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Abstract

The problem of Dark Matter is one of the most longstanding problems in cosmology
and particle physics, and surely one of the most interesting. A number of astrophysical
and cosmological evidences point to the existence of a large amount of non luminous
matter, whose nature is still a mistery. The simplest possible solution to this puzzle is
in terms of new neutral and stable particles with weak-scale mass and couplings (named
WIMPs for weakly interacting massive particles), which would not only reproduce nat-
urally the observed cosmological Dark Matter abundance, but also fit very well in many
well-motivated theories for physics beyond the Standard Model. In this thesis I discuss
the present status of WIMP searches and of our understanding of the theoretical issues
involved in them, with a particular emphasis to searches at the Large Hadron Collider.
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Resumé

Le probléme de la matiere noire (DM, de I’anglais Dark Matter) peut étre résumé
comme suit : plusieurs anomalies ont été observées, depuis 1933, a partir des échelles
galactiques jusqu’a celles des plus large structures, qu’on ne peut pas expliquer que par
lexistence de quelques éléments pas lumineux qui constituent plus de 80% de la masse
totale des galaxies et des amas de galaxies, ou sinon par quelques modifications supplé-
mentaires de la Relativité Générale. La quelle des deux solutions est correcte est encore
matiere & débat, méme si une modification du contenu de la matiere est généralement
considéré plus probable. De plus, c’est un résultat bien établi le fait que les objets as-
trophysiques exotiques peuvent constituer seulement une petite partie du total de la
Matiere noire contenu dans 1’Univers, avec seulement quelques petites fenétres laissées
ouvertes par l'observation astrophysique. a cause de c¢a, la solution la plus plausible du
puzzle semble étre dans la forme des particules subatomiques.

Notre connaissance actuelle de la physique des particules est fondée sur I’ainsi nommé
Modele Standard (SM). La seule candidate de DM dans le Modeéle Standard est le neu-
trino, mais, comme on verra dans le chapitre 1.3, les neutrinos ne peuvent pas constituer
toute la DM, et l'introduction des nouvelles particules est necessaire. Deux faits tres
intéressants se présentent a ce moment. D’un c6té, un simple calcul de I'abondance de
la DM dans le modeéle du Big Bang chaud indique qu’une particule avec une masse et
une constante de couplage typiques des interactions faibles aurait la juste abondance
aujourd’hui. Cette coincidence est appelée le “WIMP miracle”, pour weakly interacting
massive particle. De I'autre c6té, le SM souffre ’ainsi nommé “probléme de la hiérarchie
de D’échelle électrofaible”, ¢a veut dire que ’échelle électrofaible est instable contre les
corrections quantiques et, en supposant que le SM n’est que la limite de basse energie
d’une physique plus fondamentale, peut-étre a 1’échelle de Planck, un choix ajusté fi-
nement des parametres est necessaire a 1’échelle EW pour rester légere. Solutions a ce
probléme typiquement impliquent nouvelle physique a 1’échelle du TeV. C’est intéressant
que la plupart des ces théories impliquent particules neutres naturellement stables, avec
les bons numéros quantiques et les propriétés pour étre un candidat WIMP parfaitement
approprié.

Plusieurs enquétes existent pour tester I’hypothese WIMP. Elles sont classées comme
directes, indirectes et recherches dans les collisionneurs. Les recherches directes cherchent
dépdts de toute petite énergie quand les particules de DM du halo galactique dispersent
noyaux atomiques dans détecteurs ultra-sensibles & faible bruit. Les recherches indirectes
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visent a observer les produits d’annihilation de particules de DM telles que les neutrinos,
les antiprotons, les positrons et les rayons gamma des régions galactiques de densité
accrue. Enfin, les recherches aux collisionneurs visent a la production de particules de
DM parmi les étapes finales de collisions proton-proton (dans le cas du LHC).

Pour restreindre expérimentalement les propriété physiques de la DM, il est nécessaire
de fixer un modele de référence pour comparer les données. Comme nous le verrons en
détail dans le chapitre 5.3, ce n’est pas une tache triviale en général. D’une part, les
recherches peuvent étre construites pour limiter I’espace des parameétres de théories
au-dela du Modele Standard (BSM). Sur le c¢6té opposé du spectre, on peut compter
sur un ensemble d’opérateurs efficaces, en tenant compte des fortes limitations posées
par le fait que, afin que une approche de théorie du champ effectif (EFT) soit valide,
I’énergie impliquée dans le processus doit étre inférieure a 1’échelle d’énergie typique
des opérateurs. Enfin, en quelque sorte entre ces deux approches, on peut construire un
ensemble de modeles simplifiés, dans lasquelles le SM est complété par un candidat de
DM et certaines particules de médiation des interactions de DM, de manieére a éviter les
limitations de I’énergie de 'EFT et de saisir les caractéristiques les plus pertinentes d’un
modele de BSM donné.

Le reste de cette these est organisé comme suit : dans le chapitre 1 nous allons
introduire le probleme de la DM en examinant dans 1.1 les preuves d’observation de
I’existence de la DM ; dans 1.2 les mécanismes possibles actifs dans 'univers primordiale
pour 'obtention de la présente abondance de la matiére noire ; dans 1.3 les candidats de
DM les plus étudiés de théories BSM.

Dans les chapitres 2 et 3 nous allons introduire les recherches directes et indirectes
de DM en général, et décrire leur état actuel. Dans le chapitre 4, nous allons discuter les
implications d’un signal dans le canal des antiprotons par I’expérience AMS-02, montrant
comment cela pourrait ne pas avoir été clairement attribué a événements d’annihilation
de DM.

On va discuter les recherches de DM au LHC dans le chapitre 5. Nous commencerons
par décrire les caractéristiques des recherches de DM, avec I'exemple prototypique du
mono-jet, puis discuter de maniére générale les trois classes de modeles DM dont nous
avons parlé ci-dessus. Les limites de 'approche EFT sont décrites dans le chapitre 6. Le
chapitre 7 contient une discussion sur les modeles simplifiées de DM, complétée dans le
chapitre 8 avec une discussion sur le role du calcul de ’abondance relique dans le cadre
des recherches du LHC.

Dans les deux derniers chapitres 9 et 10 nous allons considérer deux modeles simpli-
fiés, un avec un boson de jauge supplémentaire Z’ et un avec un médiateur pseudoscalaire
inspiré par la récemment annoncée résonance a 750 GeV, et nous allons montrer com-
ment les différentes expériences fournissent des bornes complémentaires, soulignant en
particulier le réle de 'expérience IceCube dans le contexte des interactions DM-nucléon
dépendant du spin. Nos conclusions sont ensuite présentées dans le dernier chapitre.



Preface

Among the natural sciences, the oldest is probably astronomy. Its origins date back
to the rise of the first civilisations, when astronomical observations allowed for produc-
ing the first calendars. For thousands of years cosmogonies were directly related to
religious beliefs, showing a connection with the deepest questions of human heart that
keep fascinating generations of modern scientists. It was not until the XVII century
that astronomy started assuming its present aspect, thanks to the pioneers Nicolaus
Copernicus, Galileo Galilei, Tycho Brahe, Johannes Kepler and Isaac Newton. It was
due to their work that we understood that the orbits of celestial bodies are governed by
mathematical relations; if any deviation is seen, either new, unseen objects are present to
modify the equation of motion thanks to their gravitational attraction, or a modification
of the laws of gravity is necessary in some regime.

An example of the first approach is the discovery of Neptune, the eighth planet of
the Solar System, whose existence was hypothesized by Urbain Le Verrier and, indepen-
dently, by John Couch Adams in 1846, in order to account for the anomalous motion
of Uranus. Neptune was firstly observed by Johann Galle and Heinrich d’Arrest of the
Berlin Observatory on September 23th of the same year, the same night when Galle
received a letter from Le Verrier asking to confirm his predictions. Neptune was found
within 1° of the predicted location, providing a strong confirmation of the laws of celes-
tial mechanics. The second approach proved to be useful in the case of another planet,
Mercury. The precession of its orbit was reported by Le Verrier himself, who pointed
out in 1859 that its characteristics were at odds with the Newtonian laws of gravita-
tion. His faith in Newtonian mechanics, and the success with Neptune, suggested him
that the solution could be a new unseen planed (which he named Vulcan) or a series of
smaller “corpuscules”. These attempts proved to be unsuccessful, and the explanation
was finally provided by Albert Einstein in 1916, with the introduction of the theory of
General Relativity.

The problem of Dark Matter (DM) is conceptually not different from that of the
motion of planets in the Solar System. A number of anomalies were observed, starting
back in 1933, from the galactic scales to that of the largest structures, that can be ex-
plained only by the existence of some new non-luminous component which constitutes
more than 80% of the total mass of galaxies and galaxy clusters, or else by some further
modifications of General Relativity. Which of the two solutions is the correct one is still
matter of debate, even if a modification of the matter content is commonly regarded as
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more likely, due to the difficulty of modified gravity theories of deal with the formation
of large scale structures. Furthermore, it is a well established result that exotic astro-
physical objects can only constitute a small fraction of the total Dark Matter content
of the Universe, with only some small windows left open by astrophysical observations.
Because of this, the most plausible solution to the puzzle seems to be in the form of
subatomic particles, and Dark Matter can be regarded as a particle physics problem as
well as an astrophysical one.

Our present understanding of particle physics is based on the so-called Standard
Model (SM), which describes the interactions of all the known elementary particles in
terms of a SU(3) x SU(2) x U(1) gauge symmetry, spontaneously broken to the SU(3) x
U(1) symmetry of the strong and electromagnetic interactions. Given the fact that DM is
stable and that it does not seem to interact electromagnetically, the only DM candidate
in the Standard Model is the neutrino. As we will see in chapter 1.3, neutrinos can not
account for all the DM, and the introduction of new stable particles is necessary.

Two very exciting facts occur at this point. On the one hand, a simple calculation of
the relic abundance of DM in the thermal hot Big Bang scenario indicates that a particle
with mass around the weak scale and weak coupling strength would have the right present
day abundance. This coincidence is often referred to as the “WIMP miracle”, for weakly
interacting massive particle. On the other hand, the SM suffers from the so-called
“Higgs naturalness problem”, which is the fact that the electro-weak scale is unstable
against quantum corrections and, assuming the point of view that the SM is just the low
energy limit of some more fundamental physics, maybe at the Plank scale, a very fine-
tuned choice of the parameters is necessary in order for the EW scale to remain light.
Solutions to this problem typically involve new physics at the TeV scale, as in the case
of phenomenological supersymmetric models as the MSSM, in extra dimension theories
as the Arkani-Hamed, Dimopoulos & Dvali model or the Randall-Sundrum one etc.
Interestingly, most of these theories include quite naturally stable neutral particles, with
the right quantum numbers and properties to be a perfectly suitable WIMP candidate.

These two observations together catalysed a huge attention in the last decades around
the WIMP DM paradigm and the experimental techniques for a possible detection.
A number of probes exist to test the WIMP hypothesis. They are most commonly
classified as direct, indirect and collider searches. Direct WIMP searches look for tiny
energy deposits when DM particles of the galactic halo scatter off atomic nuclei in
ultra-sensitive, low-background underground detectors. Indirect searches instead aim at
observing annihilation products of dark matter particles such as neutrinos, antiprotons,
positrons and gamma rays from galactic regions of increased density. Finally, collider
searches look for the production of DM particles among the final states of proton-proton
collisions (in the case of the LHC). In the collider setup, DM particles leave no trace in
the detector, and show themselves as unpaired momentum in the centre of mass frame,
with the recoil of some SM particle which are necessary to tag the event.

