a vev and a millicharge, and thus give
mass to the photon. Similarly, operators with a PW or D?® do not give any radiative
decays, as can be seen from the corresponding equations of motion. Operators with
an additional 75 are redundant since the operators involve different fermion fields
(i.e. 5 can always be reabsorbed in the redefinition of one of the fermion fields).
The dimension-six operators are equivalent up to one operator® that does not produce
monochromatic photons but can give other decays—including two-body decays—,
hence a different phenomenology. At the two-body decay level, the scalar field @ of
the last three operators may only intervene through its vev.

There is in principle an infinite choice of quantum numbers for the Wpy;, W and
® fields, but as we consider the phenomenology of our list of effective operators, we
will see how a simple picture can emerge despite of this fact.

2.4 Phenomenology
We can say of all of the operators exposed in the previous section that they have a plu-

ral phenomenology, meaning that they not only induce ~-lines but also predictable CR
fluxes of a different nature (e, p, . ..) or shape (e.¢., continuum emission of photons).

®The neutral case has been studied in Ref. [114].

"This basically means that such an operator can easily be produced from one-loop diagrams
involving UV particles, similarly to those diagrams which generate the F'*¥ WJ,W\I” dipole
operators. The latter are in particular relevant for the © — ey decay, and the difference here
would be that the photon is radiated by a millicharged particle instead of a charged lepton or
charged gauge boson.

8 And a total derivative term, but this one is physically irrelevant.
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This means that the DM decay width I'y,; may be constrained in a multi-messenger
context. Used in complementarity with each other, these different sets of constraints
can provide a way to discriminate the effective operators at the origin of a putative
detection.

We devote this section to the evaluation—for each operator—of the branching
ratios of the different decay channels available to particle DM. This allows us, in
Sec. 2.5, to set limits on the DM decay width based on the corresponding estimates of
the antiproton and continuum ~-ray fluxes.

2.4.1 Line us continua

Given the minimal SM extensions presented in Sec. 2.2 and the effective operators
of Sec. 2.3, there are at most five decay channels available to the DM particle Wpy.°
For clarity, these channels are listed in the first column of Tab. 2.1. We have already
explained in Sec. 1.5.3 how, given a set of final states and their respective branching
ratios, you could compute the differential flux of any type of CR induced by DM decays
(see Egs. (1.53), (1.55), and (1.60)). In that respect, Tab. 2.1 is all you need to estimate
a given CR flux induced by a given effective operator. We give here the “generic”
form of this table, but special cases will be made explicit in the following subsections.
We give the analytical expression of the BRs—and hence the fx functions—when
needed.

Decay channel Branching ratio
v Q]QDM
Z % - fz(mpm, mz)
Z'y ZCQZ/ - fz/(mpm, mz)
W~ 9ty - fw (mom, mw)
W=y %C%v - fw (mpm, mw)

Table 2.1: Effective decay channels available for a millicharged DM fermion (first
column). The branching ratio of each channel is presented in the second column
modulo a global common factor. The couplings cz 7/ y can be read out from
the covariant derivatives presented in Egs. (2.5) and (2.7), and are also given in
Egs. (2.15)—(2.17). The analytical expressions of the fx (mpy, m x ) functions de-
pend on the specific SU(2) ;, multiplet to which the covariant derivative applies.
In the cases that we will cover, this function is equal to one unless specifically
stated otherwise. The millicharge Qpys is explicitly given for the kinetic mix-
ing and Stueckelberg scenarios in Egs. (2.6) and (2.9), respectively. See text and
Appendix A.1 for further details and particular expressions.

In order to be as conservative as possible with our CR flux estimates and thusly
with our upper limit on the total DM decay width I'i,v—which is easily converted to

°In this chapter, we restrict ourselves to the consideration of 2-body decay channels. The
addition of 3-body decays in the picture is discussed in Chapter 3.
10These functions are set to zero if mpMm < mx. When mpy » myz gz w, they are always
equal to unity except for the operator of Eq. (2.14), see Sec. 2.4.5 and Appendix A.1.
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a limit on the v-ray line emission using Tab. 2.1—, we use here the Min propagation
configuration. We also study the SU(2)r, representations with the least amount of
CRs emitted with respect to the monochromatic emission.

The general expression of the Z coupling is readable from Egs. (2.5)(2.7):

gT3 N g'Qesin(6,)

B in the kinetic mixi o, (215
€z cos(6,) i in the kinetic mixing scenario (2.15)
¢z = —Q/Q/(Sw6¢+cw395¢)
tyl
—gT3cecy (1 +13(1 — M)) in the Stueckelberg scenario. (2.16)
S

In the last expression, tg 4 denotes the tangent of 6, ¢, (see Sec. 2.2.2 for more
details). The coupling to the Z’ boson is only relevant in the Stueckelberg scenario
and reads:

ez = —g Q' (sys95¢ — Cycg)

t
—gT38¢09(1 T 201+ Sefw)). (2.17)

Finally, the coupling cy to the W boson may take very different values as a function
of the multiplets considered in the various operators (and the Clebsch-Gordan coef-
ficients). As mentioned above, we consider the cases which minimize ¢y and hence
give a conservative limit on the DM decay width.!2

Before coming to study each effective operator, let us stress that we will not
consider the emission of CRs by the Z’ boson. The latter could for example decay to
pairs of non-SM particles, but even if it produced SM particles, we can still make the
statement that our approach is conservative. By neglecting the contribution of the Z’
to the CRs, the Stueckelberg and kinetic mixing scenarios lead to the same bounds on
the decay width (at the lowest non-trivial order in ¢ and ¢, respectively). We discuss
how our results might be affected if we were not to neglect the Z’ decays into SM
particles at the end of Sec. 2.5.

242 (D,D,¥)o""Wpy effective operator

For this operator to be gauge invariant, the quantum numbers of Wpy and W must
necessarily be the same. In particular, we have that 7PM = Tg’ . A first important
remark to make at this stage, and which is of relevance for all of the operators, is that
there will always be a large!® production of Z and/or W bosons from the two-body
decays of the DM unless the field to which the covariant derivative applies is a singlet
under SU(2)1, x U(1)y. Assuming that this field is nof a singlet (for instance T3 # 0),
the production of CRs is strongly boosted with respect to the -line emission (by the

UThis basically amounts to consider that the derived fields live in the singlet and doublet
representations. Any higher representation induces more CRs and tightens the bounds on T,
thereby lessening the chances of observing a y-ray line.

12By “conservative”, we mean that this limit cannot loosen.

13”Large” is here used by opposition with a production that would be suppressed by Q%M.
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inverse of the millicharge squared). Regarding the ¢y coupling, we can write for this
operator that

other

cw =a+b. (2.18)
For an SU(2) 1, multiplet of dimensionn = 2A+ 1, a = 0if Ypy = 2Aand @ = 1 in all
cases. Similarly, b = 0 if Yppr = —2X and b = 1 in all other cases. As a result,

cw = 0if and only if a = b = 0, which happens only if A = 0, that is to say for a SM
singlet. From this discussion, we outline three cases:

(i)

(ii)

(iii)

2.4.3
With

Wpym and hence W are SM singlets: In this case, there is no W emission and
the Z emission involves two powers of the millicharge, just as the y-ray line
production. As a result, there is no suppression by passing from the constraints
on the continuum to those on the v line. The branching ratios are presented at
the lowest order in ¢ (kinetic mixing) and ¢ (Stueckelberg) in the column (i) of
Tab. 2.2.14

TPM = T3V = 0 with Wpp, W non-singlets: In this case, there is production of W
bosons and a+b = 2, giving the column (ii) in Tab. 2.2 at the lowest order in € or ¢.
In order to obtain a conservative and model-independent upper bound, we have
made the hypothesis that the charged components of W produced together with
W bosons do not yield an important contribution to CRs production. In practice,
we neglect here the contribution from the Zv as it is largely sub-dominant in
comparison with that from the W-boson.

TPM = T3 # 0: In this case, the production of Z and W bosons is not suppressed.
Here we only consider the case with a + b = 1 and TPM = 1/2, as it is the one
which minimizes the CR emission. The corresponding branching ratios are
presented in the column (iii) of Tab. 2.2 at the lowest order in € or ¢.

Decay channel (i) (ii) (iii)
Y Qbwm Qbm Qb
Z Q¥ tan? Oy | Q& tan? Oy | g%/ (4 cos? Ow)
Z"
Wy~ 0 9°/2 9°/4
W=y 0 9%/2 g% /4

Table 2.2: Same as Tab. 2.1 in the particular case of (D, D, W)o"" Wppp. The Z'4)
entry is masked on purpose because we neglect any contribution from the Z’ in
the Stueckelberg framework.

(DD, ¥)o""Wpm® effective operator

this operator, the relevant quantum numbers are those of W. The minimal CR

emission as a function of 73 follows the same pattern as for the previous operator:

(i)

W is a SM singlet: prediction (i) of Tab. 2.2.

411 the case of the Stueckelberg scenario, the prediction in this column is a good approx-
imation if sin ¢ « sint), which is what is expected if there is a big splitting between the SM

gauge

bosons and the Z’ masses.
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(ii) 73" = 0 with W non- singlet: prediction (ii) of Tab. 2.2.

(iii) T3 # 0: prediction (iii) of Tab. 2.2.

244 Yo' (D,D,¥Ypm)® effective operator
Now, the relevant quantum numbers are those of the DM particle:
(i) Wpm is a SM singlet: prediction (i) of Tab. 2.2.
(i) TPM = 0 with Wpy non- singlet: the CR emission is minimised when ¢y = 1/2,
giving® the prediction (ii) in Tab. 2.3.
(ii)) 73 # 0: the CR emission is minimised with 73’ = 1/2 and ¢y = 1/4, giving the
prediction (iii) in Tab. 2.3.

Decay channel (1) (ii) (iii)
Y DM Qbwm Qb
Z Q¥ tan? Oy | Q& tan? Oy | g%/ (4 cos® Ow)
A
W™ 0 9°/8 9°/16
Wyt 0 62/8 42/16

Table 2.3: Same as Tab. 2.1 in the particular case of Wo*” (D, D, Wpy)®. The
Z'4 entry is masked on purpose because we neglect any contribution from the
7' in the Stueckelberg framework.

245 (D,¥)o" (D, Wpm)DP effective operator

The phenomenology of this operator is more involved than that of the operators above
because the dependence on the couplings of W and Wpy to the various gauge bosons
is more complicated. Nonetheless, minimizing the CR emission requires W and Wpy
to have the same quantum numbers, which greatly reduces the complexity of the
branching ratios. In the case where both Wpy; and W are SM singlets, the number of
Z bosons radiated (at the lowest order in € or ¢) is proportional to

2
2 2 MZ 2 L, mz o

Qb - tan” Oy [1 (mDM) ] [1 +3 (mDM) ] ) (2.19)

meaning that the v-ray line emission is not suppressed with respect to the emission
of CRs. In the case where Wpy and W are not SM singlets, the predictions are quite
lengthy and we only give them for the cases where 73 = 0 and 75 = 1/2 in the
Appendix A.1. Unlike all of the previous cases where the dependence on my, was
negligible for mpy » myy, there are here terms proportional to mpy/my, ' implying

15This minimum value of cyy is obtained in the situation where Wpy is a triplet, and where
W and @ are quintuplets. Any combination of smaller multiplets leads to a bigger value of cyy .
For example, taking Wpy as a triplet with Y = 0, and taking both W and @ as doublets with
Y = 1leads to cyy = 2.

16These terms come from the longitudinal W contribution.
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a power-law dependence on mpy. This gives rise to stronger constraints on the decay
width with increasing mpy (see Fig. 2.1 in the next section).

2.5 Indirect limit estimates

Once the branching ratio of the different decay channels is known (e.g. Tabs. 2.2
and 2.3), it is possible to constrain the strength of a y-ray line from the observational
constraints existing on the CR continua (in our case, p and 7 continuum). In the
following, we will sometimes refer to these limits as indirect limits on the y-ray line, in
contrast to those coming from the direct (= dedicated) searches for a line.

2.5.1 Statistical method

The methodology used to obtain these constraints is the same as that used in Ref. [114],
meaning that we take a chi-square test statistic and derive a 95% CL interval on the
DM total decay width I'to¢ (our only free parameter in Egs. (1.53), (1.55), and (1.60)) by
requiring that:

5 (data; — model;)?
Ax* = Z >
bins ¢ ?

—3.84. (2.20)

In this equation, “model;” refers to the prediction of our model (DM and background
fluxes) in bin 4, “data;” is the flux observed in bin ¢, and aiz denotes the statistical and
systematic errors (added in quadrature) in each bin. The data and the values of o7 are
taken from Refs. [126] (antiproton flux) and [127, 128] (diffuse -rays, read off figure 4).

Regarding the antiproton flux, we have only used the data above 10 GeV so as
to avoid the uncertainties related to the solar modulation effect. Beyond 10 GeV, the
data is well understood from astrophysical models (see Fig. 1.17), and we take the
observed data as our background (= Nutr) model, giving x? = 0 by construction.

With the isotropic diffuse v-ray background, we have more room to play in the
sense that there is less consensus regarding its origin. We therefore consider a slightly
modified version of the test statistic presented in Eq. (2.20):

A \2
Mdited = 3, Ona(model; — datay) T2 HOMELS 9 5y,
bins ¢ 7

where Oy is the Heaviside step function. Concretely, with this version of the test
statistic, we only consider the bins where the DM prediction overshoots the observa-
tion (and use it as a model in those bins).?” This approach is clearly more conservative
than that exposed above, but we will see that it does not prevent from getting better
limit estimates than with the antiprotons above mpy ~ 1 TeV. We have used the
diffuse y-ray background measurement of FErmi-LAT [129] and Hess [130].1

17We model the DM-induced contribution with the extra-galactic and galactic fluxes. For
the latter, we have made the conservative choice to only consider the contribution from the
galactic poles, where the DM density is low.

18The slight change of behaviour around 1 TeV is where the crossover with the constraints
from p data happens.
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2.5.2 Results

Fig. 2.1 displays the indirect limits that we have obtained as a function of the DM
mass mpym. In case a v-line is observed in the near future, the utility of this figure
is to show, in the twinkling of an eye, which operators remain compatible with this
detection. Likewise, if a DM-induced signal is observed in CR data but not a vy-ray
line, this plot tells you which operators remain compatible with the non-observation
of that line.

1026 £ DoDooo I | —
27 | |
18_28 — Hess .
Fermi
102° 1 |
10730 —n=v=o0 ]
o 103t |— 77 =0 ]
\ 32 =12 ]
~ T =1/2 _
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102 10° o
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Figure 2.1: Upper limits at the 95% CL on I'y, the decay rate of particle DM
into monochromatic photons, as a function of the DM mass mpy. The limits
computed within our work, that is to say from the CR continua, are given by
the colored curves. The gray areas give the regions excluded at 95 % CL by
dedicated line searches performed with Fermi-LAT [111] and Hess [112] data.
For the dashed curves, we have used PaMELA measurements of the p flux [126],
and for the continuous curves we have used the measurements of the diffuse
photon background by Fermi-LAT [127, 128]. We have considered the NFW
profile for the DM density and used the MiN propagation model to compute
conservative estimates of the p flux [75]. By using the Max configuration, the
dashed curves go down by an order of magnitude. The curve labelled with
T3 =Y = 0 is the (absolute) upper bound valid for almost all operators when
the derived field is a SM singlet, see column (i) of Tab. 2.1. The only exception is
the D, Wot” D, Wpp® operator with singlet derived fields, for which the bound
is almost identical except at DM masses around 200 GeV (in red). The curves
labelled with Ty are given for the Dy, D, Wor"Wpy® and D, D, Wok" Wy
T;)I”DM

operators, whereas those with are given for Vo’ D, D, Wpp®. The two

remaining curves, labelled T;’y oM — Tg‘y , are given for D, Wot” D, Wpy®. All
constraints hold for the kinetic mixing as well as for the Stueckelberg frameworks
at first order in € and ¢.
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A clear picture emerges:

« Except for the case in which the derived field is a singlet under the SM, none of
the effective operators listed above—each taken individually—would be able to
produce a y-ray line strong enough to meet the current experimental sensitivi-
ties without overproducing the p and diffuse vs. In other words, as soon as the
field on which the derivative applies is not a SM singlet, the observation of a
~-ray line would be associated to an excess of CRs 5 to 10 orders of magnitude
higher than the level of sensitivity provided by PameLa or Ferm1-LAT;

o The results show that the observation of a v line could be due to the fact that
DM has a millicharge. This observation would point towards the specific case
in which the derived field is a singlet.’ Thus, the minimal scenarios would either
feature two singlet fermions in Eq. (2.11) or the SM scalar field together with
two millicharged fermion fields of which one is a doublet (Egs. (2.12)—(2.14));

« Note however that it is not possible to differentiate the mechanisms responsible
for the millicharge, nor the effective operators that are responsible for a decay;

o The prediction (i) in Tab. 2.2 is generic when the derivative acts on a singlet
field (same for all the operators).?! This is the prediction from which we can
expect the most monochromatic photons, and it provides in this regard an
“absolute” bound onI',. Modulo higher-order corrections in € or ¢, this bound
is—unfortunately—the same as that presented for singlets in Ref. [114] in the
context of a neutral DM particle.

We have already explained that when the field that is derived is not a SM sin-
glet, we only consider the multiplet configurations that give a conservative estimate
of the CR fluxes. These conservative estimates are identical for DMDUWUW\I/DM
and D,D,VYo""Wpy®, and they differ by less than one order of magnitude for
Yol D, D, WppvP—that is to say within the uncertainty coming from the propaga-
tion models. The only operator with a very different behaviour is D,V D, W p D,
and this is because of its dependence of the branching ratios on the DM mass (see
Eq. (2.19) and Appendix A.1). Not only do these bounds exhibit a different behaviour
as a function of the DM mass (stronger with increasing mpw), they also differ above 2
TeV by more than two orders of magnitude. Therefore, if the experimental sensitivity
to a line were (unrealistically!) improved by several orders of magnitude, it would
in principle be possible to discriminate this particular effective operator from those
where the derived field is not a SM singlet.

2.5.3 Extra emission from the 7’

In the Stueckelberg scenario, the contribution of the Z’ to the emission of CRs—if
kinematically allowed—has been neglected on purpose. However, by considering the
decay of the Z’ we get even more stringent bounds on the DM decay width. In order

9Beware that this does not necessarily mean that the DM is a singlet, nor the accompanying
scalar field.

2Going beyond the first order in € or ¢ would not help neither because these correction
would be drown into other uncertainties (astrophysical, DM profiles, etc.).

21Excep’c a mild difference with the operator in Eq. (2.14).
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to have an idea of how large this effect could be, assume that the Z’ mainly decays
into a bb pair—which produces a lot of CRs—, and that ¢'Q’ = 1. If the derived
field is not a SM singlet, the limits are about two orders of magnitude stronger than
what has been presented. This is easily understood from the fact that the Z’ would
produce a similar amount of CRs in comparison to a Z or W boson, but at the same
time ¢’@Q’ = 1is stronger that the weak coupling by 1 order of magnitude. If, instead,
the derived field is a SM singlet, the relative branching ratios (line vs CRs) does not
depend on ¢’'Q’. Yet, the coupling to the monochromatic photon is suppressed by
sin ¢ and, modulo a common factor, the branching ratio of the decay into the line and
into the Z’ are respectively given by cos? §sin® ¢ and ~ 1 (at leading order). The ¢
angle being constrained by the Z-width measurement at Lep [131],

sin ¢ < 0.04, (2.22)

it means that the bound of scenario (i) in Tab. 2.2 is improved by 3—4 orders of
magnitude in this case. The observation of a y-ray line with an intensity around the
present experimental sensitivity would therefore probe this scenario (see Fig. 2.1).

2.5.4 Rapid decays

Thus far, we have derived constraints on the intensity of a y-ray line from CR emissions.
In this process, the coupling to the invisible photon has not been taken into account for
the latter does not induce any CR flux in the visible sector (by definition). However, if
the “dark charge” ¢’Q’ is large, you may want to start worrying about the total decay
width (or lifetime) of particle DM. The decay into W~/ is naturally faster than that into
W~ by a factor of e~2. Therefore, we have to make sure that the DM lifetime is greater
than the age of the Universe:

I ' (Wpy — W) 2 70 (2.23)

By doing so—this requires to assume a value of ¢'Q)’—, and using the CMB bound on
the millicharge presented in Eq. (1.27), we obtain the limits on I, presented in Fig. 2.2.
Clearly, with alarge value of ¢'Q)’, considering the lifetime is competitive (with respect
to the direct line searches), whereas smaller values are basically irrelevant. Unless the
Z' is heavy enough for Wpy — WZ' to be kinematically forbidden, this consideration
also applies in the context of the Stueckelberg scenario.

2.5.5 \I]DM — YV

We can legitimately ask ourselves what would happen if the W particle accompanying
the photon in the decay of a millicharged DM particle were a SM neutrino. It should
be clear now from Sec. 2.5.2 that having a neutrino as a partner in the decay does
not allow any of the operators in Egs. (2.11), (2.12) and (2.14) to induce an observable
y-line in the O(100 — few 10*) GeV DM mass range (strong Z/W emissions). The
only operator left seems to be the one in Eq. (2.13) as the neutrino doublet is there nof
derived and the DM field could simply be a singlet. However, the scalar field ® must
take a vev in order to leave room for 2-body decays, meaning that the DM field must
carry the same millicharge as the neutrino. That charge—of the neutrino—is even
more constrained than for a particle that is, say, at the GeV scale (g, < 2 x 10~ e, see
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Figure 2.2: Limits on the decay width of a fermionic DM with a vy-ray line in the
final state as a function of mpy, taking various values of the dark charge ¢'Q’
and imposing that I Y(Wpp — ¢7) = 7. We have considered the limit on the
millicharge coming from the CMB, that is to say Eq. (1.27). The “direct” upper
limits at the 95% CL from Fermr and Hess are the same as in Fig. 2.1.

Fig. 1.8), further enhancing the indirect limits that we have obtained above on I,,. For
these reasons, a line observed at the present sensitivities with an energy above the
Z mass could not be attributed to a millicharged DM decaying into a neutrino and a
photon through any of the operators under study.

We can nonetheless ask ourselves whether or not it would be possible to observe
this line at lower masses, where the production of Z /W bosons in the final state is
kinematically impossible. In this case, the off-shell production of these bosons and
their subsequent decays must be supervised for they can lead to small DM lifetimes
(shorter than the age of the Universe) and/or too many CRs. Assuming that a -y line
must result from a two-body decay with inverse decay width I';! ~ 1026730 sec (=
to be observable), it is easy to see that the three-body inverse decay width from, say,
Wpm — 3v is shorter than the age of the Universe unless

1028 seC) 1/4

Ty

mDM<35NkV-< (2.24)

This limit on mpy is stronger than those coming from other Z-decay modes, to the
exception of Wpy — vete™ which gives
mpM < 2Me (2.25)

in order to avoid the overproduction of 511 keV photons in the galactic center.?

22The limit on the corresponding decay width with a DM mass below ~ 35 MeV is given by
[(Wpym — vete™) <10726 571 (mpy/MeV) [132, 133].
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2.6 Scalar and Vector DM

It is also possible to construct effective operators leading to the emission of a y-ray
line from the decay of a scalar or vector DM particle. Due to the angular momentum
conservation, a scalar DM particle cannot decay to a scalar and a photon and we only
need to consider a decay into a photon and another massive spin-one particle—which
necessarily carries the same millicharge as particle DM. On the form, the operators
that allow the decay of a scalar DM particle into a vector and a photon also hold for a
vector DM particle decaying into a scalar and a photon as you only need to redefine
which field is the DM field. Beware though that a vector DM particle can also decay
into a photon and another vector particle.

In the case of a “scalar-vector-photon” effective vertex, we find one dimension-five
operator:

Fo A, (2.26)

and two dimension-six operators:
FFA o (2.27)
FA DFODY D (2.28)

pv

The ® and @' fields denote scalar representations, while F:‘V denotes the fields strength
tensor of the non-abelian gauge group to which the millicharged vector is associated.
The DM field can either be one of the scalar or vector particles.?? In the latter case,
it is “hidden” in a covariant derivative or a non-abelian? field strength tensor. The
photon can show up in one of the Fl‘j‘y field strengths through gauge boson mixing.
This would e.g. occur if, on top of a kinetic mixing between the hypercharge and U (1)’
gauge bosons, the symmetry breaking scheme induces a mixing between the U(1)’
gauge boson and those of the new non-abelian group.

The absence of (isolated) covariant derivatives in Eqs. (2.26)-(2.28) is a conse-
quence of the use of the equations of motion and the rotation away of non-canonical
kinetic terms. Note that operator (2.28) is equivalent to operator (2.27) up to terms
that do not produce monochromatic photons but do contribute to the CR continua.
This is why we separately list them.

Based on our experience with the millicharged fermion DM decay scenario, we
comment now on the phenomenology of the millicharged scalar and vector DM
decays. For the two operators of Egs. (2.26) and (2.27), the emission of a Z boson is
always proportional to the square of the millicharge, even if the scalars are not singlets
under the SM. The reason is that the Z boson, like the photon, can only come—in

23Regarding the possibility for a vector DM particle to decay into a photon and another vector
particle, we could think of operators which only involve the Flfu field strength tensors (e.g.,
F,f‘,,FA“p FpA” ), and where a photon is inserted in the tensors through a gauge boson mixing
mechanism. We however did not find any simple realisation of this, which is why this option
is not further considered.

HA necessary condition for the vector DM to acquire a millicharge is to be a complex field.
For this reason, it is associated to a non-abelian gauge group.
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these two operators—from a field strength tensor (not from a covariant derivative).
This means that the prediction (i) of Tab. 2.2 is still valid, even if the scalars are not SM
singlets.?> The “absolute” bound (the top red curve in Fig. 2.1) is, as in the fermionic
case, saturated under the assumption that there is no CRs produced from the Z’ decay
(Stueckelberg case, if kinematically allowed). As for the operator of Eq. (2.28), the
production of Z and W may not be suppressed by the millicharge if the scalars are
non-SM singlets. Its phenomenology is therefore also similar to that of the fermion
operators.

2.7 What should you take away from this chapter?

This chapter has been dedicated to the study of millicharged DM particle decays
involving the production of mono-energetic gamma-rays in the final state, and has
addressed the question of whether or not this class of scenarios could be responsible,
in a “multi-messenger context”, for the potential observation of gamma-ray lines in
the near future.