In order to experimentally constrain the properties of DM, it is necessary to fix
a reference model to compare with data. As we will discuss in details in 5.3, this
is not a trivial task in general. In direct searches, the very low momentum transfer
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involved in the scattering process allow one to write down a set of non-relativistic effective
operators which capture all the possible feature of the DM-nucleons interaction in any
DM model. Limits are therefore model independent, provided that the correct non-
relativistic operator is considered. Quite the opposite happens at colliders: the very high
energy reach (larger than the naive WIMP energy scale) makes it of primary importance
to carefully consider which is the best model to consider: on the one hand, searches
can be built to constrain the parameter space of beyond the Standard Model (BSM)
theories as the MSSM or other realizations of supersymmetry. On the opposite side of
the spectrum, one can rely on a set of effective operators, taking into account the strong
limitations posed by the fact that, for an effective field theory (EFT) approach to be
valid, the energy involved in the process must be smaller than the Wilson coefficient of
the operators. Finally, somehow in between of these two approaches, one can construct
a set of simplified models, in which the SM is complemented with a DM candidate
and some particle to mediate the DM interactions, in such a way to avoid the energy
limitations of the EFT approach and to grasp the most relevant features of a given BSM
model.

The rest of this thesis is organized as follows: in chapter 1 we will introduce the
DM problem by reviewing in 1.1 the observational evidences of the existence of DM;
in 1.2 the possible mechanisms for obtaining the present relic DM abundance in the
early universe; in 1.3 the most studied DM candidates from BSM theories.

In chapters 2 and 3 we will introduce direct and indirect DM searches in general,
and describe the present state of the art. In chapter 4 we will discuss the implication
of a signal in the antiprotons channel by the AMS-02, showing how this could not have
been unambiguously attributed to DM annihilation events.

We will discuss DM searches at the LHC in chapter 5. We will start by describing
the characteristics of DM searches, with the prototypical example of the mono-jet one,
and then discuss in general the three classes of DM models to which we referred above.
The limitations of the EFT approach are described in chapter 6. Chapter 7 contains a
broad discussion on simplified DM models, complemented in chapter 8 with a discussion
of the role of the relic abundance calculation in the context of LHC searches.

In the last two chapters 9 and 10 we will consider two simplified models, one with a
7' additional gauge boson and one with a pseudoscalar mediator inspired by the recently
announced 750 GeV resonance, and we will show how different experiments provide com-
plementary bounds, highlighting in particular the role of the IceCube experiment in the
context of spin-dependent DM-nucleon interactions. Our conclusions are then presented
in the last chapter.
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Chapter 1

Generalities about dark matter

1.1 Evidences of the existence of dark matter

The history of our understanding of dark matter is long and fascinating. It is not easy
to indicate a precise starting point for these studies, since the question about the amount
of low-luminosity material in the Milky Way was asked numerous times already in the
19th century. An important step, which is often mentioned as the first observation of the
presence of dark matter, was achieved by Fritz Zwicky in 1933 [16], when he observed
a large velocity dispersion within the galaxies of the Coma cluster, inferring from this
observation the presence of a large amount of dark matter (he used this very word, which
was already in use within the astronomical community at that time to indicate any form
of matter which was not visible with telescopes). A nice and thorough review of the
history of DM, from the first observations to present day DM searches, is presented
in [17].

What is probably the most striking evidence of DM is the fact that its existence
may be inferred from a number of different observations which span a large range of
scales and redshifts. The observation of the motion of galaxies, the behaviour of galaxy
clusters, our knowledge of structure formation and measurements of the temperature
anisotropy of the Cosmic Microwave Background, all put towards the existence of a non
luminous matter component which, with common notation, goes under the name of dark
matter. In this section we are going to briefly review these evidences from our modern
perspective, and what lessons we can learn from them in terms of understanding the
properties of DM.

1.1.1 The galactic scale

Starting from the '70s, astronomers noticed that the rotation curves of galaxies, ¢.e.
the circular velocity of star and gas as a function of the distance from the galactic centre,
have a characteristic flat behaviour at large distances, beyond the edge of the visible disks
(see e.g. Fig. 1.1). The rotation curve is determined by means of the Doppler shift of the
Hydrogen 21 cm line, and can be compared with the one predicted from the amount of

3
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Figure 1.1 — Rotation curve for the spiral galaxy NGC6503. The points are the measured circular
rotation velocities as a function of distance from the centre of the galaxy. The dashed and dotted curves
are the contribution to the rotational velocity due to the observed disk and gas, respectively, and the
dot-dash curve is the contribution from the dark halo. (From [18,19]).

observed material in the galaxy. In Newtonian dynamics the circular velocity is expected

to be
v(r) =4/ Gﬂf(r) : (1.1)

where M (r) is the integral of the mass density p(r) inside the sphere with radius r. The
velocity v(r) should be falling with 1/4/r beyond the optical disc. The fact that it is
approximately constant on even larger distances implies the existence of a non luminous
halo with p oc 1/r2, and M o 7.

The first paper where the discrepancy between the predicted and observed rotation
curves is explicitely discussed was by Freeman in 1970 [20], followed by many others in
subsequent years (see in particular [21,22] and [17] for a detailed historical account). By
the end of the ’70s the existence of missing mass in the outer regions of spiral galaxies
was well established.

Other less standard indications of the existence of DM and of its distribution in
our galaxy may be found in the literature: for example, there exist indications that a
DM disk exists [23] in addition to the standard halo, possibly with an inner thin disk
originated by self interacting DM [24,25], which could explain the periodicity of comet
impacts on Earth [26] or even paleoclimatic data through an oscillatory component in
the motion of the solar system with respect to the galactic plane [27].

1.1.2 The scale of galaxy clusters

As we already saw discussing the original observations by Zwicky, the dynamics of
galaxy clusters enforce the evidence for the existence of DM. The total mass of a cluster
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Figure 1.2 — The very famous picture of the bullet cluster 1E0657-56 from [28]. On the left panel, the
reconstructed DM distribution is compared to the galaxies’ one. On the right, the distribution of X-rays
emitting gas is shown.

can be inferred in many ways: applying the virial theorem (as originally done by Zwicky),
by weak gravitational lensing and by studying the profile of the X-ray emission of the
hot gas in the cluster. In each case, the total amount of matter which is necessary to
explain the cluster’s dynamics is roughly a factor of 10 larger than those of baryons,
which can be inferred by means of the so-called Sunyaev-Zel’dovich effect, by which the
spectrum of CMB photons is distorted by their Compton scattering on the hot electrons
of the intra-cluster gas.

Another striking evidence at the cluster scale was provided by the observation of
the so-called “bullet cluster” 1E0657-56 [28-30]. This was the first example in which a
spatial separation within the three components that make up structures in our universe
was detected. It is composed by two clusters that, about 150 million years ago, collided
in a direction close to perpendicular to our line of sight. The trajectories followed
by its components were then dictated by their individual properties: galaxies acted
as point-like non interacting particles and continued along their ways, and are now
separated; intra-cluster gas, which has a large self interaction cross section, was spread
throughout the two incident clusters; finally, the DM fluid passed through the interaction
region, and its distribution, inferred by weak lensing meausrements, now coincide with
that of the galaxies of the two clusters (see Fig. 1.2). This, incidentally, gives us a
bound on the self interaction cross section of DM particles of o/m, < 1.25 em?g ! ~
2 x 1072*cm? GeV ™! [31], where m,, is the mass of the DM. Unfortunately, events like
those seen in the bullet clusters are rare, and very few examples are known up to now
in which gravitational lensing measuments can help in separating the DM and the gas
component of cluster mergers [32-34] (see also [35] for a review of lensing techniques in
DM astrophysics)

1.1.3 Dark matter in large-scale structures

The universe on very large scales shows a hierarchical organization: galaxies are
gathered in clusters, clusters are part of superclusters, which in turns are arranged
into large filaments surrounded by voids. Our current understanding of the formation
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of such scale has collisionless dark matter as one of its key ingredients, which acts
gravitationally to start the collapse of structures as we see them today. Indeed, up to
the time of matter-radiation decoupling, baryons and photons behaved as a single fluid,
with a large pressure that opposed gravitational collapse. Given the extreme smallness
of CMB fluctuations, ordinary matter can have formed the structures we see today only
if large inhomogeneities in the gravitational potential were already present, and those
could only have been generated by a component decoupled from the thermal plasma.
The observations from large-scale structure (LSS) surveys as the 2-degree Field Galaxy
Redshift Survey (2dFGRS, [36]) and the Sloan Digital Sky Survey (SDSS, [37]) are
matched well by N-body numerical simulations such as the Millennium simulation [38].

In addition to providing an evidence for its existence, LSS teach us another impor-
tant lesson about the velocity dispersion of DM. The observation of very high redshift
galaxies suggests that structure formation has proceeded bottom-up: small structures
were formed first and then merged by gravitational attraction into larger and heavier
ones. This would not have been possible if the DM consisted of particles relativistic
at the time of structure formation (which therefore were, if thermally distributed, hot).
Indeed, relativistic DM would have had a free-stream length larger than the size of a
galaxy, smearing all the small scale overdensities which would therefore have formed
after the large ones. This observation leads to the exclusion of the most obvious particle
DM candidate: the neutrino. On the contrary, we know that DM has to be cold (or,
more precisely, non relativistic).

In recent years, this last point has been questioned in view of the fact that, while
numerical simulations with collisionless cold DM typically yield a cuspy shape in the
centre of DM halos, galaxy observations indicate that the profile is smooth. The tension
can be solved if the DM particles are assumed to have a certain velocity dispersion, large
enough to smooth the distribution at the centre of galactic halos but not too large in
order not to spoil the global picture of structure formation. Lower limits on the mass of
this “warm dark matter” are of the order 1 — 10keV (see e.g. [39]), and many concrete
realizations are excluded unless non standard scenarios are invoked for determining their
relic abundance. In addition, self-interacting DM can help in release the tension. In must
be noted, anyway, that the subject is still debated, and that the problem can be simply
due to the insufficiency of current N-body simulations in describing the correct physics.
In particular, numerical simulation typically do not include the effect of hadrons and of
luminous feedback, and there are indication that, when this is taken into account, the
tension is relaxed.

1.1.4 Cosmological scales

The total amount of dark matter in the universe can not by measured by the obser-
vation of gravitationally bound objects only. Nevertheless, this can be inferred by means
of the cosmic microwave background (CMB). The CMB is the redshifted spectrum of
photons that permeate the universe, almost freely streaming since the time they de-
coupled from matter due to the expansion of the universe. The CMB spectrum follows
with amazing precision that of a black body with a temperature 2.7255 K, and small
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fluctuations at the level of 1075,
The temperature anisotropies of the CMB can be expanded in spherical harmonics

as

5T 400 1
?(97 ¢) = Z Z aﬁm}/ﬁm(ea d)) (12)

(=0 m=—¢

The monopole ¢ = 0 represents the average temperature and the dipole ¢ = 1 (which
represents the larger anisotropy of the order 1073) is interpreted as a doppler shift due
to our motion with respect to the CMB rest frame. Therefore they are not included
in the analysis of the anisotropies. A fundamental quantity is the variance of the ag,,
coefficients:

1 l

Cr= <|a€m|2> =57 11 Z ‘a€m|2 . (1'3)
20+ 1 st

If the temperature fluctuations are distributed with gaussian probability (as they appear
to be), all the information contained in the CMB map is encoded in the power spectrum
of Cy. Fig. 1.3 shows the most recent measure of the CMB temperature power spectrum
from the 2015 Planck results [40].

The typical oscillating shape of the spectrum is produced by the phenomenon of
acoustic oscillations in the matter-radiation plasma before decoupling. In this phase,
the opposite action of gravitational attraction and radiation pressure generated density
fluctuations in the plasma. Oscillation modes that are caught at minima or maxima of
their oscillation correspond to peaks in the power spectrum. Since modes start collapsing
as soon as they enter the horizon, the first peak (which corresponds to the largest
scale, which entered the horizon the latest) corresponds to a mode that underwent only
the first half cycle: it entered the horizon, compressed the plasma, and decoupling
took place. The second peak corresponds to the first complete cycle (compression and
successive rarefaction) and so on. This simple picture is affected by the precise value of
all cosmological parameters, which both modify the spectrum of photons at decoupling
and its propagation to Earth (an excellent description is given in [41,42]). In particular,
the energy density of ordinary non-relativistic matter (which in cosmology is referred to
generically as baryons) affects the ratios between odd and even peaks in the spectrum,
and it can be fixed by a measurement of the ratios between the second and the first and
third peaks, while the total matter density (baryons + DM) is determined by the overall
peak amplitude.

Through a fit of these data a value Qpyh? = 0.1197 & 0.0022 [40], where h is
the reduced Hubble radius which was measured to be Hy = 100hkms™! Mpc™! ~
67kms! Mp(f1 and Qpy = ppm/ Perit 1S the DM density defined in terms of the critical
density perit ~ 1.88 x 1072°h2, i.e. the total energy density necessary to have a flat
universe. The DM density is then proved to be a factor of 5 — 6 larger than the density
of baryons: Qyh? = 0.02222 + 0.00023 [40].

A measure of the total amount of baryons independent of the CMB one is provided
by Big Bang Nucleosynthesis (BBN), which is the process of formation of stable nuclei
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Figure 1.3 — The CMB temperature fluctuations spectrum as measured by Planck [40]. DF7T corre-
sponds to Cy in our notation. The bottom panel shows the deviation of the measured values from the
best-fit curve.

from protons and neutrons during the very first minutes of the Universe’s expansion.
After the temperature of the Universe dropped below T ~ 0.3 GeV, quarks and gluons
confined and hadrons were formed. In particular, protons and neutrons were kept in
equilibrium by weak interaction processes

pt+e <n+tv,
prvesntel, (1.4)
n—=p+e +v.

Neutrino decoupling made the first two interactions extremely rare, and only neutron
decays remained active. At this moment, the mass difference between n and p made
protons three times more abundant than neutrons. Neutrons started decaying, and only
a portion of them formed a stable deuterium bound state through the reaction

p+n< D+ry. (1.5)

This reaction is the real bottleneck for the start of nucleosynthesis. Indeed, for the
first minutes deuterium nuclei (which have a binding energy of EP = 2.225MeV) are
immediately disintegrated by energetic photons. It takes roughly three minutes (and
a temperature Tp ~ 7 x 1075 GeV) for the temperature to drop enough for having
only very few photons with energy < E,f) . At this point deuterium formation becomes
efficient. The number density of protons and neutrons are n,/n, ~ 1/7. Deuterium
nuclei immediately combine with other protons and neutrons to form tritium, *He, He,
6Li, "Li and "Be. Because of its high binding energy, roughly all neutrons present at this
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stage form *He, while only traces of the other elements are present. Heavier elements can
not be formed, because no stable nucleus exists with mass number 5 or 8, and therefore
collisions of helium with protons or helium is ineffective.

A more detailed calculation shows that the precise abundance of D and, to a lesser ex-
tent, other rare primordial nuclei, is strongly sensitive to the number density of baryons
with respect to photons ny/n.. The best determination of this fraction comes therefore
from the measurement of the density of primordial deuterium abundance. This is per-
formed from the observation of Ly-«a absorption lines of deuterium in regions with low
metallicity (i.e. with a low concentration of heavy elements, in the astrophysical lan-
guage) which are therefore believed not to be influenced by stellar nucleosynthesis and
to reproduce the primordial concentrations. When this is compared with the measure of
n~ by CMB observations, an independent determination of €, is obtained, in agreement
with the fact that an additional component is needed.

1.2 Dark matter production in the early universe

We are now going to discuss the possible production mechanisms of DM in the early
universe, assuming that it is made of some unknown particle not included in the Standard
Model. This is clearly a big assumption, and possible alternatives (primordial black
holes, faint astrophysical objects, or modification of gravity) will be briefly discussed in
the next section.

1.2.1 Freeze-out

The simplest and most studied mechanism for the realization of the DM abundance is
the so-called “thermal freeze-out”. In synthesis, in the thermal freeze-out mechanism DM
is a heavy stable particle that interacts feebly with the SM. At early times, DM particles
(that we are going to indicate with y from now on) are kept in thermal equilibrium with
the SM by the process

xx < ff (1.6)

where f stands for any SM particles which may interact with DM. The DM will then
follow a Boltzmann distribution, and its density will gradually decrease as temperature
drops off. In the very same way as other SM particles like neutrinos, cosmic expansion
will gradually reach the point in which the number density of DM particles is so low
that creation/annihilation interactions do not happen any more, and the particle goes
out of equilibrium. Its “relic” density is now fixed (or, since the temperature cools down
with cosmic expansion, “frozen”) and it will just evolve according to the expansion of
the universe. As a rough estimate, the freeze-out will happen when the annihilation rate
equals the expansion rate.

A detailed description of the freeze-out mechanism was given in [43]. Let us sum-
marize the key points here, leaving more details in appendix E. The evolution of the
number density of all species present at a certain stage of the universe’s evolution is
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described by means of a set of coupled Boltzmann equations. In the case of the DM this
can be written as

% = —3Hn — (ov) (n2 - ngq) , (1.7)
where n is the DM number density (in physical coordinates), H is the Hubble rate a/a
and a(t) is the scale factor of the universe, o is the annihilation cross section of two
DM particles and v is their Mgller velocity, defined in terms of the velocities of the two
particles as v = [|0] — Ta|? — |01 X T2|?]"/2, and a factor of 1/2 should be added in front of
the cross section if the DM is not a self-conjugate particle (a Dirac fermion, for example).
The first term on the right hand side describes the effect of the cosmic expansion, while
the second takes into account annihilation and production of DM particles, where neq is
the equilibrium number density. A semi-analytical solution of this equation is possible.
The freeze-out temperature is defined as the temperature at which thermal equilibrium
is lost (more precisely, the temperature at which the number density normalized to the
total entropy density of the universe Y = n/s equals some given number (typically
¢ = 1/2) times the equilibrium value. This is obtained by the non algebraic equation

o \/ %gDOF my Mpi c(c + 2)(ov)

27T3gi/ =
where = m, /T and the subscript F' refers to the freeze-out time, gpor is the number
of spin degrees of freedom of y (2 for a spin-1/2 field), and g, is defined to be the
number of relativistic degrees of freedom at a given temperature (see [43] for a more

detailed discussion about this point). With this information, one can calculate the relic
abundance,

, (1.8)

1.04 x 109 GerlmDM
Mpy fTZ;F gi/2<av>dT
where an overall factor of 2 should be added in the case of non self-conjugate DM, if
the sum Qxh2 + Qxh2 is considered. In order to obtain the right relic abundance, the
cross section has to be of the order (ov) ~ 3 x 10726cm?®s~! (with the caveat that
resonant annihilation or co-annihilation with other particles with similar mass would

change drastically the story [9,44]).

When numerical values are plugged in Eq. (1.9), a great coincidence appear: if we
assume that y interacts with the typical weak interaction scale, then its cross section
would match the thermal one with a remarkable precision. Here is the origin of the term
“WIMP”, which we will use throughout this thesis.

This result is of course very exciting, especially in view of the fact that, as we are going
to discuss in the next section, a number of beyond the standard model theories predict
the existence of stable particles with this properties, and it is the reason why, before LHC
found no hint of the existence of Supersymmetry, the word “dark matter” was almost
confused with “WIMP” and with “neutralino”. Anyway, it should be remembered that
weak scale WIMPS are not the whole story. Indeed, appropriately recasting Egs. 1.8
and 1.9 one gets that, in order to obtain the correct relic abundance, it is sufficient to
impose [45]:

Qpuh? =

(1.9)
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e m, -0 - Mp; > 1in order to have a cold thermal relic;

e 0 ~ 1078 GeV~2 in order to match the correct relic abundance.

Assuming that the cross section scales roughly as o ~ g4/mi where ¢ is a coupling
constant one gets

108 GeV?
2 T and my > =0 006V, (1.10)
Mp

This lower bound can be made stronger if one assumes that the WIMP annihilates
through the standard weak interaction. In this case, the cross section will scale as
o~ G% mi, and imposing that the particle x have a relic abundance equal or lower
than the measured one we get

10 GeV
My

2
QDMh2~0.1< ) <01 =  my, > 10GeV. (1.11)

This bound is known as the Lee-Weinberg limit [46].

Correspondingly, an upper bound on the WIMP mass can be set by exploiting per-
turbative unitarity. Assuming for the cross section a scaling ~ 1/ mi, then unitarity
imposes 0 < 47r/mi. Plugging this results into the expression for the relic abundance
one gets m,, < 120 TeV [47]. Notice that both these bounds were weaker in the original
proposals, due to the assumption Qpy = 1.

An interesting variation of the standard freeze-out mechanism is the one in which
the DM particles are non interacting and their abundance is generated by the decay of
parent WIMP particles. This is what happens for example in the so-called super WIMP
scenario, for super-weakly interacting massive particles [48,49]. An example of super-
WIMP is the supersymmetric gravitino, which interacts only gravitationally with the
SM, in models in which the reheating temperature is low (< 109 GeV) so that their ini-
tial abundance is negligible. The next-to-lightest supersymmetric particle (NLSP) then
freezes out as in the simplest scenario, but eventually decays to the gravitino, which
is the lightest supersymmetric particle (LSP) and is stable if R-parity is assumed (see
discussion in 1.3.4).

1.2.2 Freeze-in

The somehow opposite scenario with respect to the standard freeze-out one is that
of freeze-in, originally proposed in [50] and then independently in [51] with an extended
analysis. The mechanism works as follows. The dark matter y is assumed to be quite
heavier than the EW scale, and interact with SM particles through some renormalizable
operator (so that the production cross section is always IR dominated) with very tiny
coupling (because of this, x is referred to as a FIMP, for feebly interacting massive par-
ticle). The initial abundance at very high temperature is assumed to be negligible, as a
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consequence of an inefficient production mechanism during reheating. As the tempera-
ture lowers, x particles start to be produced, and the production rate has its maximum
for T ~ m, (since later energetic enough particles become rare). The final yield n/s of

x particles is given by
M,
Yir ~ A2 <PI> (1.12)

Notice that the final abundance of DM is proportional to A2, and not to its inverse as in
the freeze-out mechanism. The reason is that while in the latter the initial abundance is
fixed by thermal equilibrium and the final one depends on how many DM particles anni-
hilate before annihilations become too rare due to cosmic expansion, here the abundance
depends on how many x particles can be produced in the restricted window in which
the temperature is not too high and the expansion rate is not too large. The distinction
between the two mechanisms depend crucially on the size of the coupling.

1.2.3 Supermassive dark matter

An intriguing possibility is that DM is made up of supermassive particles produced
non thermally after inflation or during its last stages. These go under the name of WIM-
PZILLAs, as originally proposed in [52-55]. The possible production mechanisms are
diverse: they can be produced during reheating (even with a low reheating temperature),
during preheating, at the end of inflation as a result of the rapid gravitational expan-
sion, or finally in bubble collisions after a first order phase transitions. Two necessary
conditions must hold in order for WIMPZILLASs to be a reliable DM candidate. First,
they have to be stable, or have a lifetime larger than the age of the Universe. Second,
they have to be produced non thermally, otherwise their present relic abundance would
be greater than 1.

1.2.4 Asymmetric dark matter

A completely different mechanism from what discussed above is the one of asym-
metric DM. The idea originates from the observation that the present densities of DM
and baryons differ by a factor of Qpy /% &~ 5, which is remarkably close to 1 if one
considers the fact that the two densities are fixed at very different epochs and different
phenomena. While this can be just an accident, or it can be attributed to anthropic
reasons, it can as well have a deep physical motivation.