To answer this question, we have relied on the EFT framework. This approach
was justified by the fact that dedicated gamma-ray line searches already probe large
suppression scales, typically giving—in the case of > 100 GeV millicharged particle
decays—A = 10*2(10'®) GeV for dimension-six(five) operators.

Afterreviewing the different millicharge generation mechanisms at hand (Sec. 2.2),
we have developed in Secs. 2.3 and 2.6 the list of effective operators that (at least)
induced the class of decays above-mentioned (with a focus on fermionic DM candi-
dates). It turns out that this list was very restrictive. In each case, we have determined
conservative estimates of the cosmic-ray fluxes accompanying the emission of mono-
energetic photons (p, continuum of v rays) and, given the experimental constraints
on these fluxes, new complementary sets of constraints on the DM decay width were
obtained (see Fig. 2.1). We have focused on the 100GeV — 50TeV DM mass range,
and the outcome was that, whenever an operator involved the action of a covariant
derivative on a non-singlet field, the limits on the DM decay width were at least 6
orders of magnitude stronger than those obtained in the context of dedicated line
searches. This is understandable from the fact that the gamma-ray line emission
through a covariant derivative is always suppressed by the square of the millicharge,
as opposed to the emission of cosmic rays—when the derived field is not a singlet.

In terms of the question phrased hereabove, the conclusion of this work—where
we assume particle DM to be millicharged and metastable—is that a putative =
100 GeV gamma-ray line discovery around the present levels of sensitivity would
specifically point to those effective operators involving the covariant derivative of
singlet fields. In other words, we have shown that the discovery of a y-ray line could
be due to the fact that DM is millicharged.

25This statement holds up to corrections in m2Z /mZZ, formyg > my.






CHAPTER 3 .

Mono-energetic photons and neutrinos from
neutral DM decay

s ITHIN the previous chapter, we have been interested in the possibility for par-

:ﬁ')ticle DM to be millicharged and have at least one decay channel that involves
( 6 ?‘che production of a mono-energetic photon. We acknowledge that we have
but little commented on the nature of 1, the partner of the mono-energetic photon.
The reader will be reassured to know that we redeem ourselves in this chapter by
considering the particular case where ¢y = v. This is certainly one of the most ex-
citing scenarios of DM decay since it opens the door to multi-messenger line searches.

The fact that neutrino line searches have just started gaining in interest in the
past few years has obviously to do with the youth of the field of neutrino astronomy.
Nonetheless, the sensitivity improvements of detectors like IcECuBe and ANTAREs are
encouraging and the ability that they have in probing the sky beyond the TeV scale
is a clear advantage over vy-ray astronomy. With the analysis presented in Chapter
6—which we performed after a public data release by the IceECuse Collaboration—, we
explicitly see this statement at work in the context of the searches for spectral features
in the neutrino and gamma-ray sky. Given the fact that similar sensitivities were
found in some region of the parameter space that we probe, this was the opportunity
for us to again adopt the EFT approach and perform a systematic study of the DM
decays into v in order to see what were the prospects to observe the two lines in
a near future. The cases of neutral and millicharged particle DM will separately be
considered. The work presented in this chapter has been published under Ref. [134].
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3.1 Motivation

Back in 2014, the IceCuse Collaboration released a data sample of neutrinos ( >100
GeV) along with the backgrounds’ distributions and differential effective areas [3].
With this in hand, an analysis could be performed by any outsider of the Collaboration
and we seized this opportunity to search for DM-induced sharp features in this sample
(this is the subject of Chapter 6). What we did show was a large improvement of the
constraints holding on the flux of monochromatic neutrinos in comparison to the
latest official limits by the Collaboration.! We have in particular shown, for the DM
decay scenario, the existence of a range of DM masses where the dedicated v-ray line
searches with Hess data [112, 114] reach a comparable level of sensitivity than that
which we have obtained on neutrino lines (see Fig. 3.1, from ~ 10 to 50 TeV). Within
this range, which interestingly allows for thermally produced DM candidates, this
opens the way to a potential “double smoking gun” evidence of the DM particle, that
is to say the observation of both - and v-lines of similar intensities and energies.

10-% —— v, IceCube

1072h
\

NFW, MED

10730 L L " "
10? 103 10* 10° 109 107 108

mpMm [GCV]

Figure 3.1: 95 % CL limits on I'(DM — ~v) = 'y from Fermi-LAT (2015, dashed
blue line) [111], Hess (2013, dotted blue) [112, 114], and those derived in Chapter
6 where we have used a public data sample of IceCuse (2014, solid black)[139]. In
the DM mass range from 10 to 50 TeV, the constraints on the two types of lines are
within the same order of magnitude. This means that models predicting similar
gamma-ray and neutrino line intensities can be tested in that region.

At the theoretical level, these two lines can be produced from:?

« different annihilations channels;

« different decay channels;

! Apart from us, and at that time, a few other groups had studied this possibility but in the
very high energy part of the spectrum [135, 136, 137].
2We do not consider any mixture of these scenarios.
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« the same decay into a vy final state (not possible with an annihilation or requires
co-annihilations).?

Along the first two scenarios, the y and v lines could largely differ in terms of energy
and intensity.* The observation of correlated lines would likely indicate that they
come from the same process, potentially pointing towards the existence of decaying
DM fermions.> We therefore choose to study the latter of the three scenarios. By
the end of this chapter, we will show that the observational discovery of a “double
smoking gun” could be around the corner in some specific cases. We start off by con-
sidering the neutral DM scenario in depth and comment on the millicharged option
towards the end of this chapter.

As in Chapter 2, the plan is to consider the whole list of lowest-dimensional
operators and analyse their respective phenomenology. A main difference with the
analysis in Chap. 2 is that we will include the 3-body decay channels induced by the
effective operators. More specifically, we will include the phenomenology of those
3-body decay channels that “happen to” dominate the DM decay width at high mass.
Even if this means that the yv decay channel can be subleading, the 3-body processes
also give interesting features in the photon and neutrino spectra, similar to those
obtained in the context of internal Bremsstrahlung (IB) processes. These line-like
features can also be looked for (as explicitly done in Chapter 6) and may as well
constitute a probe of the DM particle. In parallel, all of the operators that we are
about to list lead to the emission of a featureless continuum of CRs, from which we
can derive complementary sets of constraints on the DM decay width. This approach
was already adopted in Chapter 2.

3.2 Effective operators—Neutral DM

To investigate what are the proportions of monochromatic photons, neutrinos and
CRs that we can expect within the Wpy — v scenario, we use the effective approach.
As in Chapter 2, the motivation for using it is clear: the cosmological timescales
required for the DM lifetime can naturally be explained in the framework of an acci-
dental global symmetry at low energies that is broken by some new UV physics.

Up to dimension 6, and assuming that the DM particle is neutral and has spin
0, 1/2 or 1, it has been shown in Ref. [114] that there exists a limited list of operator

3Other scenarios where  and v line-like signals appear with a similar intensity and same
energy are still possible. For example, in multicomponent DM annihilation scenarios two
distinct DM particles do not need to form a bosonic state (as annihilating conjugated particles)
and could thus lead to a v + v annihilation final state. Double line-like signals might also
arise from 3-body final states, such as from v7y annihilation or decay processes. We will not
consider these more elaborate cases here.

“Note that there is always a minimum degree of correlation: a decay into vv induces
a (suppressed) decay into 7 at the two-loop level (or at the one-loop level if there is an
associated {71~ channel), and vice versa.

5We do not mean by this that a same decay always predicts similar intensities. A couple of
counterexamples can e.g. be found in the context of millicharged DM (see Sec. 3.7).
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structures leading to -lines.® Only eight of these operator structures also lead to a
neutrino line via the v + v decay channel. Two of them are of dimension 5

O = To,,WpmF, Wpy=(2,—-1) (3.1)
0L = To,,WpmFt”, Wpy=(2/4,—1) (3.2)
and 6 are of dimension 6
oY = LonVomF{ ¢, Wpm-¢=(2,-1) 3.3)
O = To,,VYpmF¥¢, Wpm-¢=(2@4,-1) (3.4)
0% = D,Lv,VpmFY, Wpm = (2,—1) (3.5)
0%t = D, Ty, WpuF!, Wpm = (2/4, 1) (3.6)
0% = I1y,D,WpmFL, Wpm = (2,—1) (3.7)
O3 = Ty,D,WpmF!, Wpm = (2/4, 1) (3.8)

In the above list, L represents a lepton doublet L = (v, ZZ)T of e, p or 7 flavor and
Fy'} represent the field strength tensors of the U(1)y and SU(2), gauge fields. The
(n,Y) labels (last column) denote the dimension n and hypercharge Y that a given
field (or field combination) must have under the SU(2);, x U(1)y group in order to
build gauge invariants. As in Chap. 2, whenever we refer to the contribution of an
operator, we always mean the contribution of this operator and that of its hermitian
conjugate.” We also assume the operators to be flavour democratic (= flavour univer-
sal), but the results are marginally affected by another choice.

Apart from the DM field, almost all of the operator structures given above only
involve SM fields. The two exceptions to this statement are the operator structures of
Egs. (3.3)-(3.4): they involve a scalar field ¢ which does not have to be the SM scalar
doublet field H. By considering only SM fields and taking into account all the possible
DM multiplets up to the 5-plets and a complete set of SU(2), index contractions, the
8 operator structures® above lead to 25 different effective operators, which we list in
Table 3.1.

We end up with three linearly independent invariants in the case of the dimension
5 operators in Egs. (3.1)—(3.2) and 6 linearly independent invariants in the case of the
dimension 6 operators in Egs. (3.5)-(3.8). The operators involving a scalar field in
Egs. (3.3)-(3.4) lead to 9 invariants when ¢ = H (where Wpy is hyperchargeless)

0 = LowVpmFY H, Vpym = (1/3,0) (3.9)

O = LowVYomF!""H, WYom = (1/3, 4.c.d.0.1/5:0) (3.10)
and to 7 invariants when ¢ = H =iooH* (where Wpy has Y = —2)

OY = Lo, YouF{"H, Ypy = (3,-2) (3.11)

OY = TLowVomF["H, Wpm = Bgp.ede.s/5 —2). (3.12)

%See Ref. [138] for a list of operators leading to monochromatic neutrinos.

7 That is, on top of the Wpy; decay channels, the hermitian conjugated operator induces
the Wp) decay to the conjugated final states (with identical BRs).

8Ac’cually 10 if you separately consider H and H.
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Table 3.1: The ten possible effective operator structures, involving only SM fields
(apart from the DM particle), leadmg to the Wpy; — v decay (1% column)
with their allowed DM multiplets ™ column) and poss1ble SU(2)y, index
contractions—if not unique—of the fields in the operator (3r column). The last
column labels the 25 resulting effective operators (the DM multiplet, contraction
choice and included scalar field are specified in the label’s indices).

Here, H denotes the SM scalar doublet with hypercharge Y = —1,i.e. H = (H, H™)
with H? = (v + h +iag)/v/2, v = 174 GeV and m;, = 125 GeV. As indicated by the
subscripts {a, b, ¢, d, e, f}, for both O} and O%IL there are various possible structures
when Wpy is a triplet because various contractions between the SU(2) 1, indices of the
fields are possible. The six operator setups 3, 5 ¢,d.¢, f respectively correspond to the
cases where H and L form a singlet or a triplet, where Wpy and H form a doublet
or a quadruplet and where the Wpy and L form a doublet or a quadruplet (and



CHAPTER 3. MONO-ENERGETIC PHOTONS AND NEUTRINOS FROM
78 NEUTRAL DM DECAY

correspondingly for the two remaining fields in the operator).® Note that for O, |,

(Ol%L 3-let
from the list. We indicate this by crossing out the b and a subscripts in Egs. (3.10) and

(3.12), respectively.

) the b (a) case does not lead to a DM decay into yv and is therefore excluded

Note that, in the most minimal setups, DM particles with Y # 0 can strongly be
constrained by direct DM searches due to that Z-bosons mediate direct interactions
with nuclei. Various mechanisms can be invoked to avoid this, e.g. the existence of
mass splittings within an SU(2) DM multiplet or an appropriate mixing of the DM
field with a pure SM singlet.

3.3 Phenomenology of the 2-body decays

3.3.1 Multiple neutrino lines

Gauge invariance is manifest in the effective operator language, implying that any
of the listed effective operators necessarily predicts—besides the decay channel into
~v—the existence of a decay channel into Zv. If kinematically allowed, that is to say
if mpym > my, this additional decay channel is the source of a continuum of CRs from
the subsequent decays of the Z boson (see Sec. 3.3.2), but not only. It also induces a
second neutrino-line in the spectrum at

2
E, = ‘M (1 _ "z ) . (3.13)

When the effective operator involves the F}/” field strength tensor, the intensity of this
lower-energy neutrino line is tan? 6y ~ 0.3 times that of the neutrino line produced
at B, = mpm/2 (= the one associated to the yv final state). With the F/'” field strength
tensor, this number changes to tan~20y ~ 3.3.10 Given the finite experimental
resolutions, the two neutrino lines can be viewed as one single effective bump at £, ~
mpm/2. For a typical 10% energy resolution, this happens as soon as mpy 2 300 GeV
(see Eq. (3.13)). In this case, the relative intensity R,/ of the v-line versus that of the
~-line (at the source) is augmented

1
R,y = py - ~ 1.3, (3.14)
and
1
R,=—5— ~43, 3.15
T gin? Ow ( )

assuming that the operator contains the F{;” and F}"” field strengths, respectively.
At high DM masses, all of our operators necessarily give the monochromatic v and

Only two out of these six invariant contractions are linearly independent (they can all be
written as linear combinations of the invariants obtained with, e.g., Wpy;- ¢ being a 2-let and a
4-let), but we study all these setups because they could in principle be induced by the mediation
of different heavy multiplets

19Note that the gamma and neutrino lines which are centered at £, = mp)/2 share the
same intensity (at the source).
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v lines in one of these proportions, and hence the field strength that is contained in
the active operator could in principle be experimentally distinguished. In practice,
nevertheless, this might not always be that simple. If several operators are induced
by the UV physics, they will all contribute and, in some cases, interfere. In fact, a
contribution from several operators is expected in many cases but not mandatory.
Models with operators involving only one type of field strength up to dimension
6 can be found, like in the minimal DM scenario (see section 3.6 below). Unless
particular destructive interferences take place among several operators with the two
types of field strengths, a measured ratio R, ., of order of a few would constitute a
strong indication for a single yv decay channel scenario (but not a proof), whereas
larger values would constitute a strong indication for separate channel scenarios—
annihilation and/or decay. A value of R/, smaller than 1 would definitely require a
scenario with separate decay channels.™

3.3.2 Secondary CR emission

Besides producing monochromatic fluxes of photons and neutrinos, the emission
of a continuum of CRs is expected from vZ and, in some cases, from the Wilf
decay channel(s). For the dimension 5 and 6 operators above, this has already been
analysed at length in Ref. [114]. As explained in Chapter 2, each operator leads to
well-defined branching ratios. The 25 operators presented above in Tab. 3.1 end up
giving 5 different “phenomenological outcomes” that we call A, C, D, E and F. The
branching ratios involved in each of these outcomes are given in Table 3.2.

Decay channel A C D E F
Y cos? Oy | sin? Oy | sin? Oy | sin? Oy | sin? Oy
Z sin? Oy | cos? Oy | cos? Oy | cos? Oy | cos? Oy
W~ 0 0 1/4 1 9/4
W=t 0 0 1/4 1 9/4

Table 3.2: Effective 2-body decay channels available (first column) and branching
ratios in the different outcomes A, C, D, E, and F', modulo a common factor proper
to each case. See text for further details.

These branching ratio predictions hold when the DM dominantly decays into
2-body final states. Given a DM field representation (column 1), Table 3.3 matches
each one of the 25 operators presented in Tab. 3.1 to one of the 5 phenomenological
outcomes A, C, D, E, and F. Given a total decay width I'ty, the A outcome gives the
least amount of CRs and is only obtained with the operators that involve the Fy field
strength. The C, D, E and F outcomes are obtained with the operators involving the
F'p, field strength.

1f the lines come from the same decay, then for each mono-energetic y-ray produced, there
is at least one mono-energetic v produced at the same energy, meaning that R,, /., is a least
equal to one.

v/
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Table 3.3: Predicted phenomenology of the possible DM setups from all the
effective operators that give the Wy — v decays. The operators are defined in
Table 3.1 (omitting their “DM n-plet” index since we give it in the 1%t column).
These are the predictions from DM decays into 2-body final states. For DM
masses above ~ 4 TeV, the predictions from the operators including a H or H
field are modified by 3-body decays, see Sec. 3.4.

3.3.3 Results

We show in Fig. 3.2 the limits on the decay width I, that we have obtained according
to the prescription outlined in Sec. 2.5.1. The antiproton (continuum photon) con-
straints give the best limit for mpy below (above) ~ 5 TeV. Besides using FErmi-LAT
data [140], we have also used the Hess telescope data (up to 25 TeV) [112]. In practice,
when considering only 2-body final states, the constraints inferred from the Fermi-
LAT data are always stronger than those derived from the Hess data measurements.

For the operators of Egs. (3.1)-(3.2) and (3.5)—(3.8), these bounds are valid up
to the contribution of decays with 3 or more bodies in the final state. These extra
3-body contributions can safely be neglected because the branching ratios of these
channels are suppressed by the phase space. For the operators of (3.3)-(3.4) (and
hence Egs. (3.9)-(3.12)) these bounds are also reliable unless mpym » vg, Where vy
is the vacuum expectation value of the ¢ field (see Sec. 3.4). We have included the
electroweak corrections in the computation of the continuum energy spectrum of
gamma-rays and antiprotons from DM decays. The small dips around mpy =~ 2 TeV
come from a hardening of the photon spectrum (due to these EW corrections) which,
moreover, coincides with a drop in the measured isotropic y-ray flux.

For the operators with an Fy tensor (A curve), the “direct” limits on I',, are
stronger than those derived from the associated CRs by a factor of about 10 to 100 in
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Figure 3.2: 95% CL limits on the DM decay rate to monochromatic gamma-ray
lines. Excluded regions from direct line searches [111, 112, 114] (grey regions)
as well as the indirect upper bounds derived from the associated CR emission
each operator unavoidably induces (colored dotted curves are constraints from
antiproton data [126], and solid curves from gamma-ray data [140]). Shown are
the bounds we get for the A, C, D, E, and F scenarios given in Table 3.2 when the
2-body DM decays are included. These cases apply to the various possibilities of
operators and DM multiplets according to Tabs. 3.1 and 3.3, as explained in the

text.
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the DM mass range of 1 TeV to 50 TeV. For the operators with an F'j, tensor, i.e. the curves
C' to F in Fig. 3.2, the indirect constraints (at the 2-body decay level) are competitive
with the dedicated line searches (within a factor of 10) as soon as mpy = 1 TeV. For
these operators, there are also real further possibilities to make a distinction between

them (as opposed to O®)Y, 02V, 03Y, 0% and Ogﬁy which all lead to the same curve

A at the 2-body level).

As a last comment, let us add that depending on the UV completion we might end
up with different linear combinations of operators (when more than one is available
for a given DM field). However, this generally requires a careful tuning of the possible
interferences to significantly alter the individual predictions of each operator [141].
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3.4 Phenomenology of the 3-body decays

3.4.1 General considerations

For the operator structures in Egs. (3.3) and (3.4) we find that, in addition to the
2-body decays of particle DM, the 3-body decay processes involving the scalar field
¢ must also be taken into account. The reason behind this statement is that the
BRs of the former are proportional to vi, while the BRs of the latter are proportional

tomg,;. More specifically, the 3- to 2-body decay width ratio scales as ~ mg,,/647%v3.

If ¢ is the SM scalar doublet, as in Egs. (3.9)—(3.12), then the 3-body decays start
dominating the decay width when mpy = 4 TeV. In this case, after replacing the
Goldstone bosons by their corresponding longitudinal gauge bosons (in the unitary
gauge), we get the following list of possible 3-body decays:

Wpm —vyh, vyZr, YWy,
l/Zh, VZZL, ZZWL,
IWh, W2, VWL,

Above 4 TeV, it is a good approximation to calculate these 3-body decays in the elec-
troweak unbroken phase (that is to say the Wpy — vW3HY IWsH™ vWH™', and
IWH? decay processes), and then use the equivalence theorem to relate them to the
corresponding processes in the broken phase.

Different multiplets which used to give the same list of BRs at the 2-body decay
level do not necessarily lead to the same BRs for the 3-body decays. In order to see the
typical ranges of BRs predicted at the 3-body decay level, we consider the following
4 operators with ¢ = H—and as a consequence, Ypy = 0—:

A O3 tet = Lo VHS P | (3.16)
oF O3 et - Lo, W et P | (3.17)
D: OH'5—1et = Lo VE PV H (3.18)
E: O et = Lo, Vet piv g (3.19)

In the first case, Wpy is a singlet (1-let) or a triplet (3-let).!? In the subsequent cases,
Wp is a triplet (3-let, with L and H forming a singlet), quintuplet (5-let) and singlet
(1-let), respectively. As already indicated, we denote the corresponding phenomeno-
logical outcomes as A, C, D and E, in analogy with the notation used at the 2-body
decay level in Tab. 3.2. The “tilde" is added to stress the relevance of the 3-body decay
channels at high mass.

12They give the same invariants, which is why we have grouped them.
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Decay Operator
Channel Fy Fy,
A E C D
A/3det) | (1det)  (3let)  (5-let)
vy 4cos? Oy | 4sin20y  4sin?0y  4sin? Oy
vZ 4sin?6y | 4cos? Oy 4dcos?Oy 4 cos? Oy
W 0 8 0 2
vyh cos? Oy sin? Oy sin? Oy sin? Oy
vyZ, cos? Oy sin? Oy sin? Oy sin? Oy
YWy, 2cos? Oy | 2sin?6y  2sin?6y 2 sin? Oy
vZh sin? Oy cos? Oy cos? Oy cos? Oy
vZ 7y, sin? Oy cos? Oy cos? Oy cos? Oy
1ZWp, 2sin? Oy | 2cos? Oy 2cos? Oy 2 cos? Oy
IWh 0 2 0 1/2
IWZy, 0 2 0 1/2
vWWry, 0 4 0 1
Table 3.4: Branching ratios of the 3-body processes induced by the operators of
Egs. (3.16)—(3.19), up to the factors given in Egs. (3.20) and (3.21). The correspon-
dence with the A, 5‘, 5, and E scenarios is also expressed in those equations.
The BRs are given in Tab. 3.4 up to the following normalization factors
2,2
26(64# for the 2-body decay channels, (3.20)
mpy + 64202
¢ miy
for the 3-body decay channels, (3.21)

m%M + 647202

where c is a constant equal to 1/4, 1/4, 1/6, and 1/12 respectively.

3.4.2 Additional spectral features

Besides bringing extra sources of CRs—which we discuss in Sec. 3.4.4—, the 3-body
decays involving a scalar field bring extra features in the photon and neutrino spectra.
To discuss them, we conveniently define the following decay widths:

I’ = TI,,, (3.22)
2 = T,,+T,z (3.23)
% = Ty +Tuyz, +Tw, (3.24)
% = T,n+Tuyz, +Tuzpn

+ Tuz,z +Tow,w, (3.25)

as they embody the intensity of the line(-like) features at different levels.
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Figure 3.3: Primary photon (left) and neutrino (right) energy spectra obtained
for the operator O}}jl /3—let in Eq. (3.16) for an 8 TeV DM particle with a lifetime
of 10%% s. The contributions from the 2-body v (grey) and 3-body IB (blue)
channels are shown. The corresponding smeared spectra by a gaussian energy
resolution of 15% (according to Eq. (3.29)) and their sum are also shown (dotted,
dashed and black curve, respectively).

The extra hard contribution to the primary photon flux'® is proportional to I' ib and
similar to that coming from IB processes. It has a rapidly increasing energy spectrum
that peaks at the kinematic cutoff E., = mpm/2 (up to O(m? /m2,,) corrections), for

dN 64 E, s mpMm
= —FE,). 2
dE, MpMm <mDM > O ( 2 ’Y) (3.26)

We show in Fig. 3.3 the characteristic (primary) differential flux d¢/dE, induced at
the 2 and 3-body decay levels. We have considered for this example the operator of
Eq. (3.16) with mpy = 8 TeV and a total decay width Ty = 10728 s=1. The effect
of the detector’s finite resolution are modelled by a Gaussian with a 15% standard
deviation and corresponds to the smeared spectra (dotted and dashed).

The extra hard contribution to the primary neutrino flux is proportional to '3’

and

AN 32 2F, B, \°_ /mpum

= 1— —F,). 27
dEl, mpm ( 3mDM> (mDM> ®H ( l/) (3 2 )

BIn the following, we will refer to a particle as being “primary" if it is directly produced
from one of the local effective operators. If it is produced subsequently, we call it “secondary”.
This definition is slightly different from that given in Sec. 1.5.3.

41 ine and 1B spectral features can show up together in many frameworks (e.g. [142, 143,
144, 145]) from one-loop 2-body and tree-level 3-body radiative annihilations. We wish to
emphasize here that for the operators of Egs. (3.3) and (3.4), these features appear at the same
coupling and loop order (the only difference is that it is either the scalar field or its vev which
come into play).
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This spectrum is less peaked than that of Eq. (3.26) but still displays a rise and a
kinematical cutoff at E, = mppm/2. In that respect, it is “sharp enough” in com-
parison with the featureless and decreasing astrophysical backgrounds of neutrinos.
Figure 3.3 (right) shows the primary neutrino flux that is obtained at the 3-body de-
cay level for a DM mass of 8 TeV and a 15% energy resolution. As can be seen by
comparing it with the photon spectrum (left), this one is basically as sharp because it
undergoes the same kind of kinematical cutoff.