The baryon abundance in the Universe is related to the so-called “baryon asym-
metry”, i.e. the fact that baryons and anti-baryons are present in the Universe with
different abundances. The correct measure of this asymmetry is given by the ratio
ng = (ng — ng)/ny ~ 6 x 10710, Three necessary conditions (known as the Sakharov
conditions [56]) must be fulfilled in order for a baryon asymmetry to be generated:

e The theory has to be B violating

e (C and C'P symmetries have to be violated
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e Departure of thermal equilibrium

Departure from thermal equilibrium may happen in various phases during the evolution
of the early Universe. For example, thermal equilibrium is lost if heavy particles are
present which decay copiously, or right after the EW phase transition if it is of the first
order. B violation is realised in the SM only at the quantum level. The baryon number
is indeed anomalous (as well as the lepton number), and vacua with different B number
are connected by the so-called “sphaleron” solutions. C' and C'P symmetries are violated
in the SM, but to smaller extent than what is needed to justify the measured value of
np. Some kind of new physics is therefore needed in order to explain the present baryon
asymmetry. One possibility is connected to neutrino masses. If a Majorana mass term is
added, then the lepton number is strongly violated. Non-perturbative phenomena, that
violate B and L but respect B — L, can then transfer the lepton asymmetry to baryons.

A similar process can be envisaged adding DM to the game. Some CP violating
process (which violates also B, L, or the quantum number that makes DM stable) pro-
duces an initial asymmetry in the visible or the dark sector, which is then communicated
to the other sector by some other mechanism. Once the asymmetry is established the
symmetric component is annihilated out, leaving only one between the particle and the
anti-particle as a relic.

The idea that the DM and baryon asymmetries might be related to each other is quite
old [57-59]. The initial motivation for the DM asymmetry was to solve the solar neutrino
problem by accumulating DM that affects heat transport in the Sun [60]. The many
possible mechanisms leading to a DM asymmetry are reviewed in [61]. An interesting
example was introduced in [62], in which DM is a composite state of a dark QCD, linked
to the usual one. Interestingly, this model can be testable at the LHC by looking for an
“emerging jet” signature.

A consequence of the asymmetric DM paradigm is that the annihilation process in
the present universe is forbidden, and indirect detection is therefore ineffective (unless
its fractional asymmetry is very small, see e.g. [63]).

We have listed here only the main mechanisms proposed so far for the generation
of the relic DM density. Other possibilities can be introduced, in particular in the
framework of non standard cosmologies. For a review see [64].

1.3 Dark matter candidates

In this section we would like to give a short overview of the most studied DM can-
didates. Our starting point will be a discussion of the astrophysical candidates. We will
then turn our attention to the only SM particles which could in principle be a viable
DM candidate: neutrinos. Finally, we will talk about WIMP and non-WIMP candidates
in BSM theories. We will conclude by mentioning the modified gravity approach as an
alternative to the particle DM one.
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1.3.1 MACHOs: Massive compact halo objects

The simplest solution to the DM problem that one can think of is that the amount
of missing mass in astrophysical structures is provided by astrophysical objects: dark or
very faint bodies are indeed very hard to detect, and in principle a large population of this
kind may fill the galaxy. The most attractive candidate is that of a population of planet-
sized objects that can be baryonic in nature and fit within our current understanding
of stellar evolution (called, in opposition to WIMPs, MACHOs: massive compact halo
objects [65]).

The main tool we have to constrain the properties of these objects, and in particular
the fraction of missing mass which they constitute, is that of microlensing. Gravitational
lensing is the phenomenon, described by General Relativity, thanks to which light is
deviated by the presence of a gravitational field. In the case of MACHOs, the idea is
to observe eclipse-like events in which a MACHO passes through the line of sight of
a distant star, distorting its image. The effect is tiny (hence the name microlensing)
but the simultaneous observation of O(107) stars can lead to very strong constraints.
Experiments like the MACHO Project [66], EROS [67], OGLE [68,69] and POINT-
AGAPE [70] observed millions of stars for 5-10 years, finding O(10) events each, while
the expected number was 3-5 times larger if all the missing mass were given by MACHOs,
constraining them to constitute no more than 20% of the missing mass of galaxies.

1.3.2 PBH: Primordial black holes

The idea that primordial black holes can constitute a large portion (if not all) of
DM is quite old [71-73]. Black holes formed before the era of nucleosynthesis (therefore
called “primordial”) evade the bound on the total amount of baryonic matter, and can
constitute a good DM candidate. Many mechanisms were proposed for the formation
of this kind of objects (see for example [74] and references therein). This scenario is
quite well constrained by MACHOs searches and considerations about their Hawking
radiation:

e If PBH are lighter than 5 x 104 g they would have evaporated thanks to Hawking
radiation [75].

e For masses 10'® — 10'® g Hawking radiation would produce a flux of E ~ 100 MeV
photons [76] which are not seen in the extragalactic background [77,78].

e In the range 10'® — 3 x 10?2 g PBH are excluded as the primary DM candidate by
the possibility of the process of PBH capture in stars during their formation phase:
PBH would accrete inside the star and destroy the star’s compact remnants. The

observation of neutron stars or white dwarfs in a DM rich environment poses a
limit on the fraction of PBH DM [79].

e Similarly, the capture process of PBH by already formed neutron stars constrains
PBH DM in the range 3 x 1018 — 10?4 g [30].
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e In the range 5x10'8—102° g PHB DM can be excluded by searches for femto-lensing
effects ' of gamma ray bursts [33].

e Masses 1026 —10%* g are excluded by the Kepler planetary survey and the MACHO
and EROS-2 microlensing surveys [66,67,84].

e PBH with mass 103* — 10*? g can be constrained with CMB data, exploiting the
fact that they are massive enough to accrete emitting X-rays that would modify
cosmic reionization [85].

e Masses larger than ~ 1034 — 103° g are constrained to form a small fraction of the
DM density by searches for perturbations in the orbits of halo binaries due to the
presence of MACHOs [86] (the precise number depending on the subset of binaries
chosen for the analysis).

e Very massive MACHOs heavier than 10%° g are finally ruled out by the dynamic
of the galactic disk [87].

The idea of PBH as DM has raised new attention in recent months, after the LIGO
collaboration announced the first observation of a gravitational wave signal from the
merger of two black holes with mass ~ 30M,, corresponding to ~ 6 x 1034 g [88]. On the
one hand, this mass is quite unusual for astrophysical black holes, which are expected
to be lighter (if they form in the collapse of old and heavy stars) or heavier (as the
supermassive black holes at the centre of galaxies). On the other hand, is was noticed
in [89] that if PBH are the DM, the rate of merger processes is in the right ballpark to
explain LIGO observations. PBH in this mass range are claimed to be excluded by CMB
observations [85]. Nevertheless, this point is still debated: calculations are not yet fully
under control and order of magnitude uncertainties could allow PBH to constitute a
portion of DM large enough to be detectable by LIGO [90]; on the other hand, there are
claims that new constraints from compact stellar systems in ultra-faint dwarf galaxies
could definitely rule out that mass window [91].

This scenario is for sure interesting, and will be tested in the coming years in many
ways. Two promising directions are gravitational waves detections (if the spatial dis-
tribution of mergers can be measured, it will be possible to compare it with the DM
galactic halo) and the detection of fast radio bursts signals strongly lensed by the passing
close to a ~ 30Mg black hole in the galaxy [92]. In the future, gravitational waves will
also be a very useful tool to constrain the properties of other exotic objects formed by
new dark sector particles, being or not these related to DM [93].

1. Femto-lensing effects are diffraction effects due to gravitational lensing from massive objects in the
line of sight of the luminous one. Objects with mass ~ 10*7 — 10%° g corresponding to 107¢ — 10713 M,
can produce fringes in the gamma ray burst emission at ~ 1MeV with an angular separation of ~
10~ "% arcsec, hence the name “femto-lensing” [81,82]
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1.3.3 Standard model neutrinos

Neutrinos have been considered for long time a good DM candidate. With respect
to all other possibilities, they have the considerable advantage of being known to exist.
Despite of this, there are two reasons which prove that DM is not made of neutrinos
(if not for a tiny contribution). The first reason is related to their abundance. In the
early universe, neutrinos were in thermal equilibrium with other SM particles, until they
decoupled when the temperature was O(1 — 10 MeV). Their decoupling followed exactly
the freeze-out mechanism described in Sec. 1.2.1 for DM. Their relic abundance can be
easily computed to be

3
my,

2 _
QO h? = ; ER (1.13)

The current best laboratory upper limit on the neutrino masses is m, < 2.05eV [94],
which apply to all the three neutrino flavours (since their squared mass differences are
constrained to be much lower from oscillation experiments), while even lower limits
> m, < 0.17eV may be set with cosmological probes [40]. These values are much lower
than the one needed in order for neutrinos to constitute 100% of the dark matter, and
this explanation has therefore to be disregarded.

Another argument against neutrinos as DM comes from our understanding of the
formation of large scale structures. Being relativistic at the moment of their decoupling,
neutrinos would act as hot DM, erasing fluctuations as scales lower than their free-
streaming length 40 Mpc x (m, /30eV) [95]. This would imply a top-down formation
history, in which large structures form first, at odds with the fact that our galaxy appears
to be older than the Local Group and with the observation of galaxies up to redshifts
z > 4.

1.3.4 WIMPs: Weakly interacting massive particles

The by far most studied DM candidates are the ones that fall in the category of
WIMPs. Historically, this was partly due to the theoretical prejudice that new physics
had to appear at the EW scale in order to solve the so-called naturalness problem of the
standard model. Briefly, the naturalness problem has to do with the mass of the Higgs
boson. For dimensional reasons, the Higgs boson’s mass should receive corrections from
every layer of new physics to which it couples. Taking for granted the existence of new
physics at high enough energy (gravity, at the very least), it is quite unlikely that very
large corrections sum up to give such a light result. Stated in another, more general way,
the hierarchy problem can be seen as the problem of understanding why the EW scale is
so much smaller that the only other known fundamental scale, the Planck mass and, in
particular, the stability of this scale separation under quantum corrections. Of course,
it is not guaranteed that this line of thought is correct. It may well be that nature is
just accidentally fine tuned, or that a certain amount of fine tuning is necessary for the
development of life, so that we observe the only universe in which observers can exist,
or, finally, that fine tuning is just an artifact of a complex dynamics in a non fine tuned
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universe [96]. On the other hand, the naturalness argument in favour of new physics
at a “not too far” scale still looks compelling, and if nothing new will be seen in the
near future a serious reconsideration of our understanding of particle physics will be
necessary.

Generically speaking, new physics solutions to the naturalness problem require the
existence of a new layer of physics at a scale close to the EW one. There are three
main classes of models that can solve the naturalness problem by cancelling the large
corrections to the Higgs mass:

e In supersymmetric theories, corrections are cancelled by the presence, for each
particle, of a super-partner with different spin, which contributes to ém? with an
opposite sign correction.

e In composite models, the Higgs is a composite particle, and it is not part of the
spectrum of the theory above its compositeness scale. This class is intersected
with that of Little Higgs theories, in which the Higgs boson is the pseudo-Nambu-
Goldstone boson of some spontaneously broken global symmetry, and is therefore
light.

e In models with extra dimensions, the separation between the Planck mass and
the EW scale is cancelled by making fields propagate outside our 4 dimensional
manifold.

Quite remarkably, in each of these frameworks there is room for a good DM candidate.
This is one of the reasons why the WIMP paradigm become so well established.

Supersymmetric WIMPs

Supersymmetry (SUSY) is one of the best-motivated proposals for physics beyond
the Standard Model. Leaving the hierarchy problem apart for the moment, there are
many good (albeit speculative) reasons to believe in supersymmetry, most notably its
ability to link matter and force carrier fields, the possibility of relating gravity to other
fundamental interactions and its role in string theory.