3.4.3 Re-interpretation of the line searches

A proper determination of the constraints which hold on Ity in the presence of the
spectra that we have just seen in Sec. 3.4.2 would in principle require dedicated analy-
ses, where all of the spectrum (2-body and 3-body contributions) is incorporated in the
fits to the data. In the absence of such analyses, we can nevertheless derive approxi-
mate bounds on I by estimating the respective contribution of the monochromatic
and line-like fluxes in the energy bin around mpy/2. The reason for this is that the last
bin can be considered as the most relevant to determine the limit since it is where (most
of) the DM-induced bump lies. To do so, we define the relative intensity of the two
contributions within the bin of edges Emin = ™2 (1 — 7g) and Epax = “9M (1 + rp)
as

, dN3", )
dE JdETE’K(E,E)
_ Jbin
o [ a2 s

. dE ’

in

, (3.28)

where de}fl, /dE is the energy spectrum of the primary photons/neutrinos produced
in an i-body decay, and E’ the reconstructed energy. For the detector response, we
assume a Gaussian function

2
1

K(E'\E) = ——— 3(555) . 3.29

(E', E) RN (3.29)

With this setup, the numerator of Eq. (3.28) depends on the detector resolution rg,

while the denominator stays fixed to 68%. For a typical value rg = 15%, we get

fy = 0.57 and f, = 0.44. The behaviour of f, , as a function of rg is plotted in
Fig. 3.4.

Assuming, as already said, that the experimental limits dedicated to monochro-
matic line searches are driven by the bin in which the DM signal prediction is the high-
est, these same limits can be re-interpreted as limits on the combination I’?Yb +fy T ?f’,
where f., has been defined in Eq. (3.28). Given the fact that the BRs are known, these
limits can easily be re-translated into a limit on any other partial decay rate (as done
in Fig. 3.5), and in particular on I'?” (dotted-dashed curve). That these limits on I'2”
drop at large mpy is not surprising given the smaller and smaller 2-body BRs (see

Eq. (3.20)).

3.4.4 Secondary CR emission—Results

As already said above, for the operators involving the SM scalar field H, the 3-
body-decay-induced fluxes dominate if mpy = 4 TeV. As a result, these channels
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Figure 3.4: Solid line (fy): the ratio between the number of prompt photons
in 3-body decays and prompt photons in 2-body decays in an energy window
(mpwm/2)(1+ 7). Dashed line (f,): same ratio, but for neutrinos. The f- . factors
are analytically defined in Eq. (3.28). The 3-body «y and v energy spectra are given
in Eq. (3.26) and (3.27), respectively.

are expected to considerably increase the amount of low energy CRs, and hence to
considerably strengthen the associated bounds on monochromatic line signals from
these operators. For illustration, we show in Fig. 3.6 the secondary photon spectrum

corresponding to the A scenario of Eq. (3.16) together with the line-like signal.

We show in Fig. 3.7 the bounds deduced from the continuum of gamma-rays (A
and E scenarios, left and right respectively) on the « line (i.e. on F%b), on the decay
width into a line-like signal (i.e. l"%b + F:Q’Yb) and on the quantity that is actually be-
ing probed with pure monochromatic line-searches, that is to say I’2" + fyl"ib (with
f~ = 0.57). For the antiproton constraints we only show the bounds on I",%b + fVI’?yb.
This figure can be compared with Fig. 3.2, which was obtained in the previous section
limiting ourselves to 2-body decays.

As expected, these new bounds are more stringent than those obtained at the
2-body decay level at high values of mpy. Assuming an experimental sensitivity
improvement of ~ one order of magnitude, what you see from these figures is that
the prospects for observing the pure v-line part (in the two specific scenarios Aand
E) is low as soon as mpy = 10 TeV. The observation of an “IB-like” feature consistent
with CR measurements is however possible, at least up to £, ~ 50 TeV.
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Figure 3.5: Solid black lines: 95% CL limits on the intensity of a v-line from
FerMmI-LAT (below ~1 TeV) and Hess (above ~1 TeV). These bounds are now
reinterpreted as bounds on I“%b + fvy - I“%b with fy ~ 0.43 for Fermi-LAT and
fv =~ 0.57 for Hess. As the ratios of the various partial decay widths are totally
fixed by the value of mpy for a given operator, these bounds can be translated into
bounds on other partial widths. As an example we show the bounds induced
on the 2-body decay width F,be = I'yy and on the total radiative decay width
Iy = I“%b + ng, for the operators of Egs. (3.3) and (3.4) with ¢ the SM scalar
doublet. These bounds turn out to be identical for all the cases considered in
Tab. 3.4. However, the bounds on the total DM decay rate I'tot depend on the
operator, and we do not show them here.

3.5 Double smoking gun prospects

With all the discussions made above, we can now focus on the prospects for observ-
ing both a neutrino and a gamma-ray line-like feature within the Wpy — v decay
scenario.

To do so, we have summarized in Fig. 3.8 the limits on -ray (left) and v (right)
line-like signals. The dedicated line searches performed by the Fermr [111] and Hess
[112, 114] Collaborations and those obtained in Chapter 6 correspond to the grey re-
gions (95 % CL exclusion regions). As for the colored curves, they are deduced from
the constraints on the v and p continua induced by the effective operators. When
these deduced limits are weaker than those from the dedicated line searches, they fall
into the grey regions. When this happens, the interpretation is that you could find
a line signal (if it exists at the edge of the experimental sensitivity) without being in
conflict with other constraints. The bounds on l"%” considering only 2-body decays
are presented in dashed and those on F,be + fvl"%b—the quantity that is more correctly
probed in the scenarios with relevant 3-body decays—are given by the solid (color)
curves.
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Figure 3.6: Photon flux obtained in the A scenario of the operator of Eq. (3.16),
for mpy = 5 TeV, rp = 15% and a DM lifetime of 7 x 1026 s. The line-like
energy spectrum (blue), and the continuum spectrum from Z, H and Wy, decay
at lower energies (gray), together with the sum of these contributions (dashed).
Data points from Ref. [140].

The exact prospects for the detection of a “double smoking gun” depend on the
operator considered. To do this, it is useful to define r, and r,, as the ratios of the direct
line-search limits (I'}'2'*) to the indirect CR constraints on a line signal (IS —!™it) in
each effective operator setup:

limit
Tvy = I—-CRVjimit : (330)
vy
These ratios can directly be read off from Figs. 3.8.a and 3.8.b and their interpretation
is straightforward:

« If, for a given operator, the associated CR constraint on the line signal is more
stringent than those from direct searches of v and + lines, then both r,, and r,
are larger than 1. In this case, to detect both a v and + line-like feature and stay
compatible with the current CR constraints, both sensitivities must be improved
by factors larger than r., and r,, respectively. This situation applies in particular

to the E case, except at the lowest DM masses where 7., < 1.

« If instead 7 is smaller than 1 and r., < r,, then the v-line feature could be just
below present sensitivity, whereas a detection of the associated neutrino line
feature would require that the neutrino sensitivities improve by more than a
factor r,, /1.

o Similarly, if r, is smaller than 1 and r,, < r,, it means that the neutrino line
could be somewhere just below the corresponding sensitivity and the gamma-
line sensitivity would require an improvement by at least a factor ./, to
become observable for that operator prediction.
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Figure 3.7: 95 % CL upper limits on decay rates into a gamma-ray line-like signal.
The “direct” line searches give the grey regions (excluded), while the colored
lines are the indirect limits on the line-like signal. Left panel: Red solid curves
present the limits on F%b + fy I“%b (with fy = 0.57) derived by imposing that the
associated CR prediction Ain Eq. (3.16) does not overshoot PaMELA antiproton
data (light red) or FErmI-LAT isotropic gamma-ray background data (solid dark-
red). Right panel: The same as the left panel (solid blue and solid cyan curve,
respectively), but for the prediction E of the operator in Eq. (3.19). We also give
the limits on the decay width Fg,b + I“:},b and on F%b (using the BRs from Table 3.4
for these two operators).

To get a little more practice, we propose to further quantify this discussion within

a few

examples:

E case (solid blue): both r, and r,, always larger than ~ 1 when mpy 2 1 TeV.
For example, at mpy = 10 TeV, one has r, = 3 and r, = 5, meaning that the
sensitivities to a y-line and v-line respectively need to be improved by a factor 3
and 5 to have a chance to observe the two lines. A putative future observation
of a photon or neutrino line with higher intensities could not stem from the

operators giving prediction E.

A case (red dashed): could be on the verge of giving a double-line signal. For,
say, mpm =~ 30 TeV, this case gives 7, ~ r, ~ 1/10 < 1 and the associated CR
signal would be at least 10 times smaller than what is probed today. For the
same DM particle mass, mpy =~ 30 TeV, the C' and D cases (orange and green
dashed lines) have instead 7, ~ r,, ~ 1 and an observation of both a double-line
signal and the associated photon continuum flux could be around the corner.

A case (red solid): gives r, ~ 1/8 and r, ~ 3 at mpym = 3 TeV. This means
that a photon line signal can be present just below the current sensitivity, but
the neutrino-line sensitivity is required to improve by a factor =, /r, ~ 24 (to
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Figure 3.8: Summary of the 95% CL limits on the line-like signals of the various
effective operators. Left panel: limits on gamma-ray line-like signals (as in Fig. 3.2
and 3.7). Right panel: limits on neutrino line-like signals. Dashed colored lines:
the CR induced bounds on a line-like signal from operators with DM decays
into 2-body final states. These operators and their predictions can be found
in Tables 3.1 and 3.3. Solid colored lines: same as dashed curves, but for the
operators with relevant DM decays into 2- and 3-body final states. These colored
limits are on 1"3,{’,, + fyv - F:O’Y{’l, for the CR predictions A, C, D and E (the
operators of Egs. (3.16)—(3.19)) with f, = 0.57 and f, = 0.44 (15% energy
resolution assumed in Hess and IceCuskg, respectively). To discuss the “double
smoking gun” prospects, these limits should be compared to the direct gamma-
and neutrino line-search limits (grey exclusion regions).

see the corresponding neutrino line). This also means that the observation of a
neutrino-line with a stronger intensity would rule out this setup.

Alternatively, we can present the required constraints on the suppression scale
A. At mpy = 1 TeV, the scales that are probed in this way are typically around 106
GeV (dimension-5 operators) and 1030 GeV (dimension-6 operators). We refer the
interested reader to Appendix B.1 (many figures involved).

Allin all, what we conclude from Fig. 3.8 is that a realistic sensitivity improvement
of the dedicated neutrino and gamma-ray line searches by a factor of ten does allow for
many potential observations of the double smoking-gun evidence of particle DM.

3.6 The example of a minimal DM quintuplet

As an explicit example, let us take a fermion quintuplet with Ypy = 0 [146]. This
“minimal” DM candidate is known to be accidentally stable—as it linearly couples to
SM fields only starting from dimension 6 effective operators—and to have a mass fixed
to mpm = 9.6 TeV by the relic density constraint [147]. The minimal DM scenario is
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in tension with the constraints on the production of y-line through DM annihilation
[148, 149] but not totally excluded (because of the uncertainties on the DM halo
profile). By decaying, this candidate could only produce a v-line and a v-line through
the effective operator in Eq. (3.18),

~

D: Of's 1t = Lo Vi FiV H. (3.31)

Therefore, the ratio of the pure monochromatic neutrinos to pure monochromatic
photons from 2-body decays is fixed to:

R,y = n,/ny ~4.3. (3.32)

However, since the operator in Eq.(3.31) involves the SM scalar doublet, we know
that the 3-body contributions dominate the decay width for mpy 2 4 TeV—and in
particular new line-like features appear. The relative branching ratios of the nine
main decay channels are given in the quintuplet column of Tab. 3.4.

In Fig. 3.8, our bounds on the line-like photon and neutrino features are given
by the solid green lines. For mpy = 9.6 TeV, the Hess limits—which we should
reinterpret as limits on I2" + £, - I3" with f, ~ 0.57—reach a level of sensitivity
similar to those from the continuum (solid green curve in Fig. 3.8.a). For neutrinos,
the “dedicated” limits are a factor r, ~ 2 weaker (solid green curve in Fig. 3.8.b).
Therefore, if a neutrino or gamma line were to be observed just below the current
sensitivities, the CR continuum signal of quintuplet DM should also be within reach.
In that sense, the simultaneous observation of a v line, a  line and an excess of CRs
would strongly hint to the quintuplet nature of particle DM.

3.7 Millicharged DM

So far, we have assumed that particle DM was electrically neutral. However, it is
perfectly possible to give it a small electric “millicharge”, as seen at length in Chapter
2. If so, anew set of operators must be added to Egs. (3.1)—(3.8). They involve covariant
derivatives acting on millicharged fermion fields:

D, D, Lo" Wpy (3.33)
DD, Lo" Wpyo (3.34)
Lo™ D, D, Wpyé (3.35)
D, Lo™ D, Wpyo (3.36)

We have considered the phenomenology of these operators in Chapter 2, but let us
recall that if the field(s) to which the covariant derivatives apply are not SU (2) singlets,
an observable ~-line is not of an option taking into account the largely boosted'® decay
channels involving a Z boson (and/or W boson). The single operator which escapes
this statement is:

A:  Lo"™D,D,¥pumo, (3.35)

15By the inverse of the millicharge squared.
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with Wpy a SU(2) 1, singlet and, interestingly, ¢ having the same quantum numbers
as the SM scalar doublet H.

It is interesting to note that the v-line signal can be generated with a strong in-
tensity. Indeed, unlike the vy and vZ decay channels, the v+’ (kinetic mixing) and
vZ' (Stueckelberg, if kinematically allowed) decay channels are not suppressed by
the millicharge of particle DM. Given the experimental bounds on the existence of
millicharged particles (see Sec. 1.3.3), these scenarios would lead to a v line intensity
much larger than that of the corresponding ~ line (we are speaking here of many
orders of magnitude!).

The only way to evade the latter statement is therefore to impose the following
two additional conditions:

(i) the millicharge originates from the Stueckelberg mechanism (massive scenario),
(if) mz > mppm (to forbid the vZ’ decay channel).

In that case, and taking ¢ = H, we find the A phenomenological outcome (red solid
curves in Fig. 3.7).

3.8 Comments on the astrophysics

Before closing this chapter, we would like to add that we have also assessed the In-
verse Compton contribution from CMB photons scattering off DM induced electrons
and positrons (see, e.g., [150]). This contribution is however found to have a marginal
effect on the limits (at most a factor 2, and only for DM masses above 10 TeV in the F
case) and was therefore not included in our plots. Recently, it has been emphasized
that various astrophysical sources of photons, including blazars, can explain most
of the continuum photon spectrum [88]. If true, this leads to stronger continuum
photon constraints on DM decay. Imposing that the DM induced flux cannot exceed
the difference between the observed flux and the astrophysical contribution (given in
Fig. 1 of Ref. [88]'¢), the constraints presented in Fig. 3.2 improve by a factor of 2.

Our choice of the Mep propagation setup for the anti-protons [77] was based on
the preliminary Ams-02 data [151, 92] which seemed to be more favored than the Min
setup at the time this work was done—the latter setup would give 5 times weaker
constraints. With the more recent Ams-02 data, we also reassessed our positron
constraints (see, e.g., [152]), and concluded that they are always weaker than our anti-
proton constraints because positrons come together with W bosons, which themselves
produce antiprotons in quantity.

16T be conservative, we take the lower edge of the blue band given in the upper left panel
of this figure.
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3.9 What should you take away from this chapter?

This chapter was dedicated to the study of DM particle decays involving the simul-
taneous production of mono-energetic gamma-rays and mono-energetic neutrinos in
the same 2-body decay, and has addressed the question of whether or not this class of
scenarios could be responsible, in the near future and in a “multi-messenger context”,
for a potential observation of gamma-ray and neutrino lines around the same energy.
This discussion was mainly motivated by the results obtained in Chapter 6, where we
show the possibility for v-ray and neutrino telescopes to reach comparable sensitivity
levels on the DM decay width in a certain range of DM masses.

For similar reasons to those that were invoked in Chapter 2, we have again relied
on the EFT framework to address this question. We have studied the phenomenol-
ogy of the effective operators associated to those decays, both under the assumption
of neutral and millicharged DM particles (Secs. 3.2 and 3.7, respectively). For the
effective operators involving a scalar field ¢, we have highlighted the importance of
3-body decay processes as they induce non-negligible—and sometimes dominant—
contributions to the different cosmic-ray fluxes when mpy 2 TeV (Sec. 3.4.2). These
contributions affect the low-energy continua, such as those of p’s and 7-rays, thereby
hardening the constraints on the DM decay width (this is what causes the departure of
the continuous curve from the dashed curve in Figs. 3.8(a) and 3.8(b)). Regarding the
~-ray and neutrino fluxes, the three-body decay processes also induce new line-like
features which are predominant at high DM masses (% 10 TeV). We have commented
on a possible way of re-interpreting dedicated line searches in that case.

As explained in Sec. 3.5 and Appendix B.1, the outcome of this analysis—in terms
of the question phrased above—is that we can highlight the 10-50 TeV DM mass region
as a region where it is possible, in some scenarios, to find gamma-ray and neutrino
lines in a near future—what we refer to as the “double smoking gun discovery” of
DM—without being in tension with CR data measurements.
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CHAPTER 4 .

Principles of Neutrino Detection

“I turned my attention for a while to gamma ray astronomy and soon began the
first in a continous series of experiments at the Savannah River site to study the
properties of the neutrino.”

— Frederick Reines

(\()_J\‘-)HE experimental discovery of the neutrino in 1956 [153] marked the end of
((%@a 26-yfear—long ques.t for the particle hitherto postglated by W. Pauli [154].
@&eMore importantly, it opened the door to the frenzied development of new
experimental techniques aiming at bringing to light the properties of this particle.
Today, neutrinos are known to be leptons coming in three flavours that oscillate
among one another, to have at least two light massive eigenstates and to have weak
interactions. In spite of all the efforts, their very nature—whether they are Dirac or
Majorana—, the origin of their mass and its connection to BSM physics are still blurry
and under scrutiny. Nevertheless, the above-mentioned properties sufficed to soon
realise that neutrinos are excellent messengers, if not ideal. Because they are light,
they travel fast and do not get trapped by gravitational wells as they propagate. They
also do not carry any electrical charge, which means that magnetic fields do not bend
their trajectories, making neutrino astronomy possible. Lastly, because of the weak
nature of their interactions, neutrino propagation (in space) is negligibly affected by
diffusion and absorption, giving access to environments that “regular” astronomy
cannot probe whatsoever.

However, what has been depicted so far as qualities before reaching the detector
inevitably becomes unpleasant when it comes to make a detection. This is why huge
detectors are crucial to build satisfying volumes of data. “Cheap” options consist
in instrumenting huge volumes of a naturally abundant material, like water and ice.
Because the following two chapters are dedicated to analyses of IceCuse data, we
will focus on the latter. Neutrino interactions with the ice produce optical, radio
and acoustic radiation, via, respectively, the Cherenkov [155], the Askaryan [156]
and the thermo-acoustic effects [157]. These radiations can be searched for using
different techniques, and examples of detectors include IceCusg, Arianna [158] and
Seats [159]. It is worth noting that the search for Cherenkov light is well suited for
neutrino energies up to 107 eV, while the other two techniques are well suited for
higher energies because of the higher attenuation lengths involved. We discuss in this
chapter the principles of neutrino detection, with a strong emphasis on the Cherenkov
effect detection with IceCusk.
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4.1 Neutrino interactions

The detection of any kind of particle calls for the production of measurable signals.
In essence, these signals are the result of perturbations of the medium caused by the
passage of charged particles (e.g., ionization, nuclear excitation, ...). For a neutral
particle to be detected, it is thus vital that its interactions with the medium produce
charged particles. Fortunately enough, (anti)neutrino-electron and (anti)neutrino-
nucleus scattering processes fulfilling this condition do exist. They can be referred to
as charged current (CC) or neutral current (NC) interactions, depending on whether
the exchanged vector boson is electrically charged (W bosons) or neutral (Z° boson).
Tree-level Feynman diagrams of (anti)neutrino-electron and (anti)neutrino-nucleus
scatterings are depicted in Figs. 4.1 and 4.2, respectively, and typical corresponding
cross sections are presented in Figs. 4.3a and 4.3b as a function of the neutrino energy
E, . In the collisions with matter (i.e. atoms), neutrino-nuclei scatterings are generally
stronger than neutrino-electron scatterings [160, 161].! The one exception is around
E, = 6.3 PeV, where the processes U.e — 7l with | = e, p, 7 and D.e — hadrons are
resonantly enhanced [162].

Detectors like IceCuse aim at collecting the Cherenkov light produced by all the
charged daughter particles of the (anti)neutrino-ice interaction. How this light is
radiated and what are its properties is discussed in the following section.

v (V1) v (V1) u = 7, 7 7, 7
W W

e e e Ve e I~ e e
(a) () (c) (d)

Figure 4.1: Neutrino- and antineutrino-electron scattering diagrams. (a) Z-boson
(exchange) in the t-channel. (b) W-boson (exchange) in the t-channel. (c) W-
boson (exchange) in the s-channel with leptonic decay. (d) W-boson (exchange)
in the s-channel with hadronic decay. In the rest frame of the electron, both (c)
and (d) display the Glashow resonance when the anti-neutrino has an energy
close to ~ 6.3 PeV.

v (7)) v (1) v (71) = (")

N X N X
(a) (b)

Figure 4.2: Neutrino-nucleon and antineutrino-nucleon scattering diagrams. (a)
NC exchange in the t-channel. (b) Charged current exchange in the t-channel.

! This is because the latter are proportional to the mass of the electron.
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Figure 4.3: Neutrino-electron and neutrino-nucleon scattering cross sections as
a function of the (anti)neutrino energy E, in the frame where the electron is at
rest. (a) 10 GeV < E,, < 10'2 GeV. The dashed, thin and thick lines respectively
correspond to o (VA — v + anything), o(vN — p~ + anything) and their sum.
Figure taken from [160], where an analogous curve in the case of anti-neutrinos
can be found. (b) E, > 10* GeV. The Glashow resonance is easily identified at
~ 6.3 PeV. The process(es) used to produce each curve are referred in the figure.
From [161].

4.2 Cherenkov radiation

Let us denote by cpedium the speed of light in a given medium. The Cherenkov
effect is the phenomenon by which any charged particle moving in this medium with
velocity v > ¢medium induces radiation. The effect can be understood as follows.
The charged particle produces an electric field and as it passes by electrons—which
are naturally present in the medium—, it accelerates them. Therefore, each of the
accelerated electrons emits a spherical electromagnetic wave. Then, and as illustrated
in Fig. 4.4, if the velocity of the passing charged particle is greater than the speed of the
waves—that is to say v > ¢medium—the individual fronts of the waves may interfere
constructively, forming a shock wave moving in a specific direction with respect to
the direction of motion of the passing particle. This is characterized by the Cherenkov
angle 0¢c, with

Cmedium 1
Oc = = 4.1
cosfic = e @1)

and where n(w) is the refractive index of the medium (which is possibly dispersive,
hence the dependence on the angular frequency w). In the case of ice, n ~ 1.33,
making ¢ ~ 41° for highly relativistic particles.

The Cherenkov radiation is thus the electromagnetic equivalent of a sonic boom.
It is a collective effect and must not be confused with braking radiation (see below).
The latter can happen in parallel to Cherenkov radiation, and can even take place in
vacuum!
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(a) (b)

Figure 4.4: Tllustration of the Cherenkov light emission for a charged particle
moving with velocity (a) v < ¢pedium and (b): v > cpedium- Cmedium 1S pPre-
sented as c in the figures. From [163].

The amount of Cherenkov photons radiated per unit length and frequency is given

by [163]:
2 2
d°N _ ew <1_ 1 >’ 42)
drdw €2 ium B2n2(w)
where e is the electron charge. The dependence on w of Eqs. (4.1) and (4.2) simply
means that, if the medium is dispersive, photons of different frequencies are emitted
along different cones and in different proportions. At a given frequency w, the
measurement of the Cherenkov angle 6 informs on the energy of the charged particle.
Note that the condition v > ¢yedium defines a minimum energy Eyin, under which the
Cherenkov radiation is not possible—whether E is the original energy of the particle
when it was produced, or the result of many energy loss processes (see next section).
With m denoting the mass of the particle, Eniy is given by the following expression:

mc2

Emin = 5 (43)

4.3 Energy losses

Besides inducing the radiation of Cherenkov light as they propagate, the charged
particles produced by the (anti)neutrino-ice interactions also loose energy via other
processes. A number of different processes can be responsible for this:

— Ionization, the process by which electrons are knocked out of their atom. It
involves elastic scatterings of charged particles off atomic electrons. Ionization
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happens when the energy transferred to a given electron is greater than its
binding energy;

— Bremsstrahlung, a.k.a. braking radiation, which consists in the emission of
energetic photons by a decelerating charged particle. In the case of IceCuskg,
the deceleration is simply due to interactions with the ice. Energetic pho-
tons quickly loose their energy in matter by producing pairs of electrons and
positrons. In turn, the latter interact with the ice, decelerate, produce braking
radiation and so on. The result is the production of a chain of daughter parti-
cles with less and less energy—which is why at some point the chain stops—,
known as electromagnetic “cascade” or “shower” (see Fig. 4.5). Obviously, this
type of cascade can also be initiated by a high-energy electron;

Figure 4.5: Development of an electromagnetic shower initiated by an electron.
Each vertex hides an interaction with the medium.

+

— eTe™ pair production;

— Inelastic photo-nuclear interactions;

— Decay. In this case, the daughter particles carry on the energy losses mentioned
above.

As we discuss below, leptons of different flavours are not at all affected by the
same processes, nor do they loose the same amounts of energy (in proportion to their
original energy), giving rise to a few characteristic patterns of light emission.

4.3.1 Electron energy losses

In the case of electrons, energy losses are mainly due to ionization and braking
radiation. Moreover, above E. = 78.60 MeV (76.50 for positrons) [164],2 ionization
becomes irrelevant and leaves Bremsstrahlung as the only source of losses. The
radiation length X of electrons in ice is of about ~ 40 cm [165], and characterizes
the length over which an electron typically looses 1/e of its energy. In terms of the

2This energy where there is a transition of dominant processes is referred to as the “critical
energy”.
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length of a cascade, this leads to a logarithmic dependence on the energy of the (first)
electron:
InE/E,
In2 °

From this equation, we see that TeV electrons typically induce cascades of a few
meters. In consequence, the Cherenkov light pattern fits in a bubbly (or spherical)
shape.

L=2X, (4.4)
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Figure 4.6: Electron energy losses from ionization (solid red), Bremsstrahlung
(dashed green), photo-nuclear interactions (dotted blue), ete” pair productions
(dashed-dotted cyan) and decay (solid magenta). The lower magenta curves have
Landau-Pomeranchuk-Migdal corrections included in their calculation [166].
From [167].