Supersymmetry is also interesting from a phenomenological point of view. Firstly,
low-scale (around 1 TeV) supersymmetry help stabilize the mass of the Higgs boson,
thus solving the Higgs naturalness problem. Secondly, in models where R-parity is con-
served, the lightest supersymmetric particle (LSP) is stable and provides a perfect cold
DM candidate (such that for long years the identification DM = neutralino was almost
taken for granted). Thirdly, supersymmetry plays an essential role in grand-unified the-
ories (GUT), constructed over the observation that solving the renormalization group
equations the SM gauge couplings including supersymmetric particles (sparticles) have
the same value at a scale ~ 1016 GeV.

The only viable supersymmetric theories are, from the phenomenological point of
view, those with only one charge, indicated as N = 1 supersymmetry. The building
blocks of such models are the chiral supermultiplets, consisting of a Weyl fermion and a
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complex scalar, and gauge supermultiplets, consisting of a gauge field and a “gaugino”
fermion. Fields interact via the usual gauge interactions and through the introduc-
tion of a “superpotential”, which contains bilinear and trilinear couplings of the chiral
supermultiplets and gives rise to mass and Yukawa terms.

The so-called minimal supersymmetric extension of the standard model (MSSM) [97,
98] is characterized by the addition to the SM of only the minimal number of new
fields, one per each SM one, and a second Higgs supermultiplet which is needed for
anomaly cancellation. The addition of these fields is necessary, since SM fields do not
have the correct quantum numbers to be combined in supermultiplets. The coupling of
supersymmetry to gravity would also require the introduction of a spin 3/2 gravitino in
a supermultiplet with the spin 2 graviton. The minimal superpotential is

W =¢; (yerLiec +yaHiQ'de + yuHﬁquc) +eijuH HY . (1.14)

Yukawa couplings are 3 x 3 matrices in flavour space. The presence of the second Higgs
doublet (as opposed to the situation in the SM) makes it possible for the potential to
be a holomorfic function of the fields, which is a necessary condition for the consistency
of the theory.

Supersymmetry is spontaneously broken by a mechanism which is not known a priori.
The breaking can be parametrized by an explicitly SUSY breaking Lagrangian, with
the condition that the breaking is soft, i.e. such that the resulting theory is still free
of quadratic divergences. Gauge bosons acquire masses with the usual mechanism of
spontaneous breaking of the gauge symmetry, while fermion masses are given by the
Yukawa terms after symmetry breaking.

Let us now look back to the superpotential of Eq. (1.14). Other terms may be added
to this minimal version:

1 L o 1 o
Wgr = 5/\61']'[/1[/]60 + )\leileQJdC + 5/\”ucdcdc + /L,LZHé . (1.15)

Each of these terms violate one between the baryon and lepton number, and can therefore
be strongly constrained by the non observation of exotic phenomena such as proton
decays. The presence of these terms can be avoided if a discrete symmetry, called
R-parity, is imposed: to each field is associated an R-parity eigenvalue of (—1)3B+L+2S,
where s is the spin of the particle, so that SM fields have R = +1 and their superpartners
have R = —1. R-parity is conserved multiplicatively, meaning that the supersymmetric
partners can be produced from SM ones only in pairs, and that heavy supersymmetric
particles can only decay to lighter SUSY states. This have an extremely important
consequences: if R-parity is conserved, the LSP is absolutely stable, making it a perfect
DM candidate.

To conclude this section, let us discuss what are the possible DM candidates of
the MSSM. Electrically charged or coloured LSP are excluded as DM candidates. The
remaining possibilities are therefore a sneutrino (which would have a sizeable scattering
cross section on nuclei and is therefore excluded by direct detection, as far as a possible
mixing between the left- and right-handed sneutrinos is not considered), the gravitino
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(with spin 3/2) and the lightest neutralino (with spin 1/2), the latter being the most
studied option. There are four neutralinos in the MSSM: the supersymmetric partners
of the two Higgs doublets (the Higgsinos), the partner of W3 (the neutral wino) and the
partner of the B (the bino). Four mass eigenstates are formed as linear combinations of
these fields, and depending on the choice of parameters each of them can be the LSP.

Kaluza-Klein WIMPs

Studies of models in which the usual 4 dimensional space-time is embedded in a
larger dimensional one started very long ago, with the pioneering works of T. Kaluza in
1921 [99] and O. Klein in 1926 [100]. The original idea of Kaluza was to unify gravity
and electromagnetism by adding a fifth space-like dimension to general relativity and
identifying the additional degrees of freedom of the metric with the photon. This is
possible provided that the new dimension is compactified on a circle of radius R, very
small in order to be unobservable, and if a Z, identification is operated in order to avoid
the presence of an additional unwanted scalar particle. Extra dimensions became then
popular in the context of string theory, where the existence of 10 — 11 dimensions is
typically assumed.

More recently, it was realised that extra dimension theories can help in solving the
hierarchy problem, as in the very famous Arkani-Hamed, Dimopoulus and Dvali (ADD)
1998 proposal [101-105] or the Randall-Sundrum (RS) one [106,107]. The ADD model
postulates the existence of n > 2 extra dimensions in which only gravity can propagate,
while the SM fields are confined on a 3+1-dimensional manifold (often referred to as the
“brane”, as opposed to the “bulk” 3+n+1-dimensional space) . At energies above the
TeV, SM fields start propagating in the new dimensions, in which gravity has an effect
comparable to those of other forces. The largeness of the Planck mass with respect to the
weak scale is then an artefact of the largeness of new compact dimensions with respect
to the weak length scale. Indicating by Mp; the usual 4-dimensional Planck mass and
by Mpj(44n) the fundamental scale one obtains [101]

Mp) ~ MZ

S B (1.16)

where n is the number of new compact dimensions and R is their size. Imposing that
Mpi(44n) ~ meEw and demanding that R reproduces the observed value of Mp) one gets

' 1T
R~10%""em x ( ev) . (1.17)
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For n = 1 the model is not viable, since Newtonian gravity would be modified from a
1/r? to a 1/r* power law at the scale of the Solar System R ~ 103 cm. For n > 2
instead one gets R ~ 1mm or lower, interestingly in the range which is testable with
present experiments on gravitation (n = 2 is indeed already excluded).

The RS model is a step further in the sense that it eliminates the residual hierarchy
between the EW scale and the compactification scale 1/R. In order to do so, a setup
is proposed in which two 4-dimensional branes, the visible one in which we live and a
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hidden one, are embedded in a 5-dimensional space-time, whose additional dimension is
not factorizable in the metric. Solution to the Einstein equations in this scenario lead
to a metric of the form

ds? = e_%Rd’dxﬂda:“ + R%d¢?, (1.18)

where x# are the usual 4-dimensional coordinates, the additional one is parametrised by
0 < ¢ <7, and k is a scale of the order Mp). The very large hierarchy between the
Planck and the EW scale is generated by the exponential factor in the metric, which
does not necessarily require a very large value of the radius R, as in the ADD model.
On the other hand, R can be sent to infinity, resulting in a model in which the extra
dimension is not compact anymore, still with a viable phenomenology [107].

Extra dimensional theories prove to be very interesting for DM physics because
for each field that propagates in the compact extra dimensions there exist a tower of
excitations (called “Kaluza-Klein” particles, or KK), among which the lightest has mass
~ R~! and is absolutely stable [108,109]. The most studied case is the one of universal
extra dimensions (UED) [110], in which not only gravity but also SM fields propagate in
the additional compact dimensions. Assuming that no 4-dimensional brane is present,
translational invariance in the extra dimension leads to the conservation of the KK
number, ¢.e. the number associated with KK excitations, which is broken by quantum
effects to the conservation of KK parity. In the very same way in which R-parity makes
the LSP stable in the MSSM, the lightest Kaluza-Klein particle (LKP) is stable, and a
good DM candidate. The LKP is typically the first KK excitation of the photon, which
must have a mass in the TeV range in order to reproduce the correct relic abundance
via the standard freeze-out mechanism [111].

Other “natural” scenarios

The list of WIMP particles we presented was far from be complete. Many other
candidates and scenarios are described in the literature, often less studied but definitely
not less interesting. In the brief introduction to WIMPs, we mentioned the composite
Higgs scenario. Dark matter candidates exist in this framework in the form of composite
states of new fermions, made stable by the conservation of some new quantum number.
Scalar models in which the Higgs serves as a portal are also interesting.

Finally, models in which the DM has no SM gauge interaction, and its relic abundance
is obtained by some dynamics in a hidden sector, are called WIMPless scenarios. In this
case, DM direct and indirect detection experiments may be totally ineffective, as far as
some connection between the visible and the hidden sector is not introduced.

Minimal DM

An orthogonal approach to WIMPs is the one of Minimal DM [112]. Instead of
looking for DM in an existing model designed to solve the naturalness problem, the
idea of minimal DM is to add to the SM the minimal number of degrees of freedom
(only one scalar or fermionic SU(2) multiplet, interacting with the SM only through
gauge interactions in such a way that the mass m, is the only free parameter) and
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systematically look for the ideal candidate. The condition that such particle must respect
are:

1. The lightest component of the multiplet (which represents the DM candidate) is
stable on cosmological time-scales.

2. The mass splitting generated by quantum corrections are such that the lightest
component is neutral.

3. The DM candidate is allowed by DM searches.

With these simple requirements, a SU(2)-quintuplet with ¥ = 0 and m,, ~ 10TeV is
identified a viable DM candidate, which survives all tests from DM searches and has the
correct relic density. Interestingly, the PAMELA positron excess (which we will describe
in details in chapter 3) can be explained in terms of DM annihilation in this minimal
model [112-118].

1.3.5 Sterile neutrinos

Sterile neutrinos are proposed new fermions with no SM gauge interactions (hence the
name “sterile”) which play an important role in the see-saw mechanism of neutrino mass
generation. The only allowed interaction terms of these new fermions are a Majorana
mass term and a Yukawa coupling with the SM Higgs and the lepton doublets. The SM
lagrangian is modified as

_ -~ M -
L= ,CSM + Nﬂ&lﬂ"Nj - fl]LleH — TJNJCNJ + h.C., (119)

where N; are the sterile neutrinos, L; are the SM lepton doublets and H is the Higgs
doublet. After EW symmetry breaking, ordinary neutrinos get a mass from mixing with
the additional ones. An interesting scenario is the one in which the additional neutrinos
have a mass of the order of the EW scale. In this case, among other phenomenological
implications, a sterile neutrino DM candidate with mass O(10keV) is naturally provided.
Interestingly enough, sterile neutrinos in this range are a candidate for warm dark matter,
which could help in solving some tensions in the comparison of numerical simulations of
the dynamics of cold DM halos with observations (see Sec. 1.1.3). For a more thorough
discussion of sterile neutrinos in the see-saw mechanism and their role as DM candidates,
see [119] and references therein.

1.3.6 Axions

The axion is a particle proposed by Peccei and Quinn [120,121] to solve the so-called
“strong CP problem”. Before going to describe axions as DM candidates let us review
what the strong CP problem is. Consider the Lagrangian of QCD with n generations of
massive quarks:

g2
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The last term is a quadri-divergence, and does not contribute in perturbation theory.
Nevertheless, non trivial vacuum configurations exist in QCD, and that term has a
physical meaning. Taking into account the possibility of redefining the quark phases,
thanks to the Adler-Bell-Jackiw anomaly [122,123] it turns out that the actual physical
quantity is

6 =6 — arg(det M), (1.21)

where M is the quark mass matrix. The two terms on the right hand side have a
very different origin: one is related to non perturbative QCD effects, while the other is
originated by EWSB. It would therefore be natural to have  of order 1.