4.3.2 Muon energy losses

In this case, ionization, Bremsstrahlung, photo-nuclear interactions and pair produc-
tion have to be taken into account. The muon lifetime is large enough to neglect its
decay, see Fig. 4.7. Between 20 and 10!! GeV (which covers the range of energies that
we consider in our analyses), the losses, as a function of energy, can be approximated
by an (almost) constant contribution coming from the ionization together with an
(almost) linear contribution embedding the other three processes. That is,

_<ﬁ?>%a@m+b@mEm (4.5)

where a and b mildly depend on the muon energy E,,. A good choice is to take
a = 0.268GeVm~! and b = 4.70 x 10~3m~1 [167]. The { ) sign is there to remind that
all processes but ionization are stochastic and the losses were thus quantified after
taking averages over some large enough dx. With Eq. (4.5) at hand, it is easy to see
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that it takes a long distance before a muon looses a significant fraction of its original
energy. Indeed, solving Eq. (4.5) gives:

E.(z) ~ e (Ey + a/b), (4.6)

with Ey the energy of the muon as it enters in contact with the ice. The mean range
of a muon can then be approximated as

1 b
Rl" I gln <1 + EOa) . (4:7)

For example, 100, 103 and 10* GeV muons stop after travelling ~ 215,620, and 1100
m in the ice, respectively. These distances are way longer than those inferred for
electrons. The typical light pattern induced by a muon event is thus the result of a
succession of showers (induced by Bremsstrahlung, photo-nuclear interactions and
pair production processes) that are much smaller in size than the muon range, and
therefore takes the form of a cylinder. On a scale like IceCusr’s, this cylinder looks
like a track. Whether or not the muon has lost all its energy within the instrumented
volume of IceCuse may lead to further classification: e.g., fully contained event,
starting event, through-going muon, and stopping events.

ioniz

decay

10 -1 2.3 4 5 6,7, 8 9
i0 1 10 10 10 10 10 10 10 10 1010 10
energy [GeV]

‘1‘(‘)”” 11
Figure 4.7: Muon energy losses. Color and line code as in Fig. 4.6. From [167].

4.3.3 Tau energy losses

Here, the relevant processes are: ionization, photo-nuclear interactions, pair produc-
tion and, most importantly, decay. The decay length X 4. of a particle with lifetime T’
being

LCT, 4.8)

Vi-p
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it is easy to see that, over the range of energies probed by IceCube, the decay length
of the 7 lepton significantly varies®: about 5 cm at 1 TeV and 500 m at 10 PeV. As a
consequence, the light deposition pattern involves a first shower—(anti)neutrino-ice
interaction—followed by a track of length ~ X4..—7 propagation—and possibly a
second shower—r decay—if the event stops in the ice/matter. Depending on Xgec
(< E7), the detector may or may not resolve the track-like light emission pattern,
leading to specific morphologies (see Fig. 4.9). Itis worth noting that, at a given energy,
T-tracks are thinner than p-tracks. This is because 7 energy losses are comparatively
less important (as is seen by comparing figures 4.7 and 4.8). This feature can serve as
a criteria to identify v--induced events [168].

4.3.4 Hadrons

We have seen in Figs. 4.1 and 4.2 that the inelastic interactions of neutrinos with the
ice could produce jets of hadronic particles. The propagation of these particles in the
detector leads to a “hadronic” cascade, of which the development and the light yield
differs from those of electromagnetic showers. The reason for these differences comes
from the fact that more neutral particles (besides photons) are produced in hadronic
cascades, and that the threshold for higher-mass charged particles to emit Cherenkov
light is typically higher (see Eq. (4.3)), making £ > Enin less often satisfied. The
production of neutral pions does however lead—through their decays into photons—
to the production of electromagnetic sub-cascades, and a possible treatment is to
see hadronic cascades as electromagnetic ones, and apply a correction factor to the
detected energy [170].

4.4 Neutrino Oscillations

As mentioned in the introduction of this chapter, neutrinos are leptons. Like any
other fermion, they are represented in the Lagrangian by a mathematical object called
“spinor”. The spinor representation of the Lorentz group being completely reducible,
such an object can be split into different physical states/objects that transform inde-
pendently under the Lorentz group: in this case, the L (for Left-handed) and R (for
Right-handed) representations. In the original formulation of the standard model,
all fermions but neutrinos are assigned two chiral counterparts, arbitrarily making
neutrinos massless.* Building up neutrino mass terms can be done in several ways
(we refer the reader to [171] for a review), and is intimately linked with the neutrino
oscillation phenomenon, on which we focus below.

3In comparison with the (typical) sensors’ separation distance, see Sec. 5.1.

4In other words, neutrinos cannot have a Dirac mass—unlike all the other SM fermions.
Furthermore, they cannot have a Majorana mass term in this framework due to the SM gauge
invariance. In a BSM framework, they could however acquire a mass after the EW symmetry
breaking.



4.4 Neutrino Oscillations

5 E

]
IS

4]

10
10

)

102;

10 ; ioniz

10

energy losses [GeV/(g/cm?)

10

10
10

10

10
10

© o N S h s b D

10 b

1 10 10°10%10%10°10%10" 10%10%0 %0 "

energy [GeV]

Figure 4.8: Tau energy losses. Color and line code as in Fig. 4.6. From [167].

[] zero or low background
[ might have background
[[]definitely has background

S~

V.o ~OT

vy T

O
Bl [BR=18%, 27, -op, ~1°

~Y BR=82%, 2, <op,,
:~10, Bkgd= vu?
e .

- ~ Y
BR=18%, 4r. <6y, ~1° Bkgd=v, ‘@h

ny,

| | | | il | |
|

~ ‘/V‘V o =
o TF ~ BR=100%, 27 <0, ~1°, Bkgd= |

Lollipop
Inverted
Lollipop
Sugar-
daddy

Double
Bang
Double
Pulse

Tautsie
Pop

|
12 13 14 15 16 17 18
log(E,) eV

| | | | | | |

I | | | | ] I

5cm 50cm  5m 50m 500m 5km  50km
Tau Decay Length

Figure 4.9: Summary of 7-induced topologies accessible to IceCuste and their

fancy name. From [169].

105



106 CHAPTER 4. PRINCIPLES OF NEUTRINO DETECTION

4.4.1 In vacuum

Suppose we start with three stable flavour eigenstates {|vo—c ., )} and their anti-
particles.® The corresponding mass matrix cooked up by a theoretician is generally
non-diagonal
Mee Mep, MeT
My =\ Mye Mpuy Myr |- (49)
M. M., M.,
If neutrino masses are of the Majorana type, this matrix can be diagonalized by a

single unitary transformation U.¢ Flavour and mass eigenstates (= those carrying a
latin index) are then related in the following ways:

Vo)=Y, Uailvir)- (4.10)

i=1,2,3

The matrix U is referred to as the PMNS matrix (after Pontecorvo, Maki, Nakagawa
and Sakata [172]) and is conveniently parametrized as a product of matrices:

1 0 0 c13 0 S1387i6 c12 s12 O el 0 0
U=|(0 co3 593 0 1 0 —S192 ci2 0 0 et 0|,
0 —S8923 (23 _81361'5 0 C13 0 0 1 0 0 1
(4.11)

where ¢;; and s;; refer to cos 6;; and sin 0;;, respectively. The 6;;’s are called the mixing
angles, § is called the Dirac phase and a; and «y are Majorana phases. Both Dirac
and Majorana phases are CP-violating phases (the last matrix in Eq. (4.11) only needs
to be considered in the Majorana case). The fact that flavour and mass eigenstates
are related by a non-trivial transformation, as soon as M, is non-diagonal, is called
neutrino mixing and also happens in the quark sector.

With this is mind, we can now introduce oscillations. Since interactions with
matter produce flavour eigenstates, let us start off at the source with a neutrino of
flavour o and momentum p. According to Eq. (4.10), this state corresponds to a given
superposition of the physical mass eigenstates with same momentum p. However,
assuming different mass eigenvalues, the eigenstates |v; ) do not propagate in phase,
resulting in time-dependent projections of |v, ) on |v;)’s. Therefore, it is possible for
a state |1, to transition—that is, to oscillate—to a state |v/g) where § may differ from
a. Denoting by |v,(t)) what has become of the original |v,,) after propagating during

a time ¢ in vacuum, i.e. _
Va ) = Y e Pt vy, (4.12)
J

the probability for this process to happen is simply given by:

Pasp = Kvglva ()P, (4.13)

5The case of unstable particles and/or more than three families is considered in the litera-
ture.

o1f they are of the Dirac type, this transformation is bi-unitary, meaning that another matrix
V # U is needed to describe the transformation of the right neutrinos.
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where
Walva(t)y = Y e FitUaUS; (4.14)
J
Assuming extremely relativistic neutrinos, and replacing ¢ by the distance travelled L
(recall that ¢ = 1), Eq. (4.13) gives:

Ay
Pacsp(E, L) = Y UAUsiUn;Ufje 28 L, (4.15)
k,j
with Ay; = mj —m3. From Eq. (4.15), it becomes clear that oscillations can take
place if and only if at least one mass eigenvalue is different than the others. This, in
particular, requires at least one massive state.

At the experimental level, the so-called Solar Neutrino Problem [173] appeared
in the late 1960s but was not understood for a long time, nor interpreted as a sign of
neutrino oscillations. Neutrino oscillation was then established on strong grounds
by the Surer-Kamioxanpe Collaboration, that observed the disappearance of high-
energy atmospheric v, [174]. This was the first in a series of results pointing towards
the existence of neutrino masses.

The value of the mixing angles in vacuum 0;; and of the A;; are summarized
in Tab. 4.1. Note that we have made the choice to restrict to the Normal Ordering
scheme.

Parameter Best-fit value +1o
sin? 09 0.30619-012
sin? fa3 0.44113927
sin? 613 0.021661 00007

2
wiﬁ 7.5004%;
10—A:331<3V2 2.52475040

Table 4.1: Best-fit values of some of the three-flavour oscillation parameters to-
gether with their 1o allowed range, assuming a normal mass hierarchy. Adapted
from [175].

4.4.2 In matter

So far, we have considered neutrino propagation in vacuum. The introduction of a
medium through which neutrinos can propagate slightly changes this picture. In-
deed, since matter has electrons, an electronic neutrino can interact (elastically) with
matter—unlike v,s and v;s. This leads to an effective potential for the electronic
neutrino that is different than for the other two flavours. In comparison with the
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propagation in vacuum (Sec. 4.4.1), this leads in particular to different neutrino mix-
ings and masses. Named after Mikheyev, Smirnov, and Wolfenstein [176, 177], the
MSW effect can even, under specific conditions, be responsible for maximal mixing
while the corresponding mixing angles in vacuum are negligible.

A word of caution should now be added. Because of neutrino-matter interactions,
neutrino absorption effects (which correspond to inelastic processes) should also be
considered. They lead to a non-unitary evolution of the neutrino beams which,
coupled to oscillations, requires a more complicated treatment than considered above.
In a tiny nutshell, it consists in correcting the unitary evolution by an exponential decay
whose argument goes like the inverse of the neutrino absorption length weighted
over the three flavours (see [178] for further details). In our analyses, matter will
refer to both the Earth atmosphere and the Earth itself (if the neutrino comes from
below the horizon). In these specific media, oscillations are effective below 100 GeV,
while absorption starts being significant above 50 TeV. The two effects do not overlap
and we will therefore take them into account by simply multiplying their respective
probabilities of occurring and reweighing our neutrino fluxes with that number (see
Sec.7.2.2).



CHAPTER 5 .

The IceCuse Neutrino Observatory

X EUTRINOs are naturally expected from a wide variety of sources and span over
¢ i” >n0 less than twenty decades of energy. At the higher end of the neutrino
Rl energy spectrum, beyond the reach of any man-made reactor or accelerator,
atmospheric and extra-terrestrial neutrinos provide—together with other high energy

cosmic rays—the unvaluable insights into the terra barbaria of very high energy physics.

The idea of fishing high-energy neutrinos dates back to the early years of exper-
imental neutrino physics. In order to test the quadratic behaviour of neutrino cross
sections at high energies—as predicted by the four-fermion theory—, M.A. Markov
proposed in 1960 to collect atmospheric neutrino data samples by building an under-
water Cherenkov telescope [180]. Over the course of time, the technique has been
extended to underground detectors (which consist of water-filled tanks buried in
the rock), under-ice detectors, and serves today various scientific purposes, such as
the identification and study of extra-terrestrial neutrino sources. The searches for
monochromatic neutrinos at IceECuse presented in Chapters 6 and 7 fit in this context:
their observation would be a clean and unequivocal indicator of the existence of DM
particles in our Universe.

Ice-fishing for neutrinos was first developed in Antarctica with the AManDA neu-
trino telescope [182]. The successful deployment and operation of the latter served
as a proof of concept to build the IcECuse Neutrino Observatory, the direct successor
of AmanDa and first gigaton neutrino detector ever. The Observatory, located about
one kilometer away from the geographical South Pole, consists of arrays of Cherenkov
light detectors deployed deep in and at the surface of the Antarctic ice cap.

This chapter is dedicated to a review of the main components of the IceECusk
Neutrino Observatory and how the magic happens as they interact with each other to
produce discrete event samples from a very large amount of signals. Future possible
plans to build a super-observatory at the South Pole are also presented at the end of
the chapter.
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Figure 5.1: Artistic view of the IceCuse Neutrino Observatory. Credit: IceCusk
Collaboration.
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5.1 The sensor arrays

The IceCuske detector principally consists of an array of Cherenkov light detectors
deployed in the Antarctic ice, called IN-Ic, and of a superficial array, called Ice-
Top. Both INIce and IceTor fit in a triangular grid pattern (see Fig. 5.1), respectively

instrumenting about 1 km? of ultra-clear ice and an area of about 1 km?.

5.1.1 IN-Ice

The IN-Ice array consists itself of two sub-arrays. The first one, commonly referred
to as the IceCusk array, is made of 78 vertical strings evenly separated by a distance
of 125 m. On each of these strings, 60 Digital Optical Modules (DOMSs) are spread
between 1,450 and 2,450 m of depth with a constant vertical separation of 17 m. This
configuration allows to be sensitive to neutrinos with energies down to ~100 GeV
and up to 100 EeV. The second sub-array is known as the DeepCore detector. It is
located in the inner bottom part of IceCusk (1760 to 2450 m deep) and has a denser
configuration: 8 vertical strings separated by a distance of ~ 70 m, and a DOM verti-
cal separation of, respectively, 7 and 10 m below and above the dust layer. This layer
is characterized by a less transparent ice at depths of 1850 to 2107 m (see Fig. 5.4)
and has therefore been intentionally avoided when deploying the DeepCore DOMs.
The DeepCore configuration lowers the threshold of neutrino energies that can lead
to detectable events down to ~ 10 GeV. Beware that, from analysis to analysis, the
definition of DEepCore may be extended: it may include up to 12 of the innermost
strings of the IceCusk array (green-red circles in Fig. 5.2).

In total, the IN-Ice array is made of 5,160 DOMs which are shielded from air
showers by more than one kilometer of ice. The DOMs have been deployed string
by string into 2.5 km-deep water-filled holes which were bored using hot-water jets.
After deployment, and after the water refroze, the DOMs have become stuck in the ice,
making any future replacement impossible. The reliability goal originally targeted
by the Collaboration was a 90 % DOM survival after 15 years. It has been shown
that a significantly better achievement was made in reality, and that DOM losses were
mostly caused by deployment [181].

A couple of future extensions of the IN-Ice array have been proposed and are
discussed in Sec. 5.5. Note on Fig. 5.1 the presence of the AmanDa array within
IceCuske.! The local coordinate system is presented in Appendix C.1.

5.1.2 IceTor

On top of the In-Ice array—no pun intended—there is IceTop. It consists of 162 ice-
filled tanks scattered in pairs over the ice surface (blue circles in Fig. 5.2). Two tanks
of the same station are spaced by about 10 m, and the corresponding 81 pairs are
placed about 25 meters away from the onset of 81 IN-Ice strings. In addition to be
filled with 90 cm of ice, each tank contains two downward-facing DOMs which collect

1The AmanDa detector had actually been part of IceECusk for two years, but was decommis-
sioned in 2009 [183].
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the Cherenkov light of down-going charged particles that interact with the ice placed
in the tank. These particles (mostly muons at zero altitude) are part of the air showers
produced by cosmic rays when they hit the nuclei present in our atmosphere. An
obvious goal of IceTor is to study these cosmic rays and their composition, but IceTor
is also used as a calibration tool for IceCuse and may be used to veto atmospheric
muons that reach the IN-Ice array (see Sec. 4.3.2).

In order to minimize the build up of drifting snow—precipitations are low at
the South Pole—, the tanks were installed in trenches so that the top of a tank after
installation would initially coincide with the surface. Despite this precaution, the
snow has constantly been accumulating over the IceTop stations. Because sweeping it
outisnot an efficient solution on the long term, the build up must be taken into account
in order to correctly reconstruct air showers. A first solution consists in simulating
the attenuation factor at each station but it is also proposed to use acoustic sensors in
order to have in-situ measurement of the column depth of snow accumulated at each
site.?

5.2 The Ice

The calibration of the detector is at the core of event reconstruction and simulation.
In particular, measurements of the South Pole ice properties take an important rdle
in this process. We have seen that the IN-Ice array was equipped with 5,160 eyes®
constantly staring in the dark and ready to catch optical Cherenkov photons. Yet,
to reconstruct an event,* these Cherenkov photons who constitute the only tangible
information to the detector must be propagated back to their emission point, requir-
ing an accurate knowledge of the ice properties. The same requirement holds for
the opposite approach, that is, simulating neutrino or muon events and propagating
optical Cherenkov photons from their point of emission to the sensors.

The South Pole ice is probably the purest that we know of on Earth [185]. More-
over, at the depths where the IN-IcE strings are found, it is highly transparent to
light. This is because the pressures involved at these depths are high enough to have
compressed any air bubble introduced when the ice layers formed and incorporate
it—over a long period of time—into the structure of the ice. Quite fortunately, these
structures have an index of refraction similar to that of pure ice. Contrariwise, the
ice that has refrozen in the boreholes do display residual bubbles and, besides being
sources of uncertainties, affect light propagation. This is also the case with the dust de-
posited by the winds through the ages, as they cannot be gotten rid of by any physical
mechanism. Light propagation can be described in terms of three main parameters:
an absorption coefficient, a scattering coefficient, and the angular distribution of the
outgoing photon at each scattering point. These parameters additionally depend on

2Because the stations have not all been deployed around the same time, they need their own
measurement of the snow column depth. For instance, tanks deployed in the latest seasons
have accumulated less snow.

3Ignoring the dead ones.
4By “event”, we mean here the original neutrino or muon event.
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Figure 5.3: Illustration of the ice calibration using a flasher board. A LED in the
left DOM flashes out photons which are then recorded by a neighbouring DOM.
This step is repeated with all the DOMs in one string, and the data on all the
neighbouring DOMs collected. From [184].

depth® and some of them also depend on the wavelength of the photon. To model
these dependences, a few more parameters are necessary. The last two ice-models
introduced by IceCusk are SPICE-Lea® (the most recent one) [187] and SPICE-Mie”
[184]. The latter uses a total of six parameters while SPICE-Lea introduces three more
parameters (i.e. 9 in total) in order to account for a possible azimuthal dependence of
the scattering. The development of SPICE-Lea was actually motivated by the observa-
tion of an azimuthal asymmetry [187]. For both models, the parameters are obtained
from a global fit to in-situ measurements.

These measurements were performed using artificial light emitters, a technique
already used by the Amanpa Collaboration [185]. In the case of IceCusk, the light
sources consist of LED flashers. Each DOM hosts a flasher board with 12 LEDs (see
Figs.5.3 and 5.5,): six of them are horizontally placed on the board, while the other
six are tilted at a 48° angle with respect to the board. As explained in [184], the LEDs
on a given string (in that case, string 63) were programmed to flash out light which
was then recorded on the nearest and next-to-nearest strings, as illustrated in Fig.5.3.
This set of data, to which the ice-model was fit, is called the flasher run data. The
absorption and scattering coefficients at 400 nm resulting from the fit are presented
in Fig. 5.4 (top and bottom, respectively), for both SPICE-Mie (blue) and SPICE-Lea
(black). The gray band corresponds to the systematic uncertainties with SPICE-Mie.
In both subfigures, the dust layer is easily recognized at 2000 m of depth (massive
peak). Note the global decrease of both the absorption and scattering coefficients as a
function of depth, which clearly highlights the fact that the ice is becoming clearer and
clearer. Lastly, the right axes give the average absorption (top) and scattering (bottom)
lengths, defined as the inverse of the corresponding coefficient on the left axis. Note

SBecause of the existence of a gradient of temperature in the ice cap, depth can be traded
for temperature and vice-versa [186].

6South Pole ICE with A and a, where )¢ defines the new likelihood of the model and
where a stands for anisotropy.

7South Pole ICE with Mie scattering.
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Figure 5.4: Absorption (top) and scattering (bottom) parameters at the South
Pole as a function of depth. The corresponding lengths are found on the right
axes. The solid blue (black) line gives the output of a global fit of the SPICE-Mie
(SPICE-Lea) model to the LED flasher data. The gray band around the SPICE-Mie
results give an estimate of the systematic uncertainties. In comparison to SPICE-
Mie (the older version of the two models), SPICE-lea encodes the anisotropic
propagation of photons at a given depth. Further details can be found in [184].
Figure taken from [187].

that, with the absorption length scale involved, the choice of a DOM separation of
O(100m) at IceCuse makes sense.
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5.3 Data Acquisition

In this section, we propose to review some of the key components and features of the
IceCusk data acquisition system (DAQ). As any other DAQ), that of IceCusk provides
solutions for the detection, capture, digitization and filtration of signals, as well as
for their transfer from one place (of the Observatory) to the other. The IceCuse DAQ
architecture has nonetheless a very distinctive feature: it is decentralized. That means
that, in order to meet the high-accuracy standards set for timestamping and saving
information from 5000+ sensors spread over a cubic-kilometer of ice, a number of tests
and tasks—like digitization—are locally performed on the freshly collected signals.
Only then is the data gathered at the surface—in what is called the counting house—for
further and deeper analysis.

5.3.1 The Digital Optical Modules

The Digital Optical Modules are the eyes of IceCuse and its most fundamental unit.
Each module consists of a pressure-safe vessel containing a 10-inch downward-facing
Hamamatsu photomultiplier tube (PMT) that transforms (the) Cherenkov light into
measurable electric signals via the photoelectric effect [188]. In addition, a DOM is
also equipped with :

« on-board electronics that take care of digitizing (and storing) signals (the DOM
MainBoard);

« a power supply;

« a clock for accurate local time-stamping;

« communication hardware;

« a LED Flasher Board which is used for calibration purposes;

and is designed to act autonomously, as required by the decentralized architecture of
the DAQ. The main components of a DOM are illustrated in Fig. 5.5.

Cable Penetrator Assembly
\ PMT High Voltage Base Board

High Voltage Generator &
Digital Control Assembly

Mu-Metal Magnetic
Shield Cage

Glass Pressure /

Sphere

PMT

Figure 5.5: Schematic view of an IcECuse DOM and its main components. More
details on some of these components are provided in the text. From [189].
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The PMT

A PMT is a sort of bulb in which you find a photocathode at one side, an anode at
the other, and a succession of dynodes in between, as illustrated in Fig. 5.6. A PMT
at IceCuse has its photocathode grounded and a tension that highly increases as we
successively move from dynode to dynode in the direction of the anode (about 2
kV at the anode). To guarantee mechanical support and provide optical coupling to
the glass sphere, a gel is used. Also, in order to minimize the effects of the Earth’s
magnetic field on the propagation of charged particles inside the PMT, the latter is
surrounded by a shield cage.

The operating principle of a PMT is the following. When a photon first hits the
photocathode, an electron may be kicked off (photoelectric effect). The probability
that it happens is not necessarily one and, moreover, depends on the energy of
the photon. This is known as the quantum efficiency. The PMTs provided by the
Hamamatsu Photonics company for IceCusk are sensitive to the 300 nm-650 nm range
of wavelengths and have an efficiency distribution which peaks around 390 nm (25 %
for “regular” IceECuse DOMs and 34 % at DeepCore). When the ejection of an electron
happens, the latter is accelerated towards the anode because of the high voltage. As it
does so, it hits the first dynode, ejecting more electrons (secondary emission). These
electrons are themselves accelerated to the next dynode, ejecting even more electrons,
and so on, until the anode is reached. The result is a massive amplification of the
signal that is now readable at the output of the tube. Each IceCuse PMT contains 10
dynodes. Those of In-Ick are operated at gain of 107 while those of IceTop have a gain
around 10°. In fact, in each tank, two DOMs may as well operate at different gains,
so0 as to cover as much as possible the dynamic range of the PMTs.
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Figure 5.6: Schematic representation of a PMT and operating principle. A photon
hits the photocathode and ejects a photoelectron according to the photoelectric
effect. The latter is accelerated towards the first dynode, extracting more elec-
trons. A snowball effect takes place, until the last bunch of electrons reaches the
anode, creating a readable pulse at the output of the PMT. Taken from [190].
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The DOM MainBoard

The PMT signals are read out by the DOM MainBoard (MB), which is where most of
the DOM circuitry is found. Upon entering the MB, the output of the PMT is passed
through a comparator with a programmable threshold. This threshold is measured
in units of PE, the average voltage induced at the PMT anode by one single Photo-
Electron at the photocathode, and it is typically set to 0.25 PE for In-Ice DOMs. In
parallel, the signal is also passed through a 11.2-m long serpentine, introducing a 75
ns delay before it reaches the digitizers. This delay allows time for the comparator to
find out whether or not the anode voltage has exceeded the threshold value and, if it
has, to trigger the capture and digitization of the PMT waveform by the digitizers. In
the last case, we say that there has been a hit.

The delayed signal is further split among two types of digitizing systems: the fast
Analog-to-Digital Converter (fADC) and the Analog Transient Waveform Digitizer
(ATWD). The fADC and the ATWD respectively collect 256 and 128 samples of 10-bit
data at a sampling rate of 40 and 300 Mega Samples Per Second (MSPS). The PMT
waveforms can thus be finely sampled using the ATWD (3.3 ns per sample), but are
only read for 427 ns. For its part, the fADC coarsely samples the waveforms (25 ns per
sample) but has a capture window of 6.4 us, which is particularly relevant to follow
long-lasting signals. Note that the output of the PMT is continuously sampled by the
fADC.

The digital conversion of a hit may be carried out in low and high resolution,
depending on the length of the waveform and the coincidence with other hits (see
below). When a hit is saved in low resolution, it means that it is only attributed a
time stamp and a very abbreviated version of the fADC output called the coarse charge
stamp. The latter encodes only three samples from the fADC output: the sample with
the highest count among the first 16 samples, the one directly before and that directly
after. This is the way that Soft Local Coincidence (SLC) hits are digitized. As for Hard
Local Coincidence (HLC) hits, they are readout in both low (= all the fADC output)
and high resolution (= all the ATWD output). To reduce the dead time of a DOM, the
MB contains two ATWDs: if one of them is busy processing a waveform, the other
one is still available for another capture.

Local Coincidence of hits

Whether a hit receives the HLC or the SLC flag depends on local coincidence (LC).
As mentioned later in Sec. 5.3.2, each DOM can directly communicate with its neigh-
bours. These neighbours can in turn propagate the information to the next-to-nearest
neighbours, and so on. In particular, when a DOM “fires”, it sends out an LC tag,
meaning that it saw a hit. If at least one of the four closest neighbours fires within
an interval of 1 s, the hit receives the HLC tag. Otherwise, the hit is considered as
isolated and receives the SLC flag.

The purpose of the LC check is to reduce with a simple test, and at an early stage
of the DAQ), both the noise—most likely, isolated hits are not produced by neutrinos
or muons—and the data flux. The noise corresponds to the hits observed by a DOM
when in fact there was no light in the ice. Its origin consists in the dark noise of the PMT
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and a contribution that is not fully understood but may be due to the radioactivity
of some of the materials used, spontaneous scintillation, etc. Because the dark noise
embeds temperature-dependent processes, it has a variable rate as a function of depth.
On average, this rate is around 500 Hz for the regular IceCuse DOMs and 780 Hz for
the DeepCore DOM s (higher quantum efficiency).

5.3.2 On the way to LEVEL 2
Cabling

The operability of the IceCuse Observatory as a whole relies on an intricate network
of cables. Not only does this network provide power to the different building blocks
of the detector, it also makes communication and data-sending from and to 5000+
sensors possible. Each string of DOMs is served by one cable in which 20 quads are
found. Each quad consists of two pairs of twisted wires and may serve up to four
DOMs.# Each surface-to-DOM cable has 30 breakouts whence three pairs of wires
realise two DOM-cable connections. Three pairs of wires enter a DOM via the Cable
Penetrator Assembly (see Figs. 5.5 and 5.7). Two of them are used for the LC checks
with adjacent DOMs (see above); the third one is used to send data to the surface.
There, a junction box is dedicated to the collection of all the cables from both IceTor
tanks and that of the corresponding string. They are merged into one cable which
realises then the connection to the DOMHubs which are computers located in the
IceCuse Laboratory (ICL). A schematic representation of the cabling associated to one
string is found in the left panel of Fig. 5.7.

After the LC checks, the digitized hit data are sent to the ICL via the cabling
network just portrayed. Those hits carrying the HLC flag go through a first battery of
tests—the triggers—, after which discrete physics events are build and filtered so as
to leave as much of the background aside.

Triggering

IceCusk uses 5 types of triggers. Each of them is defined on specific subsets of arrays
(In-Icg, IceTop, DeEePCORE, etc.), and they have their own settings which may be rede-
fined up to once a year. The trigger algorithms run in parallel and look for a certain
number of HLC hits clustered in time. Some of them also look for spatial coincidences
(see Table 5.1). At the end of the process, all the triggers that have fired are merged
into a Global Trigger. The readout window of the latter is defined as the union of all
the individual readout windows of the triggers who have fired, plus some interval
before and after. All the SLC and HLC hits falling in this “global readout” window
are saved together as one event.

The Simple Multiple Trigger (SMT) is the most basic trigger used at IceCusk. It
looks for a predefined number N (or more) of HLC hits within a sliding time window
of several microseconds. When the condition is met, a slightly extended readout

81n order to minimize weight and costs, two adjacent INIce DOMs share the same pair of
wires. The surface hardware being subject to less constraints, this is not the case for IceTop
DOMs (each of them is connected to the network via a single pair of wires).
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Figure 5.7: Left: Schematic view of an IceCusk string and two associated tanks.
From [189]. Right: Schematic of the cable connections at four DOM locations.
The wires used for power and communication with the surface are shared among
two pairs of DOMs. The wires dedicated to the direct communication between
neighbouring DOMs are also depicted. From [191].

window is defined around the cluster of HLC hits just found. The value of N and the
width of the sliding window take a different value depending on the sub-array under
consideration. They are presented, as of 2016, in Table 5.1. The Volume Trigger
defines, in addition to a sliding time window, a spatial window—more precisely, a
cylinder—around DOMs. Similarly to the SMT, the Volume Trigger looks for a given
multiplicity of hits within these two windows (spatial and temporal). Again, the
specific value of the different parameters depend on the sub-array to which the DOM
belongs. This trigger also fires if a certain multiplicity of hits is observed, regardless
of the spatial clustering. The String Trigger looks for coincidences of HLC hits on
the given DOM string. As for the last two types of triggers, called SLOP and FRT,
they are used in very specific studies (magnetic monopole searches and DOM noise
studies) and we refer the reader to Ref. [191] for details.

Processing and Filtering

After the triggers, the data traffic is reduced to about 1TB/day. This is way beyond
the capacities of satellite transmission. The filters at IceECuse reduce the flow of data
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Trigger = DOMset N HLChits Window [us] Topology Rate [Hz]
SMT In-Ice 8 5 — 2100
SMT DeepCore 3 2.5 . 250
SMT IceTor 6 5 — 25

Volume IceTop infill 4 1 cylinder (r =175 m, h = 75m) 3700

Volume IN-Ice 4 0.2 cylinder (r =175 m, h = 75m) 4

String IN-IcE 5 15 7 adjacent vertical DOMs 2200

Table 5.1: Parameters (as of May 2016) used in different trigger algorithms. Only
those of the SMT, Volume and String triggers are presented. As you can see,
different sub-arrays may use different settings. IceTop infill refers to the denser
configuration of eight stations at the center of IcETop. Because the rates vary
with season, the values presented should be understood as “typical values”.
Details on the SLOP and FRT trigggers can be found in [191], where the table was
adapted from.

down to a manageable rate of about 100 GB/day.

Now that the hits are merged into distinct and discrete events, it is possible to
select events on the basis of the physics that we want to do with IceCuse. Over the
years and depending on the physics goals, the Collaboration has developed a number
of filters dedicated to the selection of specific candidates (track events, cascade events,
DeepCorE events, etc.). About 25 filters were available for the year 2016. Events that
satisfy at least one of the filters defined for the corresponding year are kept: they
typically represent 10-15 % of the events sorted out by the triggers. The latter are
commonly referred to as the LeveL 1 data, the filtered events as the LEveL 2 data. It
is the LEveL 2 sample that is made accessible for the Collaboration on a computer
(cluster) at Madison, USA. At that point, the experimentalist setting up an analysis
is free to choose the combination of filters that suits best the analysis” purposes. For
example, the analysis presented in Chapter 7 only uses the DeepCore filter.

5.4 Event Topologies at IcCECUBE

We have already discussed in Chapter 4 how the different types of charged particles
produced by neutrino-ice interaction can loose energy as they propagate. For the
record, we came to the conclusion that there were two basic Cherenkov light emission
patterns: the spherical-ish pattern (when the outgoing charged lepton quickly looses
all its energy), and the the cylindrical-ish pattern (when the outgoing lepton travels
long distances in the detector). With the inter-string and inter-DOM scales involved
at IceCusg, and given the typical attenuation length of light in ice, observing these
patterns is not a problem (see Figs. 5.8 and 5.9).
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Figure 5.8: Meet Bert! With an estimated energy of 1.04 PeV, it is one of the
highest-energy neutrino events ever detected at IceCuse. It has the topology
of a shower and was observed on 09-Aug-2011. The DOM size on the figure
corresponds to the intensity of the light signal observed. Note that the shower is
extending outwards, as indicated by the color code (= time). Credit: The IceECusg
Collaboration.

5.5 Future arrays at the South Pole

5.5.1 Cherenkov light detection

By now, it should sound familiar to the reader that IcECuse is the world’s largest
neutrino detector. Even so, he should also be aware that proposals to extend IceCusg
in the mid and long terms do exist. These proposed extensions seek the improvement
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Figure 5.9: High-energy track event at IceCuse. This event was observed on
28-Oct-10 and the neutrino energy estimated to 880 TeV. The charged lepton
propagates from right to left, as indicated by the color code. Credit: The IceCusk
Collaboration.

of the sensitivity of the detector towards the lower and higher ends of the energy
range that is currently probed.

PinGu? is a proposed low-energy extension of IceCuse [192]. It will consist of 26
vertical strings placed in the inner bottom part of the IceECuse detector (below the dust
layer), and will occupy a volume about the same as DeerCore with the difference of
a higher density of strings coupled to a higher density of DOMs on a given string
(192 DOMs vertically distributed over about 300 m). Because its configuration lowers
the threshold of the detector to a few GeV, the PiNnGu sub-array will be key in many

9Precision IceCuse Next Generation Upgrade.
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Figure 5.10: Proposed layout of PiNGU, the low energy extension of IceCuUBE.
To have an idea of the relative scale of the different sub-arrays, the figure on
the left shows all the strings of the INIce detector. The location of the IceCusg,
DeepCore and proposed PINGU strings are respectively shown in black (circles),
blue (squares) and red (+). Pincu will lay at the very inner bottom part of IceECusg,
below the dust layer (not shown in the figure), and will instrument about 5 MTon
of very clear ice. From [192].

low-energy related studies, such as those on solar neutrinos, neutrino oscillations
(parameters) and on the neutrino mass hierarchy.

IceCuBe-Gen2 will extend the instrumented volume by a factor of about 10 [224].
Similar costs to those previously needed for IcECusk are foreseen because of a ~ 10
times sparser array of strings. The array will also be about 250 m thicker (vertically)
than the current km-deep INIce. The final layout of this detector is not settled yet, as
analyses are still ongoing [224, 225]. In any case, the sparsening of the strings should
improve the sensitivity of the detector to neutrino energies up to 10° GeV, thereby
contributing to the study of very high-energy particle physics.

5.5.2 Hybrid detection

Besides the aforementioned extensions which are proper to the realm of Cherenkov
astronomy at the South Pole, other techniques are currently being developed and
may lead in the future to a massive super-observatory there. As briefly mentioned in
Chapter 4, high-energy neutrinos interacting in a dense medium can produce three
types of detectable signals: Cherenkov light, radio and acoustic waves. The first of
these types of signals having been discussed at length in Sec. 4.2, we think it useful
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here to add a few words about the last two. In comparison to Cherenkov light signals,
they involve higher attenuation lengths, hence giving the opportunity to test the very
high energy end of the neutrino spectrum where, who knows, the DM particle may
reside.

Radiowave detection

At the core of radio wave emission by high-energy neutrino interactions, we actually
find both the Cherenkov [155] and the Askaryan effects [156]. Recall that the first
of them consists in the emission of a constructive electromagnetic wave front caused
by the quick de-excitation of atoms when the medium is traversed by a superluminal
charged particle. The radiation due to a single charged particle happens in the optical
and UV ranges and we generically call it “Cherenkov light”. Yet, neutrino interactions
arenotall about single charged particles. Aswe have seenin Sec. 4.3, they also generate
a lot of ete™ pairs. Each lepton in these pairs will individually radiate as long as its
B > 1/n. If the pairs are quickly produced and contained in a small region—small
with respect to the wavelength X of the radiation—, the individual radiations of each
type of particle (electrons vs positrons) may add up coherently. Nonetheless, if the
net charge of the cascade were zero, the radiation associated to the entire shower
(positively and negatively charged particles) would cancel out. As pointed out by
G.A. Askaryan [156], this is not the case as the shower ends up carrying an excess
of negative charges. This effect, named after Askaryan, is easily understood as a
consequence of the facts that:

o electrons can be kicked off their atoms by photon and electron scattering pro-
cesses;

« positrons can annihilate with the medium’s electrons.

The charge asymmetry is typically around 20-30 % at ultra-high energies and is the
reason why a longwave radiation from electromagnetic showers is possible. Both
microwave and radio Cherenkov light may be expected. Note that, at radio frequencies,
a Cherenkov angle of 56° is predicted (instead of the 41° quoted in Sec. 4.2 in the case
of optical light). The radiowave detector currently being developed at the South Pole
is the Askaryan Radio Array (Ara), with the plan of covering an area of 100 km?.
A much bigger competitor named ArianNa is being build on the Ross Ice shelf. Its
sensors will spread over 1000 km? and will have the particularity to use the ice-water
interface as a mirror to detect down-going radio waves.

Acoustic wave detection

Acoustic wave detection bases itself on the thermo-acoustic effect [157]. The idea be-
hind this mechanism is that neutrino-induced particle cascades deposit energy in the
medium and locally heat it. There, the increase in temperature expands or contracts
the medium,'* causing a pressure pulse to propagate. The intensity of the pulse is
proportional to the acceleration of the expansion (or contraction) of the heated vol-
ume. In addition, the propagation of the pulse takes place perpendicularly to the axis

1956 me materials may have a negative thermal expansion coefficient, but this is not the case
for water nor ice.
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of the shower.

The South Pole Acoustic Test Setup (Spats) is the instrument currently dedicated to
the development of acoustic wave detection at the South Pole. It consists of four strings
deployed up to a depth of 500 m in four boreholes belonging to the Inlce array of the
IceCuse Observatory. Spats has been designed to investigate the properties of the
South Pole ice (like the attenuation length and the sound speed) and the possibility to
further perform acoustic neutrino astronomy there. A recent study has measured that
the attenuation length was around 300 m, much lower than theoretical predictions
(about 1 km) [159]. Nonetheless, as in the case of radiowave detection, this length
still allows a larger separation of the sensors, thereby reducing the costs to build a
large-scale array.






CHAPTER 6 .

A search for neutrino spectral features induced
by DM at IceCuBEk

g OW that the reader has had an in-depth introduction to the principles of neu-
E’ﬁ\@trimo detection and to the operation of the IcECuse detector, we will spend
Erela couple of chapters discussing how, with the events collected, DM-induced

smoking guns can properly be searched for.

Unlike with v-ray lines, the fact is that there is but little appropriate treatment
in the literature when it comes to searching for the annihilation or decay modes of
particle DM that involve the production of sharp features in the neutrino spectrum.
A close look at official Collaborations” analyses of the v7 channel reveals that the
majority of them actually consist in angular distribution analyses. We do not mean to
say that this approach is “bad”—it does have its pros—but we want to point out that
the most logical strategy to adopt when it comes to unveiling a specific signal that you
know has a spectral feature in it should be to—at least—include spectral information
(instead of integrating it out and making yourself blind to it).

While we do agree that angular studies have their reasons to be (very good angular
reconstruction skills with some subclasses of events, generally enough statistics to
produce smooth angular PDFs, annihilation vs decay discrimination possible based
on the profile of a signal), the potential discovery of a spectral feature—through a
dedicated search—would have a lot more to tell about the Particle Physics of DM
rather than its astrophysical properties. A straightforward example is the location of
the sharp feature, which is generally a direct probe of the DM mass (or half of it).

Itis in this perspective that we review here the dedicated and careful study that we
have performed a few years ago on a public data sample of the IceCuse Collaboration.
To our knowledge, this was the first analysis in the literature looking at the detailed
spectral shape of neutrino events. We start with a presentation of the sample, explain
how the signal events are modelled, and then present a first set of quick and easy limit
estimates. After this, we discuss our dedicated statistical analysis based on the log-
likelihood ratio method, the results of which have motivated the third chapter of this
thesis. We consider the less popular scenario of DM decay, and the results obtained
in the 1-100 TeV energy range did put an end to a long period of no update. They
improved the latest official IceCusk limit estimates (back then, see Fig. 1.19) by about
one order of magnitude and are still competitive with more recent limit estimates
[193]. This work has been published in Ref. [139].
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6.1 Sample

The sample used throughout this chapter has been released by the IceCuse Collab-
oration in late 2014 and consists of 2 years of neutrino events collected from 2010
to 2012 [3].! The energy range covered by this data release goes from 100 GeV to
10® GeV. Twenty energy bins have been considered within this range and Ny = 383
events detected in total (tracks and cascades in the approximate proportion of 1:3). We
denote the number of events in each energy bin i by N¢, - and show the corresponding
distribution in Fig. 6.1. Notice that the statistics are fairly limited, which is why we do
not expect the systematic uncertainties to dominate over the statistical uncertainties.
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Figure 6.1: Observed deposited energy spectrum from the whole sky (black +).
The colored regions show the expected backgrounds: the contribution from the
atmospheric muons and neutrinos are respectively depicted in green (bottom)
and red (middle); the contribution from astrophysical neutrinos (best-fit of a
power-law modelling, see Eq. (6.1)) is depicted in blue (top). The data is taken
from Ref. [3].

The background distributions come from specialized event generators (Corsika
for the atmospheric muons [196, 197], NuGen [198] and GeniE [199] for the neutrinos).
We will not discuss the functioning principles of these generators here but a few more
words will be added in the next chapter.? The existence of an extra-terrestrial flux of
neutrinos is clear from the figure, and to observe it was one of the main reasons—if
not the main reason—for building a GTon detector like IceCusk at the South Pole.

!t is also known as the Medium-Energy Starting Events (Mesg) sample.

2For the project presented in Chapter 7, we had—among others—to filter the simulated
background events ourselves. This is why we will take the time to add few pieces of information
regarding these generators there.
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Even if the origin of this flux is yet to be confirmed, common sense tells us that
a contribution from “regular astrophysical sources”? is expected since neutrinos are
a natural by-product of the processes behind the production of cosmic rays. Like
for photons, the expected behaviour of this astrophysical flux is that of a power-law.
When we need to model the astrophysical contribution, we will assume (as in Ref. [3])
that it consists of an isotropic flux with a single power-law in the energy spectrum,
and that it carries equal parts of each flavor as well as of neutrinos and anti-neutrinos.
More specifically, we will use the following expression:

dq)astro
dFE,dQ

E,N\77
=3 x 10718 x @y (Eo> , 6.1)

where Ey = 10° GeV. This kind of spectrum can e.g. be expected from active galactic
nuclei and star-burst galaxies with 2.0 <~ < 2.6[200,201]. The best-fit values obtained
in Ref. [3] are v = 2.46 + 0.12 and @y = 2.067 )52 GeV~'em~2sr~'s!, and these are
the values which have been used to produce the blue region in Fig. 6.1. For your
information, a Pearson’s x? test [202] of the fit presented in that figure gives a p-value
of 0.42 after a set of 10° pseudo-experiments has been considered.* The interpretation
of this number should be that the upper edge of the blue region already gives a good
fit to the observations. We will later use it as our NuLL model for generating pseudo-
experiments. You will however notice the presence of a few intriguing excesses, in
particular around ~ 50-100 TeV and ~ 1 PeV. They are present to this day in the 6
years of data taken with the complete IcECust detector [203]. To address them, it has
been proposed to use two different power laws—different normalisation and spectral
index— so that the softer one would take care of the low-energy excess, while the
harder one would take care of the PeV excess. A soft component might however
induce some tension with y-ray observations (see for instance Refs. [204, 205]).

In our fits and limit estimates, we will stick to maximum one astrophysical com-
ponent (with the same parametrization as that used in Eq. (6.1)) and will consider the
addition of a DM-induced distribution of events N},,. We discuss in the next section
how Np,, is modelled.

6.2 Modelling a signal
Given a neutrino flux F—whether it be an atmospheric, astrophysical or DM-induced

flux like presented in Sec. 1.5.3—, the differential number of expected events in the
IceCusk detector is simply obtained from a convolution with the detector’s instrument

3We use this terminology by opposition to a DM contribution.

4A direct assumption of a x? distribution with Npin — 5 = 15 d.o.f would have given a
p-value of 0.63. Because of low statistics (in some bins), this assumption is not necessarily valid
and we have generated 10° Poisson-distributed data realisations. All the fits to the pseudo-
data were done with an adjustable single power-law astrophysical component Ni..(®g,7)
together with freely normalized atmospheric backgrounds. In Ref. [3], the goodness-of-fit p-
value was found to be 0.2 for this model, but there three observables were considered for the
fits (not only the reconstructed deposited energy, but also the directional and track property
information).
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response. We therefore start with the following expression:

dN, _ dFa
dE,dQdE'dcos#'d¢’  dE,dQ

gaDeff,om (62)

where E’, 0" and ¢’ respectively denote the events’ reconstructed—i.e. observed—
energy, zenith and azimuth angles at IceECuse. As already explained in Sec. 1.5.3 in
the context of DM-induced fluxes, F and Q) respectively track the true energy and true
angular distributions. The index « € {e, i1, 7, €, [i, T} is introduced to keep track of the
flavor composition of the incoming flux at the surface of the Earth, and whether this
flux consists of neutrinos and/or anti-neutrinos.

The DM-induced flux FPM has a galactic and extra-galactic contributions, which
we respectively denote by ®g, and @yga (see Egs. (1.54)-(1.55) and (1.59)(1.60)).
Recall that the latter of these two fluxes is isotropic (and cosmologically redshifted),
while the former is O-dependent (but not redshifted).> When we consider the scenario
where particle DM decays, we take these two contributions into account (unless stated
otherwise). In the other scenario (annihilation), we will only consider the galactic
contribution. The reason for this “asymmetrical” choice is that the modelling of the
clumping factor ¢(z), which only affects the flux resulting from DM annihilations, is
highly model-dependent and we wish not to address this here.

The exposure &, is given by the product of the effective area Acg o(E., 0, ¢) and
exposure time T' (= 641 days for the sample under consideration).® The angle of an
event relative to the zenith is expressed as 0(b,1) = arccos(Zrc - §), where §(b,1) is a
unit-vector giving the direction of this event. The zenith Z;¢ at IceCusk is located, in
Galactic coordinates, at byc = —27.4° and [;¢ = 303° (see Appendix C.1 for a repre-
sentation of the local coordinate system).

A neutrino coming from the direction (, ¢) with true energy E,, at the surface of
Earth is reconstructed with an (deposited) energy E’ at a direction (¢, ¢’). The prob-
ability distribution associated to this reconstruction is called the dispersion function
D(E",0',¢'; E,,0(b,1,t),0(b,1,t)).” The instrument response function (AcgDefr)a
available in [194] is binned: it has been pre-integrated over all ¢ and ¢, as well as over
a selection of bins in the 6, ¢ E and E’ spaces.® It is worth noticing here that sepa-
rate instrument response functions are available for each neutrino and anti-neutrino
flavor—e, y1, 7—, and that they all show a strong dependence on #;c—the zenith angle
measured at IcECuBe—due to the energy losses and absorption effects in the Earth
starting from £, ~ 50 TeV (see Sec. 4.4.2).

The differential number of observed neutrinos (with respect to the reconstructed

5In particular, neutrino lines are redshifted.

%We make the approximation that A.g is independent on the azimuth angle ¢(b,[,t) and
that the response of the detector has no explicit time dependence.

7Dg‘ff is usually normalized such that its integration over E’, cos 6’ and ¢’ gives 1.

8The effective areas provided in Ref. [194] are also summed over all interaction channels.
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variables) is given by

dN}
dE!,dCY

dN,
dE,dQdE’dQY’

de aQ ———o 6.3)

where we integrate E over the energy bins A; E used in Ref. [194].

Because the supplemental material to the sample in Ref. [3] provides no data on
¢'(t) and only a northern/southern hemisphere separation in #’, we also integrate
over all ¢’ and 0’ (i.e. A0'(t) and A¢'(t) include the whole sky). After taking into
account all the possible flavour contributions to the flux, we can finally integrate the
differential number of neutrinos with respect to the reconstructed energy £’ to obtain,
in each bin i, the observed number of DM-induced events Np;,:°

N (mpy, om 0r {(Tann)) = f dE’ f deost'| d¢ >, P NG (6.4)
) ann - « . .
AE rr(t)  Iag(t) o, AELALY
e
Whether you have a dependence on mpy Or {(Tann ¥ )tot in the above expression depends
on the DM scenario that is originally assumed.

The flavor composition P, of the incoming neutrino flux at the surface of the
Earth is set by the neutrino mixing probabilities. Using the expressions that we have
obtained in Sec. 4.4.1 in the limit of long baseline oscillations (L » E,/Am?2), and
using the mixing angles presented in Table 4.1, we have:

P(ve < ve.) = 0.551, P(ve < v,)=0.273
P(ve o v;) = 0176, P(v, < v,)=0.351
Py, < v;) = 0377, P(v; < v;) = 0.447.

A pure flavor state 5 produced at the source gives P, = P(8 < «) in Eq. (6.4). We
show in Appendix D.1 that, depending on the flavor of the neutrinos emitted, the
bounds on the DM inverse decay width vary by less than a factor of two. We also
show there that the particle/anti-particle content of the flux induces slightly more
important variations. For the plots presented in this chapter, we will systematically
present the case of a democratic flavour composition (i.e. P, = 1/6 V a).

You can find in Fig. 6.2 an explicit example of { N}, } that we have computed in the
case of 100 TeV monochromatic neutrinos produced by the decays of particle DM (i.e.
DM — v + X, where X is any state with negligible mass and no signal contribution
in IceCuBEg), assuming equal parts of v and 7 and a “democratic” flavor composition.

6.3 Robust limit estimates

Now that we know how to estimate N}, in any circumstance, we can put quick and
easy robust bounds in the (mpm, Tom) OF ({(Tann?))tot parameter spaces.