Since the #-term in the QCD lagrangian is P and CP violating, the non observation
of CP violation in strong interactions allow to set a very stringent limit on 6. The best
upper limit is currently § < 1079, coming from bounds on the electric dipole moment of
neutrons |d,| < 3 x 10~20e cm.

A possible explanation for the smallness of # is the presence of a spontaneously
broken global symmetry U(1)pg. This symmetry is assumed as a global symmetry of
the lagrangian, which is then broken explicitly by non perturbative effects and finally
spontaneously broken. In this way, the physical phase § becomes

éz@—arg(detM)—M, (1.22)
Jfa
where a(z) (the azion field) is the pseudo-Nambu-Goldstone boson associated to the
breaking of the U(1)pq symmetry, and f, is called the axion decay constant. Non
perturbative effects also produce an effective potential V(é) with a minimum at 6 = 0,
which solves the strong CP problem.
The mass of the axion is given by

107 GeV
fa

Depending on the value of f,, observable axion masses span roughly 12 orders of magni-

tudes: from ~ 103 eV constrained by the CAST experiment down to 107! eV with the

CASPEr experiment [124]. Axion searches typically exploit the axion coupling to two
photons

mg >~ 0.6eV (1.23)

gvfr‘aj(f)ﬁ B (1.24)

in a number of different searches: light shining through walls, microwave cavities, use of
magnetic-resonance techniques, etc.

an ==

After their first proposal in the late 70s, axion-like particles showed up in different
realizations, in particular in the context of string theory. The axion mechanism also
provide a good DM candidate. Axions are produced both thermally and non thermally
in the early universe. The thermal population of such a low mass particle is a hot DM
component, and it is therefore forced to have only a minor abundance. The non thermal
part is instead more interesting, because it acts as cold DM. A review of the role of
axions in cosmology can be found in [125].
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1.3.7 Modified gravity as an alternative to dark matter

Evidences of the existence of dark matter have been accumulated for more than 80
years, starting with the works of Oort and Zwicky. Nevertheless, it was not until the
"80s that the majority of the physics community started to think of DM as some kind of
new particle, instead of some exotic astrophysical object. Despite the many efforts over
the last 40 years, we still have no real clue about the particle nature of DM, nor we have
ever observed any non gravitational effect. It is therefore legitimate to ask whether the
DM is really made of new particles. It could well be that, starting at galactic scales,
Newtonian gravity differs from what observed at shorter scales, in such a way that the
effect of a new particle population is mimicked. This was the idea behind the original
proposal of “modified Newtonian dynamics” (MOND) in 1983 [126]. In this model,
Newtonian gravity responsible for the rotation curves of galaxies, is modified in such
a way that a test particle in a Newtonian gravitational potential ®5 generated by the
baryon distribution alone undergo an acceleration

_(la . s a(x) ~1 for x> 1
1 (ao a=—-Voy, where i(z) ~z for z < 1. (1.25)

With this relation, one is able to reproduce very well the galactic rotation curves and
the so-called Tully-Fisher relation for spiral galaxies that relates the total baryonic mass
to the asymptotic rotation velocity.

On the one hand, Eq. (1.25) can be seen as a smart parametrization of the effect of
non baryonic DM on the dynamics of galaxies, and the question is to understand how
the acceleration scale ag and the function zi are generated. On the other hand, (1.25)
can be taken more seriously and viewed as a modification of inertia in the regime of
low accelerations. This direction is not an easy one. Eq. (1.25) can be derived from
a variational principle with the so-called aquadratic Lagrangian (AQUAL) [127], and
embedded in a relativistic formulation in the tensor-vector-scalar theory (TeVeS) [128].
A review of these approaches may be found in [129] (also included in [130]).

There are three main problems that MOND theories face when competing with the
standard DM paradigm [131]:

e The difficulty when dealing with the dynamics of galaxy clusters (and particularly
the bullet cluster)

e Problems in reproducing the path of peaks in the CMB power spectrum, in par-
ticular the third one (which is predicted to be very low in baryon dominated
cosmologies)

e The last and most important problem has to do with the shape of the matter
power spectrum. In the DM picture, baryons fall in the potential wells produced
by DM, partially loosing memory of the baryon acoustic oscillations which they
shared with radiation (and are imprinted in the CMB). On the contrary, in a no
DM universe these fluctuations are not suppressed, leading to a totally different
shape of the power spectrum.
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Chapter 2

Direct detection of WIMPs

2.1 Experimental strategies for WIMP detection

In the next chapters we are going to give an overview of the main WIMP search
strategies, which fall in three big categories:

e Direct searches probe the scattering cross section of WIMPs with nuclei, by look-
ing for nuclear recoils in some target material in a low background environment.
When a WIMP of the galactic halo passes through the target, it may scatter off a
nucleus, whose recoil will be measured by suitable detectors. The main astrophys-
ical uncertainty is due to the DM density in the Solar System and to its velocity
distribution.

e Indirect searches look for the products of WIMP annihilations in a number of
astrophysical objects, including the galaxy and his satellites, other galaxies and
galaxy clusters, as well as the Sun and the Earth.

e In LHC searches, DM particles (and generically the “dark sector”) are studied by
producing them in proton collisions, in association with other SM particles (being
very weakly interacting, WIMPs would otherwise be invisible at colliders, and their
typical signature is missing energy in the transverse plane).

Pictorially, WIMP searches can be summarized with this diagram:

27
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ANNIHILATION
Indirect searches

SM DM

SCATTERING
Direct searches

SM DM

PRODUCTION
LHC searches

The simplicity of this representation is somehow misleading. The issue relies in the
interpretation of experimental data in terms of a model. In direct searches, the momen-
tum exchange is much lower than the other energy scales which enter the process, and
a non-relativistic operators approach is the most suited one. On the contrary, the high
energy reach of the LHC requires an interpretation in terms of models whose cut-off
is larger than the LHC energy scales (which we will call UV complete models for sim-
plicity), and a less model dependent EFT interpretation is only possible at the price of
poorer bounds. It should also be noticed that the physical processes studied in these
kind of searches involve very different energy scales, and the effect of running should
be taken into account [132]!. Finally, comparison with indirect searches is also model
dependent, and is only meaningful when DM annihilation products include the main
proton constituents (light quarks and gluons).

In this chapter we are going to discuss direct searches for WIMPs. The idea dates
back to 1984, when Goodman and Witten [133] proposed to try to detect WIMPs by
elastic scattering off nuclei in a terrestrial detector. The study was extended by Drukier,
Freese and Spergel [134] to include a variety of cold dark matter candidates, as well as
details of the detector and the halo model. They also showed that the Earth’s motion
around the Sun produces an annual modulation in the expected signal. We will start
by reviewing the predictions for signal event rates and signatures; then we will turn to
briefly discuss the backgrounds, and in particular the so called “neutrino floor”; finally
we will describe the current status of direct detection and some of the planned future
developments.

1. The effect is nevertheless minor in the majority of cases, but could become important in view of
future precise measurements of DM properties, when (and if) WIMP will ever be discovered.
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2.2 Direct detection: prediction of event rates

Elastic scattering of WIMPs off nuclei has a rate per mass of target material

dR 1 po
dEp A My

3 -
/ &5 f(T + Tg) v dER (2.1)
where Eg is the nuclear recoil energy, mys is the mass of the target nuclei, m, is the
WIMP mass, pg the local WIMP density in the galactic halo and do/dEg is the WIMP-
nucleus differential cross section. ¢ and ¥g are the WIMP velocity with respect to
the detector and the Earth velocity in the galactic rest frame (which can be assumed
to be constant, as far as we are not interested in modulation effects and directional
constraints). The function f is the WIMP velocity distribution in the galaxy. The
integration domain is defined in such a way that the WIMP velocity with respect to the
detector is larger than vy, the minimal velocity of the incoming WIMP in order for the
scattering event to be detected. The energy that is transferred to the recoiling nucleus
15 2 2,2
Ep=-2— = IN" (1 _ cosp), (2.2)
2mpnr M
where p is the momentum transfer, 6 is the scattering angle in the WIMP-nucleus centre
of mass frame, ms is the nuclear mass and s is the WIMP-nucleus reduced mass:

MA - My

= —= 2.3
N MN + My (23)
The minimum velocity is given by:
E
Vinin = 1| (2.4)

where Eyj, is the energy threshold of the detector.

In the simplest galactic model (the so-called standard halo model, which describes
an isotropic, isothermal sphere of collisionless particles with density profile p(r) oc r~2)
the velocity distribution of WIMPs is Maxwellian:

1 v?
f@) = mexp <—M>. (2.5)

The distribution is truncated (and normalized accordingly) at the local escape velocity,
which depends on the position in the galaxy, such that f(¥) = 0 for v > wves.. The
parameters used in the standard halo model are pg = 0.3GeVem ™3 = 5x 10" gem ™ =
8 x 1073 Mg pc™!, v. = 220kms~! and a local escape velocity of vese = H44kms™!
(see [135] for a recent discussion on the determination of these parameters and their
uncertainties). The underlying assumption is that the phase-space distribution of the
dark matter has reached a steady state and is smooth, which may not be the case for
the Milky Way, in particular at small scales. Also, it is assumed that no DM disk is
present in the Milky Way [136].
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A rough numerical estimate of the scattering rate can be easily obtained [136]. Con-
sider a WIMP scattering off a target nucleus, both with mass ~ 100 GeV. The mean
velocity of the WIMP relative to the target is roughly (v) ~ 220kms~!'. The mean
energy impinged on the nucleus is thus:

(ER) — %mx<v>2 ~ 30keV. (2.6)

Assuming a local dark matter density of pp = 0.3 GeVem™3, the number density of
WIMPs is ng = pgm,, and their flux on Earth is:

b0 = no X (v) = :TO x (v) = 6.6 x 10 cm 2571, (2.7)
X

An electroweak-scale interaction will have an elastic scattering cross section from the
nucleus of o,z ~ 10738 cm?, leading to a rate for elastic scattering:

events [100 OXN (v) Po
R~01 —— |— X
kg year | A “ 10738 cm? ~ 220kms—! .« 0.3 GeV em-3

where A is the atomic number of the target nucleus.

(2.8)

2.3 Scattering cross section

Being the WIMP velocity of the order of 220 kms~!, the average momentum transfer
may be estimated as

(p) = pn(v) (2.9)

which is approximately 6 MeV — 70 MeV for m, between 10 GeV and 1TeV. The scat-
tering happens then in the extremely non relativistic regime, and will be isotropic in the
centre of mass frame. The de Broglie wavelength corresponding to a momentum transfer
of p=10MeV/c is:

A= Z ~ 20 fm > rgAY/3 =1.25fm A3, (2.10)

This value is larger than the diameter of most nuclei, and therefore the scattering am-

plitudes on individual nucleons will, in first approximation, add coherently. Loss of co-

herence will affect only the tails of velocity distribution, and it is typically parametrized
with a nuclear form factor.

The DM-nucleon interaction is determined by a set on non-relativistic operators.
The general Lagrangian is

Ling = Z ZCEN)OiX+X_N+N_, (2.11)
N=n,p 1

where N+, ¢* are non-relativistic fields involving only creation or annihilation operators,
i.e.
_ Bk 1 _
V= [ e . N =e). @)
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The list of possible non-relativistic effective operators O; is given in Tab. 2.1 [137] (here
we limit ourselves to the operators which can arise from the exchange of spin-0 or spin-
1 mediators). Given, in the language of usual relativistic QFT, the Lagrangian that
controls the interaction of the WIMP with quarks and gluons, a “dictionary” to translate
it into the corresponding non relativistic operators is given in [137,138].

0, =1 Oy =S, - (Sy x @)
0y = (vh)? O =1iSy ¢

O3 =iSy - ((x TF) | Oy =i8, -

Oy = ﬁx Sx 01005

O5 =iS, - (Tx 1) | 01008

_ 3 =L
Og =5, -0

Table 2.1 — Non-relativistic operators for WIMP scattering on nuclei.