We purposely make a fixation on DM-induced events, but keep in mind that this expression
isused in the same way with any other flux of neutrinos 7 (e.g. the astrophysical fluxin Eq. (6.1)).
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Figure 6.2: Deposited-energy (Eqcp) spectrum for DM decay into monochromatic
neutrinos of energy Ell,ine = 10° GeV. The normalization of the signal corresponds
to a DM particle with mpyy = 2 x 10° GeV and lifetime mpy = 10%%s. A
democratic neutrino flavor mixture and equal parts of v and 7 in the flux reaching
the surface of the Earth are assumed. The plot shows the total number of events
(black curve) after integration over the whole sky and after including propagation
effects through the Earth. The galactic contribution (dominant, blue) and the
extragalactic DM contribution (red) are also separately shown. The dashed curves
enclose the effective area uncertainty range. This range has been obtained by
propagating and adding in quadrature the uncertainties presented in [194]. The
energy binning is the same as in Fig. 6.1.

We follow the Neyman construction of a confidence interval [206] and start by
defining an upper limit Ny} ,, on the number of Poisson-distributed events in each
bin 4 through the following equation:

imi

Ni

obs N7, . k i
3 % e Nimi —1— g, (65)
k=0 ’

where ¢ represents the confidence level (CL) on this limit. We will systematically
work at the ¢ = 95 % CL.

To simplify this first approach and still remain conservative, we decide in this
section to only include the atmospheric backgrounds. The sum of their central values
in each bin is represented by the upper edge of the red region in Fig. 6.1, and we scale
down these backgrounds to their 2-o lower edges,° so that Nékg = 0.538N}. +0.938N,..
Note that Nﬁkg < N is always fulfilled in this data set.”! This being said, we define
the lower (upper) bound on the DM lifetime (annihilation cross section) by asking for

0The 1-0 uncertainties of the penetrating muon and atmospheric neutrinos are read from
Table 1 in Ref. [3].
1A violation of this inequality would have been interpreted as an artifact of fixing the
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Figure 6.3: Left: 95 % CL limits on the inverse decay width of particle DM and on
its annihilation cross section assuming monochromatic neutrinos in the final state
(galactic contributions only). Solid (black, blue and red) curves are for DM decay
or annihilation into pure neutrino flavor states (ve, v, and v+, respectively) at
production—which, after propagation to Earth, are no longer pure flavor states.
The companion final state X in DM(DM) — vq + X is assumed to be light
compared to the DM particle mass mpjy;. The dashed red curve shows the limit
for DM — v + X if no atmospheric background subtraction is made. For
comparison, we show the limits on the lifetime derived by Rott, Kohri and Park
[136] (90 % CL, green dotted curve) as well as Esmaili, Kang and Serpico [137]
(90 % CL, green dashed-dotted curve) who analysed the 3-years high-energy data
set from Ref. [2]. Equal parts of v and ¥ are assumed for the DM signals. Right:
Same as Fig. 1.19, with the addition of our “robust” limit estimate (95 % CL),
obtained according to Eq. (6.7), and assuming a flavour-democratic composition.

N{’)M + Nékg not to overshoot the limit N . in any energy bin . In other words, for

limi
a given spectrum {NEM(mDM, DM OF {Tann¥))tot}, We have

Tlimit = min{rpn € RY Vit Nby + N, < N} (decay) , (6.6)
or

(Tann iot, limit = MAX{{Tann)yr € RT|Vi: Npy + Nikg < Niimie}  (annihilation) .

(6.7)

We givein Fig. 6.3 the 95 % CL constraints obtained on mpy and {0ann ot according

to this prescription, and assuming a monochromatic neutrino line in the final state.
We show in Fig. 6.3(a) different cases: pure ¢, i and 7 flavours with equal parts of
neutrinos and anti-neutrinos. For the sake of illustration, we also show the limits
if zero background is assumed (thin dashed curve), although this is unrealistically
conservative. The limits that we have obtained in the case of a decay are compared to
those of Refs. [136] and [137]. In the case of an annihilation, they have been compared
to recent Collaboration estimates [116, 228, 120, 117]. The peaks at mpy = 6.3 PeV

background—whereas it should be associated with a certain uncertainty—, or as a large down-
ward statistical fluctuation in the data.



CHAPTER 6. A SEARCH FOR NEUTRINO SPECTRAL FEATURES
134 INDUCED BY DM AT ICECUBE

(annihilation) and mpy = 12.6 PeV (decay) are easily recognizable: they come from
the Glashow resonance of 6.3 PeV electronic anti-neutrinos annihilating on electrons
in the ice (see Sec. 4.1).

6.4 Improved statistical analysis

Before constraining the properties of particle DM, the priority should first be to
search for a signal in the data (which we did not do in the past section). This section
is devoted to discussing how we do this in a more involved statistical framework,
namely by studying the profile log-likelihood of the energy spectrum, and by taking
into account energy dispersion effects.’? Once this is done—spoiler: no significant
signal will be found—, we turn to the derivation of improved sets of limits.

6.4.1 Search for a line signal

Method We construct a test statistic by comparing the maximum log-likelihood of
the background model to that obtained under the hypothesis of a DM-induced line
signal on top of the background [210]. More specifically, to study how the addition
of a signal improves the fit, we evaluate

E(nsig = nsig,best)

TS=2In =0, 6.8
E(nsig = 0) ( )
where the Poisson likelihood function is given by
]\]Z Nibs i
E — n %eil\lmodel, (69)
bins % obs®

and depends on ngg through N{ ... Indeed, N{ ;. comes from the superposition
of the backgrounds’ contribution and that of the signal:

Niodel (sig, 71,2,3, Po,7) = nsigNpv(mom, 7o) + 11Ny, + na N, + nigNageo (7, Po).-

(6.10)
In Eq. (6.8), the three backgrounds’ normalizations 71 2 3 and the astrophysical power-
law spectral index ~ are set to their respective best-fit value (largest likelihood) for
each choice of a signal amplitude ng;, (profile likelihood). We respectively set the nor-
malizations within Nj,, and N, to the (arbitrary) reference points 7o = 10%® s or
(Tann¥Dtot = 1023cm3/s and @y = 2.06 GeV~Lem~2sr~1s~1. Our best-fit background-
alone model (i.e. maximum likelihood under the assumption that ns, = 0) has
ny = 1.36,n2 = 0.85,n3 = 1.12 and v = 2.62 in Eq. (6.10). This background model
is plotted in Fig. 6.6 and differs from that presented in Fig. 6.1 which, by definition,
usesni = ng =ng = 1 and v = 2.46.

For each TS determination, we use the full energy range of data. The TS should
asymptotically follow a $6(TS) + 3x*(TS) distribution (Chernoff theorem [211]).3

12The method is similar to, e.g., the Fermi-LAT gamma-ray line search in Ref. [97], briefly
summarized in [207].

13We constrain all the signal contributions to be non-negative, otherwise we would have
cited the Wilks theorem [212].
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Figure 6.4: Collective TS distribution from 2.02 x 10* monochromatic neutrino
line searches (at our 101 used DM masses) in MC generated pseudo data from our
Nutt background model assumption. The data follows well a %5 (TS) + % x2(TS)
distribution (shown by the dashed blue line after multiplication by 2.02 x 10%).
Dotted grey curves show the TS distribution from mpy; < 560 TeV (dark grey)
and mpy; > 560 TeV (light grey) line searches separately.

Because of low statistics, this behaviour is not guaranteed and we perform 2.02 x
10* Monte Carlo (MC) experiments to verify it. For each DM mass tested, we find
good agreement between the TS distribution thusly obtained and the asymptotically
expected distribution. Figure 6.4 illustrates this with the collective'* TS distribution of
our pseudo data realisations generated from the NuLL hypothesis.

Results We tested DM masses from 2 TeV to 100 PeV in steps of 5% in log;g Eline
and checked the various flavor and neutrino/anti-neutrino compositions presented
in the figures below and in Appendix D.1. No significant line signal was found in this
sample. The maximal TS was 2.9—corresponding to a significance of v/TS ~ 1.7 o0—
and occurred for a line of pure v, at Earth and a DM mass of 45 TeV. In Fig. 6.5, we
show a representative plot of the significances as a function of the DM mass (solid
red curve) in the case of a democratic flavor composition and equal parts of v and
v at the source. In this particular setup, the maximal significance is VTS ~ 1.5 o
for mpy = 44.8 TeV and 7oy = 1.0 x 10%® s. We note that the second largest TS
peak, with v/TS ~ 1.3 ¢ (for mpy = 2.52 PeV and mpy = 3.9 x 10%8 s), is due to the
few neutrino events at ~ 1 PeV energies for which a DM origin has been speculated
[138, 213, 214, 215, 195, 216, 217, 218, 136, 137, 219, 220, 221].%

For the sake of illustration, we show in Fig. 6.6 our best-fit DM spectrum as well
as our best line signal at ~ 1 PeV. We have also calculated the TS of the “robust” limits
presented in Sec. 6.3 with a minor correction to account for a democratic flavor com-
position of the DM signal (dashed black in Fig. 6.5). Except at the lowest masses, the

14uCollective” means here that we have merged the distributions obtained at different
masses.
150One more supra-PeV event is seen now in the six-year sample (around 2 PeV) [203].
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“robust” limits always have TS values larger than 2.71 (which justifies the terminology
that we have adopted). They go below /TS = 1/2.71 = 1.65 at the lowest DM masses
because their derivation assumes fixed background contributions—while the profile
log-likelihood setup allows for a free normalization of all the backgrounds. At the
lowest masses, it did happen that our best-fits prefer lower atmospheric background
contribution compared to the fixed NuLL model in Fig. 6.1 (upper edge of the blue
region).
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Figure 6.5: Local fit significance of a monochromatic line from DM decays vs
mpy (solid red curve). For comparison, we also evaluate the TS of the signals at
our “robust” limits (black dashed). The blue dotted line is where we have set the
threshold for the 95 % CL limit estimates (TS = 2.71). We assume a democratic
flavor composition and equal parts of v and ¥ at the surface of the Earth.

6.4.2 Look-elsewhere effect

The reader should realise that all of the significances that we quote must be un-
derstood as local significances—that is to say at the specific value of the DM mass
considered—and that, by addressing our original question “Is there a signal anywhere
in the [1TeV, 50PeV] energy range?”, those significances actually decrease. This effect
is commonly known in Statistics as the problem of Multiple Comparisons, and as
the look-elsewhere effect in Particle Physics. It can be summarized as the fact that, by
running a series of simultaneous tests at different energies, each of which having a
probability ajoca of making a false detection,® you end up with a higher probability
of making a wrong detection over the whole range of energies, agiobal > ocal-

As an example, let us consider the largest +/TS that we have observed, that is
to say a local significance of 1.70. This number corresponds to a local p-value of
0.089. From MC experiments, we have determined that the global effective number
of trials is about 20 for the monochromatic line search.’” Assuming that the tests are

16This is known as the type I error of the test.

This number can also be reproduced with the following rule of thumb [222]:

. ~ l energy range . oL ~
trial number ~ 3 x energy resolution * significance ~ 20.
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Figure 6.6: Observed deposited-energy spectra compared to: our best-fit model
with a decaying DM particle with mpy; = 44.8 TeV (blue, the DM contribution
is in blue-dotted); our secondly best-fit model with a DM particle mass of 2.52
PeV (red, and red-dotted for the DM contribution); our best-fit background-
only model (orange); and the IceCusk Collaboration’s best-fit background model
(grey) [3]. We have systematically assumed a democratic flavor composition and
equal parts of v and 7 at the surface of the Earth. The significance the two DM
signals is less than 1.5 0.

independent, you get the following global p-value:

Pglobal = 1 — (1- plocal)QOa (6.11)

which actually reduces the significance to ~ 0.2 (globally).

6.4.3 Limits on a line signal

With no significant line detected, we can now derive stringent limits on the DM decay
or annihilation rate into a monochromatic neutrino line. We set our 95 % CL upper
limits on ngis '8 by requiring that the profiled likelihood £ (nis) leads at most to a TS of
2.71 when compared to the maximum value £(nsig = 7gig best)-'* The limits derived in
this way are shown in Fig. 6.7, where we also indicate by a thin red line the 99.9 % CL
limit (TS = 5.41). It turns out that this method improves the lifetime constraints by up
to a factor 5 compared to the simple approach used in Sec. 6.3. An improvement was
anticipated partly because of the implementation of the astrophysical background.
Again, all these limits are obtained assuming a democratic flavor composition and
equal parts of v and 7, so that P, = 1/6. Other variants are presented in Appendix D.1.

We also compare in Fig. 6.7 the observed limits with the expected sensitivity.
For data with low statistics, large fluctuations can naturally appear between different
data realisations and this comparison becomes particularly relevant. We have gen-
erated 200 MC data sets from the NuLL hypothesis at each DM mass and repeated

8This upper limit on Tsig 1s easily converted into a limit on 7py; or (Gannv)tot according to
the scenario under consideration.
19 1n Sec. 6.4.4, we verify that this method has the statistically correct 95 % coverage.
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every single time the procedure explained in the previous paragraph. As a result,
a distribution of limits is produced at each mass. The expected 68 % (yellow) and
95 % (green) containment bands of the limits are shown together with the median
expectation (dashed black curve). A straightforward propagation of the effective ar-
eas uncertainties induces a rescaling of the limits of 30 % at the most, confirming our
expectation that the statistical uncertainties should dominate.
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Figure 6.7: 95 % CL lifetime limits (solid curve) on the DM particle decay lifetime
into monochromatic neutrino. Expected sensitivity reach (dashed curve) and
its 68 % (yellow) and 95 % (green) containment bands are also shown. The thin
red line shows shows the 99.9% CL limits. For the incoming neutrino flux, a
democratic flavor composition and equal parts of v and 7 is assumed at the
surface of the Earth.

You will notice that the level of sensitivity that we have derived in the decaying
DM scenario reaches competitive values in comparison to the latest official estimates
by the IceCuse Collaboration [118, 193] and those of other groups [136, 137] (see
Fig. 6.8). Starting from mpy ~ 10 TeV, this statement is also true if we take into
account the sensitivity reach of v-ray telescopes [111, 112, 114]. This observation
is far from innocuous and a whole chapter of this thesis has been dedicated to the
discussion of possible implications, namely the chances to see a “double-barreled
smoking gun” from DM decays in the near future. You are kindly referred to Chapter
3 if you want to read more on this. This paragraph constitutes the main conclusion of
this chapter. You can see the next two sections as refined discussions.
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Figure 6.8: Comparison of the 95 % CL lifetime limits on 'y from several groups.
From FermI-LAT [111] (blue, dashed) and H.E.S.S. [112, 114] (blue, dotted) using
gamma-ray data compared to the neutrino line bounds derived in this study
(solid black) as well as previous IceCube limits [118], that were obtained with
22 strings of the detector and a livetime of 276 days. Note that a more recent
limit from the IceCuse Collaboration has recently been presented (2016), and is
slightly better than our estimates—closely following its behaviour—as it uses the
6-year extension of the MEese sample [223].

6.4.4 Coverage probability

We have claimed throughout this chapter that our limit estimates were given at the
95 % CL, meaning that the probability to reject the presence of a signal when in
fact there is one is set to 0.05 (type I error). However, a discrepancy between this
claimed value and the actual probability of wrongly excluding a signal may arise if,
for some reason, some of the assumptions behind the likelihood method were not met.

To investigate the actual coverage probability of our analysis, we have simulated
10° MC realisations of a DM line signal on top of the NurL hypothesis, looking at 101
DM masses between 2 TeV and 200 PeV. The monochromatic neutrino lines were ran-
domly given a signal strength ns;g between one order of magnitude larger or smaller
than the derived limit nilcg limit> and we repeated the likelihood procedure exposed
above for each one of these realisations. The corresponding limit estimate ng /i
and TS were then stored to produce Fig. 6.9.

The interpretation of that figure is simple: the horizontal line separates the region

of the plot where the signal was wrongly rejected (top, nsig /ngfg(:/‘i%t > 1) from the
region where the confidence interval correctly keeps it (bottom, nsig /nzif’g‘j/(iiCmLit < 1).
For signal normalisations larger than the limits that we have derived from the IcECusg

data (nsig /”;Cg limit > 1), we find a coverage of 93 %, which is in rather good agree-

ment with our stated 95 % CL. For ng;g / n;cg imit < 1, the statistical coverage reaches
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99 %, meaning that our statistical analysis provides there a safe overcoverage—this is
expected for low signal strengths. For the sake of visibility, we only show in Fig. 6.9
the output of the first 10100 MC realisations and color-code each of them with the
corresponding TS value. Also, we assigned points with /TS > 6 a value of 6.

6.4.5 Constraints on other line-like signals

The methods described in Secs. 6.4.1 and 6.4.3 are general in the sense that the presence
of any signal in the sample can be tested to see if it significantly improves the fits. Thisis
in particular true for the category of line-like spectra. In practice, we will parametrize
them as a single power-law with exponent n. For the decay scenario, we use:2

E B mpmM

AN 2" (n+1) ( E
mpMm

)n O (mpyi — 25) (6.12)

where the sharp spectral cut-off at E'=mpn/2 is parametrized by the unit step func-
tion On(mpy — 2E). This expression works as a good proxy for several physical
scenarios: it appears in the cases of DM decay into three-body final states induced by
effective operators (where n ~ 2—3, see Chapter 3) or when DM particles decay into
an intermediate state which, for instance, promptly decays into neutrinos to form a
“box-shaped” spectrum (in that case, n = 0) [107]. For gamma-ray signals, final state
radiation and internal bremsstrahlung processes give spectra of this form too (with
n ~ 0 — 3[108, 109, 110]).

The spectra in Eq. (6.12) are normalized so as to give one neutrino in the final
state.?! We derive limits for the cases with n = 0, 1, 3 and compare them with the pure
monochromatic line signal limit in Fig. 6.10. Quite obviously, the softer the spectrum,
the less stringent the limit.

2O}Equivalent spectra can be obtained for the annihilation scenario with the simple substitu-
tion mpMm — QmDM.

21This can easily be corrected if there are actually more, like in the case of the box spectrum
(four neutrinos in the final state).
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Figure 6.9: Comparison of the 95 % CL lower limit 719115;;/5[’ L to the true DM lifetime
value T for a set of 100 MC realisations (for each 101 DM masses tested between
2 TeV and 200 PeV). Each realisation is from a model with a DM particle lifetime
mpM randomly drawn between 0.1 and 10 times the lifetime limit derived from the
IceCusk data Tllignit. The color of each point gives the significance v/TS—i.e. the
number of standard deviations c—of the injected DM model. Points above the
solid horizontal line represent realisations where the lower lifetime limit covers
the true injected value. For the DM signals, a democratic flavor composition and
equal parts of v and 7 were assumed at the surface of the Earth.
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6.5 What should you take away from this chapter?

This chapter was dedicated to a search for DM-induced signals in the MEese sample
developed by the IceCuse Collaboration. Instead of looking at the angular distribu-
tion of the data, the search consisted in studying its energy distribution so that the
potential presence of line(-like) features—who constitute the clear signs of the DM
existence and capture interesting aspects of the Particle Physics of DM—could be
highlighted. This type of searches, quite unpopular with neutrino data, has shown to
be particularly effective for -lines.

The statistical method used to conduct the search consisted in studying the log-
likelihood ratio of the NuLL hypothesis and a selection of alternative hypotheses. By
alternative hypotheses, we mean that we have scanned a large range of masses (from
100 GeV to 10°® GeV) and tested for several DM decay channels. There was no clear
evidence in the data for any of the tested signals (Sec. 6.4.1). We have therefore derived
sensitivity estimates on the basis of the behaviour of the profiled likelihood (Sec. 6.4.3).
Our findings were very encouraging, especially regarding the scenario of DM decay:
the results were up to more than an order of magnitude better than the latest official
limits from the IceCusk Collaboration—at the time—, and clearly show the possibility
to have competitive—or better—sensitivity estimates in comparison with gamma-ray
line(-like) searches in some region of the parameter space (in this case 2 10 TeV). This
means that a neutrino line could be discovered before a gamma-ray line, and also
means that it could be possible to test out models that involve the two types of lines
with a similar energy, and see if a “double detection” could be around the corner.
This result has in particular motivated the work presented in Chapter 3.
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A search for neutrino spectral features induced
by DM at DeepCoORE

7(;,.1\\-7%:1\1 if we have enormously learned from the study presented in Chapter 6, the
@@ﬁuninformed reader has actually been given but a foretaste of what analysing
w24 the IceCuse data was supposed to look like from A to Z. We have mainly relied
on ready-to-use event distributions and effective areas, and these ingredients were
very handy for the outsiders that we were. However, they have constrained us in some
aspects of the analysis, like the knowledge—and potential investigation—of angular
distributions.

By the end of 2015, we became aware of a one-year cascade sample that had
been developed a little earlier during the PhD thesis of Henric TaavoLa, a previous
IceCuse member [227, 228]. His cascade sample had the nice feature that it contained
events seen with the DEepCore detector, and therefore allowed to probe the presence
of spectral features at small DM masses (as low as mpy ~ 10 GeV), unlike the MEsk
sample (see Chapter 6). We ended up writing a proposal to the Collaboration so that
we could have access to and work on this newer sample as associate members. Besides
being able to go down in DM masses, the appeal of this project was the possibility
to increase the statistics involved by constructing a 5-year sample, to work on an
event-by-event basis, to have the freedom to choose whether or not to include angular
informations in the fits (especially interesting for a DM annihilation), and to work on
a sample involving little atmospheric muon background.

Besides processing 5 years of data (i.e. from 2012 to2016), we have also processed ~
100 times more simulation files than Henric did to avoid as much as possible suffering
from low-statistics PDFs. We have reused a great part of his original processing scripts
and updated them so that they could handle post-2011 files (in particular, the new
filters and newer software). We will not further comment on this aspect here, butlet us
mention that a considerable time was dedicated to debugging, something which—to
make a confession—we did not expect in these proportions.

As we outline the data selection procedure and its optimisation, which have
basically been arranged by Henric, most of the care will consist in checking that the
data and the simulations behave as in 2011—in other words, that the original cuts still
make sense for 2012+. Beware that our approach will differ at the final stage of the
data selection as we keep a feature-oriented perspective.
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Figure 7.1: Observed rate of events at LeveL 3 as a function of run number ( o
time). Different subfigures correspond to different years (see bottom right). The
runs to the far left of the x-axis correspond to the earliest runs in an “IceCusk
year”, which typically starts around the month of May. The seasonal variation
is clearly visible, with more (less) events observed during the austral summer
(winter). Asexplained in the text, this effect is directly correlated with the density
variations in the atmosphere. The red curve corresponds to a cubic regression
fit—giving a general behaviour—and the region delimited by the blue curves
corresponds to a 95 % containment band around that fit. The runs falling outside
of the blue edges have been removed.
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We start off this chapter with a presentation of the data sample and of the simula-
tions. The data selection is then exposed, and we finally discuss the sensitivity of our
analysis. Beware that, because the unblinding of this analysis is in progress, we will
not show observed limits at any point. These and the work that is about to be exposed,
will be submitted for publication together with the IceCuse Collaboration.

7.1 The Data

We use in this chapter the data collected from the 15th of May 2012 to the 11th of
May 2017 with the IceCuse detector in its 86-string configuration. As explained in
Sec. 5.3.2, this data is passed through triggers and online filters at the South Pole and
is therefore available at Madison as LeveL 2 data. It is organized in runs of 8 hours,
each of which is assigned a number, as well as the label “good” (= can be used) or
“bad” (= can not be used). For instance, test runs and runs during which lots of DOMs
were simply not working receive the “bad” tag.! Besides looking for good runs, we
have removed those runs which displayed an event rate much higher or much lower
than the observed general tendency. This removal is illustrated in Fig. 7.1.2

The existence of a periodic variation of the rates is obvious in Fig. 7.1. This modu-
lation coincides with the seasonal variation of the temperature in the atmosphere. To
understand why, recall that [229]:

« among the products of the cosmic-ray interactions with the nuclei present in
the atmosphere, muons are the most abundant at the sea level and also the most
penetrating ones (neutrinos aside);

« the propagation of pions and kaons down the atmosphere is a competition
between interactions with the nuclei in the atmosphere—which produce other
pions and kaons of lower energy—and decay—from which the muons are
mainly created.

Since the atmosphere at the South Pole is warmer and less dense during the aus-
tral summer, pions and kaons find less targets to collide with—probabilistically
speaking—, getting more time to decay. As a consequence, more muons trigger
IceCusk in that period of the year. Conversely, there are less muons reaching the
ground during the austral winter because the atmosphere is denser, making colli-
sions more likely for the pions and kaons. This effect is clearly observed in Fig. 7.1.

Unless stated otherwise, let us stress that all the plots in this chapter consider a
fraction of ~ 0.7% of the real data—what we will refer to as our burnsample. Typically,
the reason for using a burnsample as we go on with the filtering procedure and the
definition of cuts is that we do not want to (even unconsciously) bias any of the choices
that we make. We also use the burnsample to “control” the quality of the simulations
that we use, in the sense that, since we know that the data is dominated by the

IThis information is available in a series of files in the data warehouse at Madison.

2You may notice that the rates on the y-axis are “small”: this is because we have sorted the
runs according to this criterion once at LeveL 3 (see Secs. 7.3.2 and 7.3.3). In comparison, the
trigger rate of the IcECuse detector is around 2.5 kHz.
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atmospheric backgrounds at the earliest stages of the analysis. In other words, to make
sure that we understand our simulations well—they will be central to the extraction
of the sensitivity of our analysis in Sec. 7.4—, we will systematically compare the
distribution of all the variables that we use at different levels of the analysis with
those of the burnsample.

7.2 Data simulation

Again, data simulations will be useful for two things: checking that we actually
understand the data—that we know to be background-dominated until late in the
analysis—and getting the probability density functions (PDFs) needed for the actual
DM analysis. In our case, these PDFs will consist in the reconstructed energy and
angular distributions (with respect to the GC) of the atmospheric background and
DM-induced events.

As far as this thesis is concerned, we want to make it clear that we have not gener-
ated the simulation events ourselves but have rather relied on the LeveL 2 files already
provided at the data warehouse in Madison. We however believe it useful to add a few
words on how they are produced.

The simulation of an event is basically split into four tasks which are performed
individually by different MC programs. These tasks consist in: particle generation,
particle propagation, photon propagation, and detector response generation.

7.2.1 Event Generators

The generation of muon events is done with Corsika [196],® which is a code that sim-
ulates the air showers produced by the collision of cosmic rays onto the nuclei present
in the terrestrial atmosphere. Corsika tracks the propagation in the atmosphere of all
the particles participating to the shower until they decay, interact with a nucleon or
reach the ground level. A slightly modified version of Corsika called dCorsixa has
been developed at IceCusk for a suitable use with the IceCusk software [197].