Generically speaking, operators which are proportional to the velocity of the DM
particle or to the exchanged momentum result in a suppressed rate, since both quantities
are typically small. In addition, a further suppression is associated to the nucleus spin.
A special role in this discussion is played by the operators O1,O4. They arise as the
non-relativistic limit of

XXQq , XVuxa'q — O1, XV Vs Xq 159 — Oy (2.13)

with appropriate coefficients. They are special in the sense that they are the only
operators which are not suppressed by powers of the WIMP velocity or of the momentum
transfer. For this reason, they are expected to dominate the scattering cross section,
as far as the coefficient in front of the relativistic operator is not vanishing in a specific
model (as in the models that will be considered in chapters 9 and 10). These operators
are commonly referred to respectively as spin-independent and spin-dependent, without
further specifications, and limits by experimental collaborations are typically set in terms
of the cross section obtained from them.

Assuming that only these two operators are present, the scattering cross section of
a WIMP off a nucleus is given by

do mar 9

= |osIF3;(N,E Fp(N,ER)|, 2.14

185 =m0 751 TSN BR) + 0spF3p(W. Ei)| (2.14)
where Fg; and Fgp are the nuclear form factors, that depend on the recoil energy and
osr and ogp are the cross sections in the zero momentum transfer limits, which are
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given by
2

051 = PN [Zf, + (A=~ DR (2.15)

3243 J+1
o5 = "N GEET= [ap(Sp) + an(Sn)? - (2.16)

Here J the total spin of the nucleus and f,, f, and ay,a, are the effective WIMP-
couplings to neutrons and protons in the spin-independent and spin-dependent case,
respectively. These can be calculated using the effective Lagrangian of the given theo-
retical model. They depend on the contributions of the light quarks to the mass of the
nucleons and on the quark spin distribution within the nucleons, respectively, and on
the composition of the dark matter particle. The terms in brackets (Sp ) = (N|Spn|N)
are the expectation values of total proton and neutron spin operators in the limit of zero
momentum transfer, and must be determined using detailed nuclear model calculations.
We can immediately see that the spin-independent interaction cross section depends
on the total number of nucleons, while the spin-dependent cross section is in general
smaller, and only relevant for nuclei which have a non-zero spin in their ground state.
The reason is that, for the typical DM momenta, its associated de Broglie wavelength is
larger than the nuclear size, so the particle interacts coherently with all the nucleus seen
as a collection of Z protons and A — Z neutrons. In the spin dependent case this effect
does not lead to an enhancement of the cross section because, as it can be understood
in terms of the nuclear shell model, nucleons tend to form pairs of zero spin, and the
total spin is given only by the unpaired nucleons, whose number is typically not larger
than one.

Let us now plug eq. (2.14) into (2.1). If the scattering is dominated by its spin
independent part (which is always the case as soon as a spin independent interaction
occurs), and assuming for simplicity that f, = f,,, we obtain

dEr 2u2my

x A2F2/ (N, ER) x F(vmin(my, Eg, A); Ug) (2.17)

where we have defined Ug[ to be the scattering cross section on nucleons, and p, the
proton-WIMP reduced mass (which for practical purposes can be taken to be equal to
the proton mass if the DM is heavier than a few GeV). The factor

_ 5 f(V+UR)
I—Advl) (2.18)

encodes the effect of the DM velocity distribution in the halo, and depends non trivially
on my, Fr and my via the minimal velocity vmin. Written in this way Eq. (2.17) is
very convenient, because it factorises the effect of the DM velocity distribution and the
detector related quantities A and Fg; (even if, of course, also F depends on the target
material).

Comparing the number of recoil events predicted by means of Eq. (2.17) with data,
limits can be derived on o%; (or, analogously, on 0% ). Two limits are relevant in order
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to understand the general feature of the bounds: when the DM particle is very light
compared to the target nuclei (m, < my), the minimal velocity v, in order for the
recoil energy to be detectable becomes very large, and the integration domain of F closes
up. The event rate then goes to zero, and limits get weaker. In order to test lighter and
lighter WIMPs, correspondingly light target nuclei are needed. On the other hand, when
m, > mys the minimal velocity does not depend on m, any more, and the scattering
rate is sensitive to the ratio Ug /M. For this reason, for large mass limits are expected
to degrade precisely proportionally to m,. The transition between these two regimes lies
at m, ~ my (depending also on the threshold), and in this region limits are stronger.
In the eventuality of the detection of an excess, in order to disentangle o, and m, it
would be necessary to obtain the same measure with different target nuclei [139].

2.4 Backgrounds

The main challenge in direct detection experiments is to reduce the background noise.
The first source of background is constituted by environmental radioactivity and cosmic
rays (and their secondary products). Environmental radioactivity is faced by shielding
the detector and the target material with a combination of different Z materials, with
a low intrinsic radioactivity. In particular, the main challenge is provided by neutrons,
which can mimic a WIMP signal and constitute an irreducible background, which has
to be estimated by means of numerical simulations. The hadronic component of cosmic
rays is shielded by the many meters of rock above the detectors which are normally
built underground. High energy muons can instead traverse the natural rock shield
and produce a flux of energetic neutrons by interacting with nuclei in the rock. These
neutrons are in turn slowed down by scattering in the rocks, and may scatter off nuclei
in the detector with the typical WIMP energy. In order to reduce these backgrounds a
cosmic ray veto is necessary. An additional complication results from the fact that the
neutron flux has a seasonal variation which can mimic the WIMP signal modulation.
Neutrons from cosmic rays muons will have an increasingly important role in future
experiments.

Another threat to background rejection is posed by radioactivity in detector com-
ponents, both because of radioactive isotopes intrinsically present in the material and
because of long lived isotopes produced by cosmic rays during the exposure of the de-
tector and target material at the Earth’s surface. This background can only be reduced
by appropriate choices of the material and by reducing its exposure time at the Earth’s
surface.

The most serious issue for future high-sensitivity experiment will be posed by the
irreducible neutrino flux, the so-called “ultimate” background. Neutrinos come from a
variety of sources. The most relevant for direct detection experiments are neutrinos from
fusion reactions in the Sun, decay products of cosmic rays collisions with the atmosphere
and relic supernovae neutrinos. Neutrinos coming from radioactive processes on Earth
are subdominant [140].

There are two types of neutrino interactions to which dark matter experiments are
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potentially sensitive: the first is ve™ neutral current elastic scattering, and the second
is coherent scattering of neutrinos with target nuclei.

Electron recoils that arise from solar neutrinos from pp reactions have low energies
but a very high flux. Depending on the detector capability of discriminate electronic and
nuclear recoil, they may become a relevant background at cross sections of 10748
lower [136].

Coherent neutrino-nucleus scattering has never been observed, but it is theoretically
a well understood phenomenon. Solar neutrinos (mostly from the decays of 8B and
"Be), atmospheric neutrinos and the ones from the diffuse supernovae background can
undergo this kind of scattering. The typical recoil energy is quite low with respect to
the one expected by WIMP events, which will make neutrino background even more
problematic for future low threshold experiments. An indication of the importance of
this background is given in [141]. In this paper, the effect of increased exposure is
considered and it was shown that limits can not be pushed below a certain threshold,
depending on the DM mass. For a DM particle of mass 10 GeV — 10 TeV, the limit is
at the level of 1074 — 107*® cm?, not far from the reach of next generation experiments
(as we will discuss in section 2.6).

ch or

Strictly speaking, a discovery limit exists only if the spectrum of nuclear recoil from
WIMPs and from neutrinos coincide. This is the case, for example, of a 6 GeV DM
particle with the background of ®B neutrinos in a Xenon detector [141]. Otherwise, a
precise determination of the energy spectrum of the events will help in discriminating
between the two sources, together with the use of different target sources.

The other two tools that will help in discriminating the neutrino background are
seasonal modulation and directional detection, which will be useful especially for light
WIMP searches (since for heavy particles their kinetic energy may be large even if the
WIMP velocity is directed parallel to the Earth’s motion, resulting in a lower relative
speed). The effect of directional detectors is carefully computed in [142]. Notice that
the detection of neutrino scattering in next generation direct detection experiments can
be also seen as a useful tool in order to precisely measure solar neutrino fluxes and test
our knowledge of solar physics and of the Standard Model as well [143].

2.5 Specific WIMP signatures

In order to detect a WIMP-induced signal in direct detection experiments, a specific
signature unambiguously pointing towards a galactic halo particle would be needed.
This signature might be provided by the Earth’s motion around the Sun, which induces
a seasonal modulation of the total event rate [134,144]. The modulation has a purely
kinematic origin. The Earth’s velocity in the galactic rest frame is a superposition of the
Earth’s rotation around the Sun and the Sun’s rotation around the galactic centre. As a
consequence of this, the velocity distribution of the DM particles as viewed from Earth
varies with a period of 1 year. The Earth’s orbital speed is much smaller than the Sun’s
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Figure 2.1 — Collection of bounds on ogi, from [148]. Upper limits are shown from CRESST-II [149],
SuperCDMS [150], Panda-X [151], XENON-100 [152] and LUX [153], together with projections for
DEAP-3600 [154], XENONIT [155], XENONnT [156], LZ [157] and DARWIN [158]. Updated results
from LUX [159] improve current best upper limits by roughly a factor of 4 in the region m, = 100 GeV.

one, and therefore the seasonal variation is a small effect that can be parametrized as

AR e~ B py T4 A(ER) cos 10
iEn

2.1
o (2.19)

where, under the simplifying assumption that the DM velocity distribution in the galaxy
is isotropic, 7" = 1 year and the phase is to = 150 days [136]. The amplitude of the mod-
ulation A(ER) becomes negative at small recoil energies, meaning that the differential
event rates peaks in winter for small recoil energies, and in summer for larger recoils
energies.

Seasonal modulated phenomena are unfortunately ubiquitous on Earth, and therefore
many effects can mimic a WIMP signal. For this reason, directional signatures would
highly improve the discrimination capability of direct search experiments [145, 146]. In
particular, since the WIMP flux in the lab frame is peaked in the direction of motion
of the Sun, namely towards the constellation Cygnus, the recoil spectrum is peaked in
the opposite direction, leading to a very large forward-backward asymmetry of order
O(vg/(v)) ~ 1. Thus fewer events, namely a few tens to a few hundreds, depending on
the halo model, are needed to discover a WIMP signal compared to the case where the
seasonal modulation effect is exploited [146,147]. The experimental challenge is to build
massive detectors capable of detecting the direction of the incoming WIMP.

2.6 Present status and future development

Present upper limits and future prospects on the spin independent WIMP-nucleon
cross section are presented in Fig. 2.1. A large variety of techniques are employed in
direct WIMP searches. Heat deposition, ionization, and scintillation are used in order to
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detect the recoil energy in a number of different materials. In the low WIMP mass region
(roughly below 6 GeV) cryogenic detectors with a very low energy threshold and light
target nuclei perform the best. Currently, the best limits come from the DAMIC [160],
CRESST [149,161], EDELWEISS [162] and SuperCDMS [150, 163] experiments, as well
as the liquid Xenon experiments LUX [164] and XENON100 [165]. For larger WIMP
masses, liquid Xenon experiments are able to place stronger bounds. The stronger ones
come from the LUX experiment [153, 159, 164, 166], improving upon previous bounds
from XENON100 [152].

When spin dependent interactions are considered, nuclei with a non-zero intrinsic
angular momentum are needed. A particularly suitable one is ' F, which is part of the
target material of experiments as PICASSO [167], COUPP [168], SIMPLE [169] and
PICO-2L [170]. The most stringent bounds for large DM mass come from the PICO-2L
and LUX experiments, while for light DM PICASSO is stronger. The light spin 1/2
nucleus *He could also be used for spin dependent WIMP interactions. The advantage
is that it is technologically feasible to obtain large amounts of highly polarized material,
which would help in rejecting the solar neutrino background [171], since the polarization
modulated amplitude is large for neutrino-nucleus scattering (and can therefore cancel
the polarization independent part if the polarization direction is chosen properly with
respect to the direction of arrival from the Sun) but small for WIMPS due to velocity
suppression.