In order to generate showers, dCorsixa needs to be fed a cosmic-ray composition
and an energy spectrum. The most popular models used at IceCust are the Polygonato
model by Horandel [230] and the 5-component model [231]. They are both typically
given an energy spectrum going like ~ E~26 as an input, but the main difference
resides in the fact the first of these models treats all of the elements up to Fe, while the
second only takes into account the 5 most abundant elements (H, He, N, Al, and Fe).
In practice, the Polygonato model does not describe our data very well—especially
“normalisation-wise”—* and the 5-component model cannot even be considered as a
“realistic” one. Thankfully, it is possible to reweigh the individual simulation events
to any other flux model of our choice and we opted for the GaisserH3a flux model by
T. Gaisser [231], as it gives a better description of our data. To take into account the

3COsmic Ray SImulation for KAscades.
4With our sample, we have noticed a discrepancy of about 20 %.
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Sample | Energy range Type
11499 LE baseline
11808 LE baseline
11865 LE baseline
11905 LE baseline
11926 LE baseline
11937 HE baseline
11943 LE baseline
12268 LE baseline
12161 LE baseline
12025 LE + HE baseline
12388 LE baseline

Table 7.1: Corsika samples used in the analysis. The identification number of
the sample is reported in the first column, and the range of energy considered
for the primaries in the second column (LE = [600 GeV — 10°GeV], HE =
[105GeV - 1011GeV]). The third column says whether the sample was used as a
baseline or for the estimation of systematic uncertainties.

fact that multiple muon events may come from the same shower,> we have also used
the DipLoriaWEIGHT correction weight. The Corsika baseline samples used in this
analysis are presented in Tab. 7.1 together with the energy range that they consider
for the primary particles.

The neutrino events are generated with NuGen [198]¢ and Genie [199]. At Ice-
Cusg, the latter is typically used to represent low-energy neutrinos (< 190 GeV) and
the former to represent neutrinos beyond 100 GeV.” To make the transition as smooth
as possible, we have defined as a transition region the energy range from 190 to 195
GeV, and corrected the weight of each NUGeN (GeNiE) event by a linearly increasing
(decreasing) function in that range. At 190 GeV and 195 GeV, the value of this function
is respectively given by 0 and 1 when the event comes from the NUGEN generator (1
and 0 in the case of Genig). The behaviour of these corrections is illustrated in Fig. 7.2.

As with dCorsika, these generators use a non-physical neutrino flux model as
an input. The atmospheric neutrino event distributions are obtained by reweighing
simulation events to the Honda (2006) flux [232] using the NewNuFrux library [233].
Likewise, the distribution of DM-induced events are obtained by reweighing those
same simulations to the DM-induced neutrino flux. Because it has extensively been

SThis is especially true for down-going muons.

®Neutrino-Generator.

"To avoid a loss of statistics at high energies (typically 2 1 TeV) and have the smoothest PDFs
possible for our DM analysis in Sec. 7.4, we have systematically taken NuGeN files generated
with a flux ocEfl, as this was the hardest spectrum that we could find.
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done, we specifically discuss how we assign weights to neutrino events in Sec. 7.2.2.
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Figure 7.2: Correction factor applied to the weight of a neutrino event with an
energy in the range 190 — 195 GeV, depending on whether this neutrino comes
from the NuGen or Genie generator. Outside of this range, we either only keep
events coming from GeNIE (Ey, < 190 GeV) or from NuGEN (E, > 195 GeV).

Before moving on, let us stress again why it is important for us to have a good
understanding of the backgrounds (and why we therefore have processed many sim-
ulation files). The main difference with the analysis of Henric [227, 228] is that we do
not just aim at studying the angular distribution of events with respect to the GC,?
but also want to include spectral information® into the fits and have smooth estimates
of the corresponding 2-dimensional distributions (or PDFs). Since the detector’s re-
sponse is isotropic with respect to azimuth (over a long period of time), Henric was
able for his analysis to produce smooth estimates of the distribution of events—again,
only in terms of the angle {)—"simply” by scrambling those events with respect to
their azimuth and reassigning them the corresponding new 1. For our 2-dimensional
PDFs, this procedure would only smooth the behaviour of the PDFs with respect to
¢ but not the energy.'® This is why simulations (atmospheric muons, atmospheric
neutrinos, DM-induced neutrinos) are mandatory for us and we will rely on them
until the end of this chapter.

7.2.2 Reweighing Neutrino Events

In order to avoid wasting time and energy by generating massive amounts of un-
successful neutrino events,!! the interaction probability of any event coming out of a
generator is artificially set to 1. As a consequence, each simulation event needs to be

8To see how 1 is defined in terms of azimuth and zenith, see Appendix C.1.
%In other words, the reconstructed energy.
10The response of the detector is not uniform with respect to energy, which is why we cannot
play the same smoothing trick.

HeUnsuccessful” in the sense that these neutrinos would fail interacting in or around the
detector.
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reweighed afterwards by the total interaction probablity Pit, int SO as to correctly re-
produce the reality. Besides, the fact that the generation spectrum is set to an arbitrary
function (typically oc E~7 with v = 1 or 2) and not to the flux of interest (atmospheric
flux or specific DM-induced flux) also needs to be corrected for. In that perspective,
each event is assigned a specific weight, called ONeEWEIGHT, defined as:

P . Emax
ONEWEIGHT = ( ot mt) J E7YdE - A-Q, (7.1)
E— E

min

where Enin and Enax give the range in which the neutrino energies are generated,
A denotes the generation surface, and () the generation solid angle. ONEWEIGHT is
given in units of GeV cm? sr and, as you can see, encodes practical parameters of
the simulation which the user does not necessarily need to know. The fact that you
divide by E~7 in Eq. (7.1) can be seen as “bringing back the generation spectrum to
a flat one”. Given an ensemble of NV generation events and your favourite flux model
F of neutrinos and anti-neutrinos at the surface of the Earth, a single MC event ¢
corresponds to a rate

ONeWEGHT  dF(E,,Q,)

YT N ARG,

of “physical” events in the detector.’? Note that the effect of Earth absorption is
already taken into account in P int. The impact of the neutrino oscillations through
the Earth on w; is however estimated separately, see the NUCRAFT package [179].

(7.2)

7.2.3 Propagation and Detector Response

The propagation of muons and photons is respectively handled with the Mmc [234]%
and Prc [235]™ codes, both developed by IceCusk. The detector response is simulated
by building in each DOM the PMT waveform associated to the photons who have
reached it (output of Prc) and simulating the DOM response. As this is done, random
and correlated noise are also added. To produce the LeveL 2 files, the PMT outputs
are then passed through the same coincidence logic (see Sec. 5.3.2), triggers and filters
as those used online at the South Pole for the real data.

7.3 Data selection

As just said, all of the data and simulation files go through the very same selection
procedure. Because of the high event rates initially involved, the strategy is to start
with a cleaning of the events based on fast and easy reconstruction techniques, mostly
involving simple geometrical variables. Once the rates are reduced, i.e. once LEVEL
3 is reached, more involved and time-consuming techniques can be applied. Quite
obviously, in these successive steps, care must be taken to cut away as little as possible
of the signal.

121f the flux is expressed separately for neutrinos and anti-neutrinos, and assuming equal
proportions of neutrinos and anti-neutrinos from the simulations, N must be divided by two.

Muon Monte Carlo.
YPhoton Propagation Code.
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You may notice that the structure of this section is very similar to that in Ref. [227].
This choice was made to ease the comparison, as our personal contribution mainly
consists in checking the stability of the procedure developed by Henric for the data
samples of 2012+ and our (much more abundant) MC simulations.

7.3.1 Triggering and Filtering

We remind you that the event selection starts with the SMT3 DeepCore trigger and is
followed by the DeepCore filter (see Sec. 5.3.2).1> The SMTS3 trigger imposes that 3
HLC hits at least are recorded in DeepCore within a time window of 2.5 us.’® When
this happens, the time of the first HLC hit is used to define a readout window of
+6us for which all recorded hits—even from non-DeepCore strings—are saved. The
rate at which IceCusk triggers is around ~ 2.5 kHz. The rdle of the DeepCoge filter
is to keep those events which seem to originate from the DeepCore region, and so
greatly reduces the atmospheric muon background (about a factor of 10). The way
that this filter works is by defining a “center of gravity” (COG) of the Ny, HLC hit
DOMs observed in DeepCoReE as:

N =
Dk Mm%

S m;

where m; and &; respectively denote the amplitude of the hit at DOM ¢ and the po-
sition of DOM i. From there, an average time tcog is assigned to Zcog, and both are
compared to the position and time of every single hit DOM to derive a velocity. If,
for more than one DOM, the velocity calculated in this way is close to the speed of
light, chances are the event was a muon passing by, and the DeerCore filter therefore
rejects it. The rate of events at this stage is ~ 17 Hz.

Zcog = ; (7.3)

To avoid a possible source of confusion in the terminology, let us clarify that we
denote by “LeveL X variables” those variables computed at LEver X-1 that are used to
filter our samples from LeveL X-1 to LEver X.

7.3.2 From Lever 2 to LEVEL 2’

This intermediate step is performed to make sure that enough DOMs on enough
strings have fired so that a meaningful event reconstruction can take place. In practice,
a number of at least eight hit DOMs on at least four strings is required. The rate of
events is now reduced to ~ 8.5 Hz.

7.3.3 From Lever 2’ to LEveL 3

To build the Lever 3 sample, we do not use complicated and time-consuming recon-
struction techniques yet. A series of 10 simple variables was selected to choose whether
or not an event is worth being kept—through a straight cut—up to LeveL 3:

510 other words, the triggers and filters respectively take the Lever 0 data to Lever 1, and
the LeveL 1 data to LEveL 2.

16We use an extended definition of DeerCore where the three outer strings of the IN-Ice
array are used as a veto region, see Fig. 5.2.
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LineFit Speed: this is the speed obtained by fitting a straight line (= track)
through the cleaned hit map with the improved LineFit algorithm.'” Cascades—
which we are interested in—have a speed close to zero while track-like muon
events are more likely to have a speed close to the speed of light. The cut on
this variable was originally set so that events with a speed strictly larger than
0.22m/ns are removed. As you can see from Fig. 7.3, this choice still makes
sense for the years that we have processed;

Tensor of Inertia Eigenvalue Ratio: for this variable, the cleaned hit map of
an event is represented as an ellipsoid of which the principal axes give its
eigenvalues I;_; 2 3. By defining the following ratio:

min(Ih IQ, .[3)
3
i1 di

a perfectly spherical hit map would lead to Rror = 1/3, while elongated (=
track-like) events lead to values closer to 0. Events with Rror > 0.10 are kept
for further processing;

Rro1 = ; (7.4)

RT Veto: this variable gives the maximum number of causally connected hits
found in the veto region’® before the time of the first hit observed in the cleaned
hit map. The larger this number, the more likely it comes from an atmospheric
muon event. We select events with a maximum of two such causally connected
hits;

NVetoAbove: this variable returns the number of registered hits in the veto
region were registered above and before the first trigger hit of an event. We
select events with maximum three of those hits;

COGSplitDiff: for this variable, the cleaned list of hits is reorganised from
the earliest to the latest and then split into two halves.® Following Eq. (7.3),
each half is then attributed a COG and the distance between these two COGs
defines COGSplitDiff. This distance is expected to be smaller for cascades than
for tracks. We systematically reject events for which this separation is larger
than 100 m;

COGzSplitDiff: this variable is the same as that exposed in the previous bullet
point with the difference that it has been projected onto the vertical axis (see
Fig. C.1). The cut is placed at 70 m;

| FirstHit-COG | : this variable corresponds to the distance between the first hit
and the COG of the cleaned hit map. As you can see from Fig. 7.5, we keep
events for which | FirstHit-COG| < 175 m;

ZFirst: gives the z coordinate of the very first hit in the cleaned hit map. We
keep events with z < 150 m;

7More details on the reconstruction algorithms can be found in Sec. 5.2. of Ref. [227].
18Remember that we use the three outer layer of the IN-Ice array as a veto region.
191f the number of hits is odd, it is the “latest” half that inherits of an extra hit.
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ORe6: this variable is defined as the ratio of the charge collected by all the DOMs
during the first 600 ns of the event and the total collected charge Qiot:

=600
Zico

Qi
Qtot )

We typically expect cascade events to have a larger QR6 than track events. We
systematically keep events with QR6 > 0.45;

QR6 = (7.5)

FillRatio: FillRatio is defined as the ratio of the number of DOMs in the cleaned
hit map and the number of DOMs in the smallest sphere containing that cleaned
hit map. According to this definition, perfectly spherical events have a FillRatio
of 1, and the more elongated the event, the smaller this variable. In order to
avoid cutting too much in the signal region (see Fig. 7.5), the cut is set at 0.03
(keeping everything above).

iLineFitSpeed

0.5

0.4}

0.3

0.2

Rate of events [Hz]

0.1

. . tiEvalratio
035 tiEvalratio 1.8 T T T T
. T -
| corsika_12 16l 1 corsika_12 |
030} ! — data_12 : : - data_13
— bb 100GeV 1.4 | - - data_14
—  WW 300GeV — | J—
w 025 oo 1tev |1 Y2l \ data_15
z = , data_16
g 0.20}F — nunulTeV || £ 10l X
9] nunu 10TeV 4 |
H [
% 0.151 w 08 |
9 L !
® © 0.6 1
< 0.10} « I
0.4 1
|
0.05} Eb:%]l; 0.2 M
I =
0.00 L L L d 0.0 L 1 L L e
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.3 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.3!

corsika_12
data_12

bb 100GeV ]
WW 300GeV
mumu 1TeV [
nunu 1TeV
nunu 10TeV

Improved Linefit Speed

Rate of events [Hz]

o
o

iLineFitSpeed

o
o

o
kS
T

4
W

e
9

0.1F

1
I
I
|
I
I
I
|
I
I
1

corsika_12
- data_13
- - data_14
— data_15
data_16

\

0.0 L L 1 L L 1 L i
0.00 005 010 0.15 020 0.25 0.30 035 040 0.4!

Improved Linefit Speed

Tol Eigenvalue Ratio

Figure 7.3: Distribution of the LeveL 3 variables and cuts.

Tol Eigenvalue Ratio

On the left, the

distribution corresponding to the neutrinos induced by the 46100 GeV, W W 300
GeV, ;ﬁ' p~ 1TeV,vv1 TeV and 710 TeV DM annihilation channels are respectively
shown in blue, green, red, purple, and pink. The burnsample and the muon
backgrounds respectively correspond to the black and cyan curves. The same
variable distributions are presented on the right, but for the burnsample of
subsequent years (2013-2016). The cyan curve is identical to that on the left.
The vertical dashed lines and the black arrows represent the cuts. The speed in
the top row is given in units of m/ns.
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In comparison with year 2011 (see corresponding figures in Ref. [227]), we observe
in 2012-2015 smaller event rates by a factor of about 2 to 3.2 After discussing with
other people in the Collaboration, this decrease was also typically observed in other
analyses from 2011 to 2012, and originates from the update of filters and triggers that
had taken place at the time. We also notice a slightly different shape for the Tensor of
Inertia Eigenvalue Ratio variable, and a decrease of rates in 2016. However, none of
the original cut choices was very much put into question because, precisely after those
cuts—i.e. once we arrive at LEVEL 3—, the rates as well as the shape involved for all the
variable distributions ended up being comparable to those of 2011 (see e.g. Sec. 7.3.4
below). The rates of the Lever 3 data (i.e. after the cuts just itemized) is around 0.07
Hz (vs 0.08 Hz for 2011).

7.3.4 From LeveL 3 to LEVEL 4

Likelihood Reconstructions

The event rates having been reduced to only ~ 0.07 Hz, three sophisticated likelihood
reconstruction algorithms are used to further the reduce the fraction of background
events (in particular, track events). In a nutshell,? these algorithms are based on
log-likelihood fits, one of which uses the infinite track hypothesis (TrackLLh) and the
other two the cascade hypothesis (CascapeLLr and Monorob). Through the fits, the
aim is to estimate the following set of parameters,

ﬁ: (f?),t(hQ,EO), (76)

where Q) and Ej respectively denote the direction from which the event originates
and its deposited energy. As for ¢y and =, they respectively denote an arbitrary time
and the corresponding position on the track—when the track hypothesis is used—or
the time of the interaction and the corresponding vertex position—when the cascade
hypothesis is used. TrackLrua and CascabpeLin both use a simplified description
of the ice at IceCuse. In contrast, MonoroD is an improved cascade reconstruction
algorithm in the sense that it uses a complete description of the ice and CascapeLLH as
a seed. All of the three algorithms are run on each event, and the best-fit parameters
(e.g. reconstructed energy, reconstructed ¢, ...) as well as the corresponding log-
likelihoods are stored.?

Boosted Decision Trees

To classify an event as signal-like or background-like, we now resort to more compli-
cated cuts—as opposed to the “straight cuts” used in the previous two subsections.
More specifically, a specific type of machine-learning techniques known as Boosted
Decision Tree classifiers (BDTs) is used. As depicted in Fig. 7.6, decision trees basi-
cally consist in a succession of nodes and branches that respectively represent—in our
case—where the cut on some variable is placed and the possible outcomes. For this

20 Around 8.5 Hz (see above) vs ~ 18 Hz for 2011.

21More details can be found in Sec. 5.3. of Ref. [227].

22 A5 we are about to see, the latter will also be used in the definition of some LeveL 4
variables.
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Figure 7.6: Illustration of a binary BDT. At each node of the BDT (circles), the
variable with the best separation power is considered ( =1, z2,z3, ..., with the
corresponding cuts respectively denoted by a, b, c,d,e,...). Nodes at the end
of a tree are referred to as “leaves” and are depicted in green. For the sake of
reminding that a leaf can be background-like or signal-like, we have used two
shades of gray in this figure.

analysis, binary trees were used, meaning that only fwo possible outcomes were con-
sidered: the event variable being looked at at the node is either “greater” or “smaller”
than the cut value, and passes through the corresponding branch. Nodes found at
the end of a tree are referred to as leaves.

A decision tree is first trained on a sample made of known signal and background
events. Ateach step, the variable (and the cut on that variable) with the higher separa-
tion power is considered,? until a leaf is reached.?* Each leaf is then assigned a score
between —1 (background-like) and +1 (signal-like). This score reflects the fraction of
true signal events that have ended up in that leaf during training versus the fraction
of background events. The interpretation should be that an event with a higher score
than another one is more likely to be a signal event.

That a decision tree is boosted actually means that not one but many trees are
considered (typically a forest of ~ O(1000) trees), in such a way that misclassified
events (i.e. signal events ending up in a background leave and vice versa) are given
more weight between the training of consecutive trees so that they can better be
tackled. At the end of this process, a “boosted” tree is built by taking into account

BA given variable may actually be considered more than once.

24 At a given node, branch splitting stops for one of these three reasons: either because the
maximum allowed depth has been achieved—user-dependent—, because a node has reached
a 100 % signal or background purity, or because it would generate leaves with poor statistics.
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a weighted average of all the individual trees. In can be shown that this new tree
benefits from a higher performance than any of the single trees of the forest [236].

It was also previously checked that the BDTs were not overtrained, i.e. that they
do not separate signal and background events according to features that are specific to
the training sample (in other words, that they are immune to statistical fluctuations).

LevEL 4 Variables

A set of 14 preliminary and promising variables was first selected to train the BDT.
With a view to trading some of the performance for speed and easiness, this primary
selection was then reduced to a set of 7 variables by progressively eliminating those
variables that were used the least in the BDT and whose removal did not significantly
decrease its performance. The 7 remaining variables are:

« L3QR6: defined in Eq. (7.5);
« L3ZFirst: defined in the previous subsection;
« DeltaCOGz: defined in the previous subsection;

« RatioLH: this variable corresponds to the log-ratio of the likelihoods computed
by the CascapeLLn and TrackLLu reconstruction algorithms:

Riiyg = log (ﬁcascade> ; (7.7)
Ltrack
« RatioRLogL: is the ratio of the reduced log-likelihood of the cascade and track
hypotheses:
(logﬁ)r cascade
R, =0 7.8
L (logl‘f)r, track 8)

« RholL4: shortest distance between the central string (string 36) and the first hit
of the cleaned map;

« TrackRLogL: reduced log-likelihood of the TrackLLH reconstruction.

We show in Figs. 7.7 and 7.8 the distribution of these variables for the burnsample,
the atmospheric muons and a selection of DM annihilation processes. As you can see,
there is still a fairly good agreement between the data and the muon background at
Lever 3, and so we did not bother showing the atmospheric neutrino estimates yet.
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Figure 7.7: Distribution of the LeveL 4 variables. On the left, the distribution
corresponding to the neutrinos induced by the 556100 GeV, WW 300 GeV, and
vl TeV DM annihilation channels are respectively shown in blue, green, and
purple. The burnsample and the muon backgrounds respectively correspond
to the black and cyan curves. The same muon curves are shown on the right,
together with the distributions associated to the burnsamples of the subsequent
years (2013-2016).
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Figure 7.8: Same as Fig. 7.7, but for the variables specified at the top of each

subfigure.
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BDT score distributions

We will consider in Sec. 7.4 many DM-induced signals in terms of final states and
masses. However, to avoid the heaviness of training a BDT for every single of these
signals, a selection of two BDTs is actually used. One of them targets high-energy
(HE) signals and is trained on the W*W ™ annihilation channel with mpy = 300 GeV.
The other tree is trained on the bb annihilation channel with mpy = 100 GeV and
thereby targets low-energy (LE) signals. Each event is passed through the two BDTs
and therefore assigned two scores. The final samples will be referred to as LE or HE
samples depending on whether the cut is performed on the LE or HE BDT score,
respectively. The distributions of the BDT scores are presented in Figs. 7.9 and 7.10.
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Figure 7.9: Score distribution obtained from the BDT trained with DM DM —
bb with mpy; = 100 GeV. The distribution is shown for different annihilation
final states: b5100 GeV, WWW300 GeV, 1100 GeV and vw1000 GeV. The different
components that are shown are: the burnsample (black), the atmospheric muons
(cyan), the atmospheric neutrinos (three shades of green) and the DM-induced
signal (see caption, all flavours included, blue). Notice how subdominant the
contribution of atmospheric v+ is. This is because v+’s are not produced in the
atmosphere, and therefore only come from oscillation effects through Earth.
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Figure 7.10: Score distribution obtained from the BDT trained with DM DM —
WW with mpy; = 300 GeV. Everything else is the same as in Fig. 7.9.

Optimization of the cut on the BDT score

As you can see from those two figures, BDT scoring provides a way to define a
background-like region (to the left, score < 0) and a signal-like region (to the right,
score > 0), thereby allowing to further enhance the signal-to-background ratio in the
data by “appropriately” placing a cut somewhere around the transition region. To
decide on its precise location,? we look for the optimum sensitivity reach by studying
the behaviour of the sensitivity as a function of the cut. This procedure would be
very heavy if we had to repeat it for every single signal that we plan to probe,? and
we will therefore choose the LE and HE cuts on the basis of the following selection of
eight DM scenarios:?

« 100 GeV DM decaying and annihilating into bb;

BThere is a trade-off between keeping enough statistics—to build relatively smooth PDFs—
and not drowning the signal into the background.

20The same argument was already used to explain why we restricted ourselves to using only
two BDTs, one optimized for the LE signals and the other for the HE ones.

27 We systematically consider that the flavour composition induced by these channels aver-
ages out at the detector.
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« 300 GeV DM decaying and annihilating into W+ W ~;
« 100 GeV DM decaying and annihilating into v7;

« and 1000 GeV DM decaying and annihilating into v7.

We estimate the sensitivity reach exactly as we did in Sec. 6.4: we generate a
large number of fake data realisations from the background (here, 1000), and for each
of these fake realisations, we profile the log-likelihood of the signal hypothesis and
exclude those values of I'yt (decay) or {gann, totv) (annihilation) with a log-likellihood
ratio larger than 2.71/2 (at the 95 % CL). This gives a distribution of limits, of which the
median defines our sensitivity (systematically denoted by a black curve in Figs. 7.11,
712,713 and 7.14). The containment bands are obtained by taking the appropriate
percentiles of these distributions.

Two major differences with Sec. 6.4 must however be highlighted:

« the fits are performed on a 2-dimensional grid, of which the axes correspond
to the reconstructed energy and reconstructed angle ¢ with respect to the GC.
The binning on both axes has also been chosen to optimize the sensitivity
reach. After testing out a number of bin sizes, we have decided to use three—
logarithmically equally spaced—bins per decade of energy (between 10 GeV
and 10° GeV) and 30° bins for v (between ) = 0 and ¢ = 180°). For the few
channels tested (see above), this typically gave us an improvement by a factor
of two in comparison with a 1-dimensional approach (whether it be using the
grid of energy E or of the angle v);

« we completely ignore a potential contribution of neutrino events from astro-
physical sources. The reason for this simplification is that, with DeepCorg, we
are sensitive to low DM masses (< O(10) TeV), that is to say where the astro-
physical flux plays little role. The backgrounds are therefore characterized by
two parameters: the normalisation of the atmospheric muon flux, and that of
the atmospheric neutrino flux.

Because we have not unblinded yet, we only show the expected sensitivity estimates—
and their 68 % and 95 % containment bands—for 5 years of data taking.?? We have
however checked that the observed limits obtained with our burnsample were in agree-
ment with our sensitivity estimates—for the corresponding livetime. By doing so, we
have also checked that the sensitivity estimates improved by a factor corresponding
to the ratio between the livetime of our 5 years of data and that of the burnsample.?
Keep in mind that these results are still preliminary in the sense that they have not
been approved yet by the Collaboration.

ZMore specifically, a livetime of 151,669,139.5 seconds.
2The containment bands also shrank by a similar factor, as expected.
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Given the results exposed in Figs. 7.11, 7.12, 7.13 and 7.14, we choose to:

163

« place the cut on the LE BDT score at 0.20 in the case of DM annihilation;
« place the cut on the HE BDT score at 0.20 in the case of DM annihilation;
« place the cut on the LE BDT score at 0.20 in the case of DM decay;
« place the cut on the HE BDT score at 0.20 in the case of DM decay.

In both cases, the event rate is reduced down to ~ 2.5 x 10~4 Hz.
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Figure 7.11: Sensitivity of the analysis to a selection of four DM annihilation chan-
nels as a function of the LE BDT score cut. The annihilation channel is referred
below each subfigure. The expected sensitivity at the 95% CL is represented by
the black curve (to be interpreted as an upper limit on {(ann, totv)), and the 68 %
(95 %) containment band depicted in yellow (green) in the colored version, and
light gray (dark gray) in the B/W version.
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Figure 7.12: Sensitivity of the analysis to a selection of four DM annihilation

channels as a function of the HE BDT score cut.

The annihilation channel is

referred in the upper left corner of each subfigure figure. The expected sensitivity
at the 95% CL is represented by the black curve (to be interpreted as an upper
limit on {(oann, totv)), and the 68 % (95 %) containment band depicted in yellow
(green) in the colored version, and light gray (dark gray) in the B/W version.
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Figure 7.13: Sensitivity of the analysis to a selection of four DM decay channels
as a function of the LE BDT score cut. The decay channel is referred in the upper
left corner of each subfigure figure. The expected sensitivity at the 95% CL is
represented by the black curve (to be interpreted as a lower limit on I'tot), and the
68 % (95 %) containment band depicted in yellow (green) in the colored version,
and light gray (dark gray) in the B/W version.
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Figure 7.14: Sensitivity of the analysis to a selection of four DM decay channels
as a function of the HE BDT score cut. The decay channel is referred in the upper
left corner of each subfigure figure. The expected sensitivity at the 95% CL is
represented by the black curve (to be interpreted as a lower limit on I'tot), and the
68 % (95 %) containment band depicted in yellow (green) in the colored version,
and light gray (dark gray) in the B/W version.
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7.4 Sensitivities

We have exposed in the previous section the basic aspects of background vs signal
separation on the basis of a score coming out of a BDT. Where we decide to put the
frontier on what is likely background and what is not was a question of optimizing
the sensitivity reach. We have done so by taking into account a few specific channels
at a few masses, and now that we have decided where we place the cuts on the LE and
HE BDT scores (see the box on page 163), we present the sensitivity of our analysis to
a selection of decay and annihilation channels as a function of the DM mass.
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Figure 7.15: Sensitivity of the analysis to DM annihilations into v7 as a function
of the DM mass mpys. Left: In the case of the LE selection. Right: In the case of
the HE selection. The peaks at 1 TeV come from heavy statistical fluctuations in
the MC simulations (see text).
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Figure 7.16: Sensitivity of the analysis to DM decays into v7 as a function of the
DM mass mpy. Left: In the case of the LE selection. Right: In the case of the HE
selection.
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Before we move on, we would like to comment on the peaks observed around 1
TeV. As already mentioned in the caption of Fig. 7.15, these peaks come from important
statistical fluctuations in the neutrino simulations. In that sense, these features are not
physical and the curves should—more correctly—be smoothly transitioning between
600 GeV and ~ 2 TeV. The fluctuations of the simulations are illustrated in Fig. 7.17,
where we show the reconstructed energy distributions (integrated over the whole
sky) corresponding to the annihilation of 100 GeV (left) and 1000 GeV (right) DM
particles into v7.
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Figure 7.17: Reconstructed energy distributions in the case DMDM — v with
mpp = 100 GeV (left) and mpyg = 1000 GeV (right).
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Figure 7.18: Sensitivity of the analysis to DM annihilations into bb, WW, 77 as a
function of the DM mass mpy. Left: In the case of the LE selection. Right: In the

case of the HE selection.
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Figure 7.19: Sensitivity of the analysis to DM decays into bb, W W, 77 as a function
of the DM mass mpys. Left: In the case of the LE selection. Right: In the case of

the HE selection.
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Comparison with a purely angular study

We have mentioned earlier that whether or not we were working on a 2-dimensional
grid for the evaluation of the sensitivity of the analysis to the four channels used to
decide on the value of the BDT score cut would only change estimates by about a factor
of two. However, we want to point out that this statement does not hold anymore
at higher masses when a line search is involved. This is because the line feature
is dramatically boosted, and therefore improves our sensitivity estimates when it is
included in the fits. We show this statement at work through the following figure,
where we depict the sensitivity estimates obtained by—only—taking six 30-degrees
wide bins between 1) = 0deg and 1 = 180deg. As you can see, both in the case of
DM annihilation and decay, almost 2 orders of magnitude of sensitivity are lost by not
considering the spectral information of the events. We have done here the comparison
with the HE samples, but a similar gap is observed at high mass with the LE samples.
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Figure 7.20: Sensitivity of the analysis to neutrino lines as a function of the DM
mass mpy in the case of a purely directional study. The peaks at 1 TeV come
from statistical fluctuations in the MC simulations.
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Comparison with other studies

For the sake of comparison, we present here the limits that we have obtained in the
case of the DM annihilation scenario on the 777~ channel (right) to those already
referenced in the literature (left).
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Figure 7.21: Sensitivity of the analysis to neutrino lines as a function of the DM
mass mpy in the case of DM annihilation. Left: literature. Right: our estimates.

7.5 What should you take away from this chapter?

This chapter has been dedicated to the construction of a sample of five years of low-
energy cascades seen with the DEepCore sub-detector. The data selection procedure
behind this sample had originally been used for another DM analysis but only applied
to one year of data. Besides the possibility to develop and work on a 5-year extension,
our interests in using this sample included the ability to probe a lower range of DM
masses (down to ~ 10 GeV); the possibility—as associate members—to run a feature-
oriented DM analysis (as in Chapter 6) and to add the angular information of the
events; the freedom to work on an event-by-event basis; and, finally, the fact that, by
using cascades seen by DeepCore—which is located at the very bottom of the IcECusE
detector—, a great deal of the atmospheric muon background was removed.

We have seen that the filtering is organised in Levers. Four LeveLs were involved
in our case, and we have systematically described the cuts that were performed on
the samples by passing from one to the other (Sec. 7.3). At the final stage of the data
selection, i.e. to pass from LEveL 3 to LEveL 4, we have introduced Boosted Decision Trees
as a tool to discriminate background(-like) from signal(-like) events on the basis of a
score. Two BDTs were used—one optimized for the search of LE signals, the other for
the search of HE signals—, and we therefore ended up with two different samples at
LeveL 4. Each of these samples was then used to search for DM-induced signals, in
particular lines.
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Since the unblinding request to analyse the 5 years of (real) data is under progress,
we have restricted ourselves in this dissertation to the estimation of the sensitivity of
the analysis. We have taken advantage of the possibility to use 2-dimensional fits
(grid of reconstructed energy and angle with respect to the GC). Given the results
presented in Figs. 7.11, 7.12, 7.13 and 7.14, we have been able to strategically position
the cuts at the last level of the data selection, in the sense that they optimize the
sensitivity reach of the analysis. The sensitivity to neutrinos lines are presented as a
function of the DM mass in Figs. 7.15 (annihilation) and 7.16 (decay). For the sake of
comparison, we show in Fig. 7.22 those limits obtained in the HE scenario together
with the compilation of limits presented in Chapters 1 and 6. In the annihilation
scenario, you can see that our estimates are the best ones in the 100 GeV — 10 TeV mass
window (beware also that our estimates are given at the 95 % CL, whereas all of the
black curves are given at the 90 % CL). That the green and blue curves give together
the best sensitivity estimates beyond 100 GeV is in great part the result of a feature-
oriented analysis, as a line feature gets more and more prominent with increasing
mass (see comparison with a purely angular study in Fig.7.21).
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Figure 7.22: Compilation of limits. Left: same as in Fig. 6.3 with the addition of
the 95 % CL expected limit derived in this Chapter (green curve). Right: Limits
on the inverse decay width of DM into v7 as a function of the DM mass. The
limits derived in Chapter 6 and this chapter are respectively shown in dashed and
dashed-dotted (95 %CL). Those derived in Ref. [118] by the IceCusk Collaboration
(2011) are denoted by the continuous curve (90 % CL). Beware that the peaks
around 1 TeV are coming from poor statistics in the simulations, as opposed to
the peaks around 6.3 PeV (left) and 12.6 PeV (right) which are physical (Glashow
resonance).






CHAPTER

General Conclusions

((;-)-\‘-,HE time has now come to draw the general conclusions of this thesis and po-
((\9 @sition the results that we have obtained within broader and future contexts.
@—@oRecall that the modern understanding of our Universe as a whole is currently
based on the ACDM paradigm, of which a great deal of the energy budget—about a
fourth—is ascribed to something called “Dark Matter” (DM). What makes up the DM
is still a mystery to which almost a century of gravitational evidence has failed to find
a clear-cut explanation. However, under the assumption that DM is made of particles,
this lack of tangibility is being addressed by indirect, direct and collider searches, and
the synergy that exists between the three. We have focused on the former type.

More specifically, the common thread of this dissertation has been the possibility
to observe gamma-ray lines, neutrino lines, and spectral features alike beyond the GeV
scale. These signals can e.g. be produced in the 2-body decays of DM particles, and
because astrophysical backgrounds cannot produce such features at these energies,
they constitute the only compelling indirect signatures of the existence of DM particles
in our Universe. This explains why a great deal of passion and excitement generally
surrounds any potential hint in this direction. Besides the introductory material, this
message was relayed in Part I and was used to motivate the rest of the thesis.

In the second part, the emphasis has been put on the connection between the
production of gamma-ray lines and their “multi-messenger” counterparts. This has
been done in two specific cases: the decay of millicharged DM particles with mono-
energetic v rays in the final state (Chapter 2), and the decay of DM particles (regardless
of their charge) with a simultaneous production of mono-energetic v rays and neu-
trinos (Chapter 3). Because of the scales already probed by the dedicated ~-ray line
searches (at least ~ 1012 GeV in the former case and ~ 10'5 GeV in the latter), we have
each time studied the connection with the production of other CRs—simply put, the
amount of CRs emitted per 7-ray line emission—in the context of an effective field
theory. Even allowing for BSM fields in the effective theory, we have each time found
very restrictive lists of effective operators. On that basis, we have derived comple-
mentary sets of limit estimates on the intensity of a y-ray line. We have shown that,
depending on the experimental conjecture at hand—i.e. evidence for an excess of CRs
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or evidence for a line, or both—, a discrimination between different effective operators
was possible, potentially enabling the distinction of UV completions in the case of a
discovery. In particular, regarding the question of whether, in a “multi-messenger
context”, the observation of a y-ray line in a near future could be attributable to the
decay of DM particles, we have highlighted interesting scenarios in which this would
be possible. In particular we have shown that if a gamma-ray line was observed,
it could be due to the fact that the DM particle is millicharged. Shedding light on
this possible property of the DM particle would obviously be key to understand the
underlying theory of DM. We have also shown that in specific theoretical scenarios,
and given the experimental situation, DM could be discovered in a “spectacular” way,
that is to say from the observation of both a gamma-ray and neutrino lines. Recall
that operators with a scalar field involved non-negligible 3-body decays beyond the
TeV scale, and that these decays were responsible, besides extra-contributions to the
CR fluxes in general, for the appearance of new line-like features in the y-ray and
neutrino spectra.

The third and last part of this thesis has been dedicated to the search for DM-
induced signals in the neutrino spectrum with the IceCusg detector. To get into the
swing of things, we have given in Chapter 4 an overview of the detection principles of
the neutrino and its properties, with a strong emphasis on its detection in ice through
the Cherenkov effect. We have then introduced the IceCuske detector (arrays, DAQ,
...) and added a few words about what the field of hybrid detection at the South
Pole was about. After these two introductory chapters, two analyses were performed
by our care, respectively in Chapters 6 and 7. We have reminded the reader of the
importance of neutrino line searches in a spectral analysis—much less considered in
the literature—, especially because they are the ones that may capture some of the
Particle Physics aspects of the DM. The first analysis involved the MEese sample and
has turned out inconclusive in terms of a discovery. However, we have clearly shown
the ability for the limit estimates on the DM decay width—into neutrino lines—to be
competitive with their y-ray equivalent above ~ 10 TeV. The second work involved the
development and the analysis of 5 years of cascades seen with the DeepCore detector.
We have explained that filtering and cleaning were needed not only to downsize the
amount of data to be analysed but also to remove as much background events as
possible. We have then explained how the different levels were built in the case of
interest, and have finally exposed the sensitivity estimates of the DM search at the
final level of the data selection. The results were encouraging, even if the sensitivity
estimates do not reach the typical value expected from the thermal freeze out. The
estimation of observed limits and of the systematics is left for the near future, as the
analysis must still be reviewed by the whole IceCusg Collaboration, in part on the
basis of the sensitivity estimates that we have shown here. The redaction of a draft has
already started, and the incorporation of the search for DM-induced signals combined
with observed limit estimates will follow accordingly.

Through this thesis, we hope to have aroused the interest of the reader and
convinced him of the non-trivial nature of the DM problem. Thatitis at the crossroads
between several fields makes it a fascinating topic from which a lot can be—and
has been—learned. Moreover, it makes communication between the theoretical and
experimental communities key for the elaboration and optimisation of current and
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future detection techniques. In this perspective, we hope that the recent discovery of
gravitational waves is just the beginning of a long series of discoveries that will open
new windows on the dark side of our Universe and revolutionize the comprehension
that we have of it.
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APPENDIX

Millicharged DM decay

A.1 Branching ratios for (D, V)" (D, Wpm)® (non-singlet DM)

We have presented in Chapter 2 the relative branching ratios of the different decay
channels induced by the D, D, Wo**Wpy, D, D, Vo Wpy®, and Yot D, D, Wpm®
operators at the 2-body decay level. We have also presented these ratios for the
D ,LWUWDV\I/DMQD operator, but only under the assumption that W and Wpy were SM
singlets. In any other case, we get much longer expression and this is why you were
referred to this Appendix in case you had any interest in them.

Assuming that neither of Wpy or W is a SM singlet but that 7PM = Tg’ = 0, the
branching ratios take—modulo a global common factor—the following form:

BR.,y = Qbum (A1)

BRzy =0 (A2)

2 m m2 me m m
BRy+y = BRyp- e = (1~ ( W>2>( DM Y (1 4 o TV 2 (W gy

2
16 mpm my, mpm mpm

o DM gy 4 (AL (M (M) )
(A.3)
In the case where THPM = T?:p # 0, we have:
BRyy = QQDM (A4)
Blzy = (- (MR + LMLy O (a9

mpm 2 mpm 46?

BRWerf = Bwaer = 55 2

2 m3y, — m? )
0 = (o (MM 1 10T g ()
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(A.6)
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A.2 Covariant derivative in the kinetic mixing scenario with a massive
gauge boson

We review in this section the kinetic mixing scenario under the assumption that the
U(1)" gauge group is broken. What we aim to show is that the covariant derivative
does not include a coupling to the photon when it applies to a field that is originally
neutral under the SM.

Since the mass of the new gauge boson cannot come from the SM scalar H, we
rely on the presence of an extra (complex) scalar field ®. This scalar field behaves
like a singlet under the SM gauge group and has a non-zero charge under U(1)" so
as to realise a symmetry breaking. In comparison with the SM lagrangian Lgy and
Eq. (2.1), this model has the following new terms

D@ — mg|®|* + p|®|* — k| H[?|D, (A7)
where mg, p and k parametrize the scalar potential of ®.

To find the mass eigenstates in the gauge sector, we start by performing the same
non-unitary transformation as that presented in Eq. (2.2). Then, after the U(1)" x
SU(2)r x U(1l)y — U(1)em symmetry breaking has taken place, we find that

2 2 12 ¢2
2 2_ Y (93 9Y / € Y S Iogru
|D,H|* + |D,®|" 3 > <2W#+ 5 (A#m Bu)) +72(1—62)A#A .
(A.8)

In the latter expression, ¢’ is chosen such that @), = 1.! As for v/ V2 and £/4/2, they
respectively denote the vev of H and ¢. Using the following relations,
gv

5 =mz cos By and % = my sin Oy, (A9)

the mass terms that we have found in Eq. (A.8) can be re-expressed as

m2Z 3 : Al € / ? 9/252 Al AM A
7 COSOWWM +SID9W MTEQ _BIJ« + m m 5 ( 10)
from where we can already see that we will end up with two massive and one massless
gauge bosons. After defining the following rotation:

B, cosby —sinfy 0 A}
W3 |=| sinfw cosfw 0 Z, | (A.11)
A, 0 0 1 Z,

the mass terms in Eq. (A.10) become

2 2 12 ¢2
"z [sinOSQZM I
€

2 Vi—e 2(1 —e2)7H7 7

! This freedom comes from the abelian nature of U(1)'.

(A.12)
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identifying the photon with A},. A last rotation is needed to diagonalise the mass
terms in Eq. (A.12). To find this rotation, we start by searching for the eigenvalues A1
of the bilinear form in Eq. (A.12):

2 2 /2 2 2
m7, sin leiz 1 2 — A msinOy
0 = Det(M? — AT) = R Viee | (a13)
mZ sin Oy \/@ Z - A
Solving this equation gives:

o m% 1 sin? Gy €2 g'%e? ‘ sin? Qyy €2 g'2¢2 2 sin? Oy €2

*T Ty (1 —€2) rnzz(l—e2 w B (1—€2) B mQZ(l—ez) (1—¢€2)
(A14)

Our last rotation is then defined through
%L _ [ cosa —sina Z ’ (A15)
Z, sina  cosa s

2¢ sin Oy

_ €2
tan(20) = ——— Vo= (A.16)
| Sin"fwe” g'“E

(1—-€) mL(1-¢€?)

The consecutive transformations of Egs. (2.2), (A.11) and (A.12) imply in particular
that D,, can be re-written as:

where

= Op +igT' W, +igT* W}

+ ZA;I _ 99y QSM

\9P gy

. ' . Y e g'Q
7 , j‘3 0 — — 0 - a
+ u(cosoz(g costw = gy sin W)+Sma( gY2\/l—e2 \/1—62)>
. . Y 3 Y ¢ gQ/
7 o T3 s Qv — ~_sin# 3 —qQy —
pal M,S( 51110‘(9 ostw T gy sin W>+C%a( gYQ\/l— \/1—62
(A.17)

Itis crystal clear from this expression that, in the context of the massive kinetic mixing
scenario, a field with Q gy = 0 cannot acquire a millicharge.

A.3 Covariant derivative in the Stueckelberg scenario

We derive now the expression of the covariant derivative in the Stueckelberg scenario—
no pun intended. As already stated in Sec. 2.2, the Stueckelberg mechanism allows to
give a millicharge to an originally neutral particle without having to break the extra
U(1)’ symmetry.
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We add the following gauge invariant to the SM lagrangian:
1
—5 (o + My C* + MyB")? (A.18)

where B*/C" is the gauge boson associated to U(1)y/U(1)’, and where o is a real
scalar that carries a charge under the hidden and visible sectors (it couples to C* and
B*). This scalar basically plays the rdle of the longitudinal component of the field that
becomes massive.

The variation of the different fields under a U(1)y gauge transformation are de-
fined through the following expressions:

(5y0' = —Mgey, (A.19) 5yBM = 6M6y, (A.ZO) (SyCM =0 (A.Zl)

and the variations induced by a U(1)’ transformation are given by:

§o=—Myé, (A22)  §B,=0, (A23) §C,=0,€, (A24)

where ey and ¢’ are real arbitrary functions.With these expressions in hand, you can
easily check that the variation of Eq. (A.18) is zero.

After the electroweak symmetry breaking, the mass matrix of C*, B* and W3H
takes the following form:

M? My M, 0
M? = | MMy M3+ 120 —igyge® |- (A.25)
0 — 19y gv* 19v°

This matrix has a zero determinant, highlighting the presence of at least one vector
eigenstate with zero mass, which we identify with the photon. This matrix is also
symmetric, meaning that it is diagonalisable with the help of an orthogonal transfor-
mation O. The corresponding eigenvalues are:

M? =0

2 2 2
M2 = M7+ MG+ (B g2 \/M2+M2+(9§MA}22+g)
(A26)

We define the eigenstates (Z),, Z,, A},)T = OT(C,, B,, W32)T, and parametrize the

3]
matrix O in terms of three rotatlon angles (6, ¢,1):

CohCp — SOSpSey  —SyPCp — SeSpCyp  —CHSy
= CopS¢p T S0CHSyy  —Se¢pS¢ T SCHCy CoCy . (A.27)

—CeSy —CHCy Sp
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Those angles are related to the parameters of the model via the following expressions:

tand = ¥ cos ¢, (A.28)
g
tan ¢ = % and (A.29)
2
tane = tan 0 tan oMy, (A30)

cos (M2 — (1 + tan?0)MZ,)

After the orthogonal transformation of Eq. (A.27),

. Y
D, =0, +iZ, (g’Q’(cw% — 54505y) — gT3cosy + QYE(%‘% + 890¢8¢)>

. Y
+1iZ, <g’Q’(—s¢,c¢ — 59S¢Cyp) — gTSCQ% + gy = (—syse + secdjcw)) (A31)

2
+iA7 | —g' @ T3 Y

w| —9&cosy + gl s9 + gy 5 CoCe
+igT" W, +igT?* W},

Assuming that Qsm = T3 + % = 0 and using tanf = 9?‘/ cos ¢, we find that
D, 3iA}(—)g'Q cgsy, that is to say the existence of a coupling to the photon as soon
as (' is non-zero.






APPENDIX

Multi-messenger lines from DM decay

B.1 Constraints on the suppression scale A

Let us recall that all the curves plotted in Figs. 3.2, 3.7 and 3.8 correspond to upper
limits on the DM decay width into line and line-like signals. The colored curves are
deduced from constraints on other signals induced by the effective operators (y and p
continua), and when they are weaker than “direct” constraints from monochromatic
line searches, they fall into the grey region. As explained in Sec. 3.5, we could also
translate these limits on decay widths I into limits on A, the suppression—or cut-off—
scale of the operator. If we assume that the pre-factor to the dimension-five and -six
operators is 1/A and 1/A?, respectively, the lower limits on A are those of Figs. B.1,
B.2 and B.3. These three figures are respectively given for dimension 5 operators,
dimension 6 operators with dominant 2-body decays and dimension 6 operators with
relevant 3-body decays. The labelling in each plot (4, C, D, E, A, C, D and E) is that
listed in Table 3.3 and Egs. (3.16)—(3.19), where it can be read off to which particu-
lar operator these limits apply. The limits shown on A are from the CR continuum
(dashed curve), the neutrino-line (dotted curve) and the gamma-line (solid curve) sig-
nals. For a given operator and mpy, the figures show which is the strongest constraint.

It can be noted that all operators of the same dimensionality give limits on A that
are less than an order of magnitude different from each other. For the dimension-six
operators, the limits are around the GUT scale at the lower DM masses and rise to
just below the Planck scale at the highest masses considered. For the dimension-five
operators, limits on A are pushed towards scales higher than 10'® GeV.

From Figs. B.1, B.2 and B.3, it is clear that the current limits on gamma and
neutrino lines can be of similar strength and they can both be stronger than the limits
from the continuum of CRs in the DM mass range between about 10 and 50 TeV for
some operators. That means that you could have a detection of both lines (if they
happen to be just below current limits) without violating any current constraints from
other induced CR signals.
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Figure B.1: Lower bounds on the BSM dimentional parameter A for the dimension
5 operators discussed in Chapter 3. Dashed curve: limits from p and ~ continuum
signal searches. Solid curve: limits from gamma-line searches. Dotted curve: limits
from neutrino-line searches.
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Figure B.2: Same as in figure B.1, but for dimension 6 operators with non-relevant
3-body decays.
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Figure B.3: Same as in figure B.1, but for dimension 6 operators with relevant

3-body decays.



APPENDIX

The IceCuse Neutrino Observatory

C.1 Local coordinate system

The local coordinate system is depicted in the following figure:

X

Figure C.1: The local coordinate system. The origin of the system corresponds to
the center of the In Ick array. The angles § and ¢ respectively correspond to the
zenith and azimuth angles, and the z and y axes respectively point towards the
surface and the Greenwich meridian.

For the purpose of our DM analyses, we also give the expression of the angle
made between the Galactic Center and an event of zenith 6§ and azimuth ¢:

cos ) = cos B cos Ogc + sin 0 sin Ogc cos(p — dpae), (C.1)

where 0gc and ¢Gc respectively denote the zenith and azimuth of the GC.
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APPENDIX

Search for neutrino spectral features induced
by DM at IceCuBEk

D.1 Effect of the v and 7 flavour composition on the
results

We collect in this appendix some complementary limits that might be of interest, all
derived by the method described in Section 6.4.

Figure D.1 shows the 95 % CLlower limits on DM particle lifetime into a monochro-
matic neutrino in the cases of pure electron, muon or tau neutrinos injected at the
DM source and with equal parts of v and 7. The neutrino flavor oscillations from
Section 4.4.1 are used for the propagation from source to Earth’s surface.

InFig. D.2, we use the same setup, but assume that only neutrinos or anti-neutrinos
are injected by the DM decay.

For Fig. D.3, we assume that the incoming fluxes at Earth are 100 % pure v, v, or v.
As in the previous figure, we show limits separately for neutrinos and anti-neutrino
injected at DM decays. These (hypothetical) pure flavor fluxes incoming to Earth
could potentially be partly mimicked by non standard flavor oscillation effects from:
neutrino decay [237, 238], sterile neutrinos [239], a pseudo-Dirac nature of neutrinos
[240], Lorentz or CPT violations [241] or gravity-induced decoherence [242]. In any
case, these limits clearly illustrate the main differences in sensitivity reach with this
data set for extreme cases (i.e. for pure flavor and particle/anti-particle fluxes).
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SEARCH FOR NEUTRINO SPECTRAL FEATURES
INDUCED BY DM AT ICECUBE
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Figure D.1: 95 % CL limits on the lifetime of DM particle decay into monochro-
matic neutrinos for pure e (black), 1 (blue) or 7 (red) neutrinos injected at Source

and with equal parts of v and 7.
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Figure D.2: Same as Fig. D.1 with the pure ve, v, and vr at Source, but also

separated into neutrinos (solid) or anti-neutrinos (dashed)
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Figure D.3: Same as Fig. D.2 but in the case of pure ve, v, and v fluxes at Earth's
surface. A pure flavor flux is typically not realistic due to neutrino oscillations,
but the plot clearly illustrates the differences in effective area depending on the
incoming neutrino flavor.
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