In the past years, several anomalies were observed and later understood as due to
background processes, in particular in the low WIMP mass region (as the one claimed
by the CoGeNT experiment). Only two of them remain unexplained, by the CDMS-
Si [172] and the DAMA /LIBRA [173,174] experiments. The former have seen an excess
of events over a very low background. The latter reports an annual variation of single-
scatter event rate at low energy, compatible with WIMP interpretation. In both cases
the relevant region in parameter space has been excluded by other searches, and the
situation is still far from being clear. It can surely be said that, up to now, no settled
WIMP signal has been seen by direct detection experiments.

Several new experiments are in data-taking, commissioning or planning phase, aiming
towards improving the constrain capability both in the low and high WIMP mass region.
Among them it is worth remember DEAP-3600 [154], XENONI1T [155], XENONnT [156],
LZ [157,175] and DARWIN [158]. The latter, which will operate multi-tons of target
material, will probably be the first experiment able to reach the region where the neutrino
background becomes visible. To go beyond this point several technological advances will
be needed. Directional detectors will probably be the next stage.

A complementary direction to the one of enlarging experiments is that of lowering
the threshold by considering events different from nuclear recoils, in order to improve
the exclusion potential for DM masses in the range keV-GeV. These include electronic
recoils from ionization events [176-178], electronic excitation and de-excitation with the
consequent photon emission [176,179], molecular dissociation with the production of
ions, and finally phonon or heat production [176], electron scattering in semiconduc-
tor materials [178, 180, 181], in superfluids [182, 183] and in superconductors [184, 185],
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exploiting brehmsstrahlung in low recoil energy nuclear scatterings [186] or the high
velocity of DM particles from evaporation in the Sun (a phenomenon which we will de-
scribe in details in chapter 3) [187]. Interestingly, searches in the low mass range could
have directional sensitivity if performed with 2D graphene targets, as recently proposed
in [188]. The information on the incoming direction of the DM particle is retained by
scattered electrons, and it is not lost in further electrons’ scatterings inside the bulk
material.

It should anyway be noticed that this discussion assumed that the interaction of the
DM with target nuclei is spin independent. When the interaction is mediated by an
operator different from O; in Tab. 2.1 (i.e. when it is spin and/or velocity dependent)
constraints are much weaker, and the neutrino background is not a concern. Models in
which the spin independent part of the interaction is absent are non generic, but have
very interesting phenomenology as we will discuss in the example of chapters 9 and 10.
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Chapter 3

Indirect detection

An important corollary of the thermal relic production mechanism is that pairs of
DM particles may annihilate into pairs of SM ones. If this happens, a flux of SM particles
produced in DM annihilations should permeate our galaxy, and it would in principle be
visible on Earth. A huge experimental effort is devoted to measure this flux. A large
amount of results have been published by experiments looking for y rays and antiparticles
(positrons, antiprotons and antideuterium), and interesting lessons about DM have been
learned (and still are). In this section we are going to review the main lines of research
in this field, and give an overview of the current status.

3.1 DM distribution in the galactic halo

The condition for the annihilation process to take place is that two DM particles
encounter. It is then intuitive that the total annihilation rate will be roughly proportional
to n20ann, where n is the local DM number density. It is therefore of primary importance
to know the distribution of DM matter particles in the halo, in order to predict the
flux of their annihilation products. Unfortunately, this distribution is far from being
understood. A huge debate is ongoing on the shape of the DM profile with respect to
the distance r from the galactic centre. While numerical simulations tend to favour
peaked profiles, observations of galactic curves indicate cored profiles, as already seen
in Sec. 1.1.3. The Navarro, Frenk and White (NFW) [189] profile (peaked as r—! at the
Galactic centre (GC)), the Einasto [190,191] profile and the Moore [192] profile are the
standard ones emerging from numerical simulations. The usually assumed cored profiles
are the truncated Isothermal profile [18,193] and the Burkert profile [194].
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Figure 3.1 — DM profiles and the corresponding parameters to be plugged in the functional forms of
eq. ((3.1)). Adapted from [199].
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The radius r; and the density ps; are fixed in order to reproduce the local density at
the Sun’s position (ps = 0.3GeV/cm? at a distance ro = 8.33kpc from the centre
of the galaxy') and the total mass contained within 60kpc from the galactic centre
(Mg = 4.7 x 10" M,). The resulting choice of parameters is shown in Fig.3.1. Varying
the halo profile between the ones described in Eq. (3.1) introduces a roughly one order of
magnitude uncertainty in the final flux of SM particles [199], depending on the galactic
latitude (the uncertainty is larger when looking at the galactic centre, and becomes small
at high latitude) and on the final state under study.

Two things should be noticed. Firstly, DM profiles have large differences close to the
galactic centre, while they look similar for larger radii. As a consequence, the choice of
the profile is expected to have a larger impact on v rays from the galactic centre with
respect to charged particles (and of course to 7 rays from high latitude regions), because
the trajectory of charged particles is dictated by their interactions with the interstellar
medium (ISM) and galactic magnetic fields: their flux from a given direction is the
sum of contributions from regions with different DM density, so that the differences in
the choice of the profile are largely smeared out. Secondly, we are not considering the
potential contribution from DM sub-halos, which are believed to form in a hierarchical
picture. This is typically taken into account by means of effective multiplicative boost
factors. The resolution of numerical simulations is typically far from the one needed to
study this effect precisely, and the subject is still matter of debate (see [199] for a brief
discussion).

1. This value of pg is the typical one assumed in the literature. Recent determinations find higher
central values, in the ballpark of 0.4 GeV/cm? [195-198].
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3.2 Particle production

Depending on the model, DM can annihilate into all the particles of the SM, with
different branching ratios. The unstable final products (Higgs and heavy gauge bosons,
heavy leptons, quarks) then decay/hadronize, and a final spectrum of stable particles is
produced. Being the typical DM matter velocity in the galactic halo small (~ 1073¢), the
DM annihilation process is typically parametrized by effective operators. A fundamental
role is played by electro-weak radiative corrections [200], particularly in the case of
heavy particles (roughly above O(100 GeV)). Numerically, the importance of this effects
comes from the soft/collinear divergence of processes where a gauge boson is emitted.
Corrections appear in the form of multiplicative “splitting functions”, and the cross
section is enhanced by logarithms or double-logarithms of the ratio m, /my,, which may
become large for heavy DM. More over, EW corrections may lift the helicity suppression
which arises when a Majorana DM particle annihilates into two fermions, leading to a
much higher cross section and, as a consequence, a larger flux [201].

The second important aspect of EW corrections is that they open annihilation chan-
nels which, in general, may not be present in the model. As a simple - although unre-
alistic - example, let us consider a DM particle which couples only to electrons. When
a couple of DM particles annihilate, an electron-positron pair is produced. If the initial
energy is sufficient (i.e. if 2m, > myz) a Z boson can be emitted, which in turns decays
hadronically into a ¢ pair. These quarks then hadronize, and the final flux of particles
may include (anti-)protons and photons. The process is illustrated in Fig.3.2.

The final spectrum of SM particles, after applying EW corrections, has been com-
puted in [200]. Automatized tools exists to compute this spectrum for any DM models.
A very useful tool, which was used for some parts of this thesis, is PPPC4ADMID [199], which
provides fluxes and other useful functions related to cosmic rays’ propagation, DM halo
profiles and neutrino fluxes from DM annihilation in the Sun (which will be discussed
in the following) in the form of handy tables, included in a Mathematica package [202].

3.3 Dark Matter searches with charged cosmic rays

In order to extract relevant informations from the measurement of the flux of charged
cosmic rays possibly originated by DM annihilations, it is necessary to carefully consider
their propagation in the galaxy. In the standard picture, cosmic rays are accelerated
at the shock region of supernova remnants [203-205]. Charged particles ejected from
supernovae explosions traverse repeatedly the shock surface and end up being accelerated
through diffusive shock acceleration. Once injected in the interstellar medium, their
motion through the galaxy is governed by a diffusion equation. The physical processes
that come into play are [206—208]:

e Diffusion in the slowly varying component of the galactic magnetic field;

e Reacceleration in the turbulent component of galactic magnetic field;
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+
Figure 3.2 — Example process in which a pair of DM particles annihilating info ete~ produce a flux
of hadronic particles, photons and neutrinos in the final state thanks to electroweak corrections.

e Energy loss due to brehmsstrahlung, synchrotron radiation and inverse Compton
scattering (only relevant for light particles, namely e*);

e Interaction with the interstellar medium, which lead to annihilation and creation of
nuclear species and, typically via pion decays, of electrons, positrons and photons;

e A possible galactic convective wind, pointing outside the galactic plane, that may
influence the spectrum of nuclear species;

e Cosmic ray modulation due to the solar wind (only for low energy particles Fy, <
10 GeV).

The theory of cosmic rays’ acceleration and propagation is reviewed in [205, 206, 208].
We will return on the details on the diffusion equation for antiprotons in chapter 4.

A key role is played by the interactions with the interstellar medium. When primary
cosmic rays (i.e. the ones accelerated by supernova remnants) interact with nuclei of the
ISM, they annihilate and create a flux of secondary particles. It is in these interactions
that stable antiparticles (e*, p, d, etc.) are produced. Because of the intrinsic energy
threshold of the production mechanism, positrons are more abundant than antiprotons
(or even heavier anti-nuclei), roughly a factor 10! with respect to the corresponding
particle, compared to 10~ for antiprotons.

Antiparticles are produced as well in DM annihilation, in pair with the correspond-
ing particle. For this reason, while particle production is DM annihilation is typically
suppressed with respect to the cosmic ray background, antiparticles have a much higher
signal /background ratio, and are more useful as a tool for indirect dark matter searches.

Uncertainties in the propagation parameters play a fundamental role. Very roughly,
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the value of these parameters are obtained by fitting the spectrum of different cosmic
ray species and the ratio of secondary/primary channels. While scanning their allowed
regions affect the final cosmic ray yield within the experimental uncertainties, the spec-
trum of antiparticles from DM annihilation, because of its different functional shape,
may be shifted by orders of magnitudes. Following [209,210], in order to quantify the
uncertainty three benchmark choices of parameters called “MIN”, “MAX” and “MED”
can be assumed, which respectively minimise, maximise the final flux or give an interme-
diate yield. As a result, depending on the halo profile and on the energy, the fluxes have
an uncertainty of roughly one order of magnitude due to uncertainties in the propagation
parameters, on top of the one coming from our ignorance of the correct halo profile.

3.4 Dark Matter searches with photons

Propagation of v rays in the galaxy is a much simpler issue. Indeed, absorption
is negligible, and the total flux from a given direction is simply the integral of the
contribution from all DM annihilations along the line of sight, which is proportional to
the integral of the DM number density squared. On the other hand, the production
mechanism of v rays is much more varied than the one of charged particles:

e Prompt photons are produced in the annihilation of DM particles. They can be pair
produced as primary annihilation channels of the annihilation process, they can be
radiated from charged particles in the final state or from a charged mediators, or,
finally, they can be the decay products of some intermediate metastable state. In
the first case they would add a line to the background spectrum of ~ rays, while
in the other they will contribute to the continuum spectrum as an excess over the
expected background. Being DM electrically neutral, annihilation into a « pair is
typically suppressed by loop factors, which give roughly a factor of 1074, The flux
of v rays from the centre of the galaxy (where most events are supposed to take
place) is highly dependent on the DM halo profile, while the latter has little effect
on the flux from external regions.

e Energetic electrons and positrons from DM annihilations may undergo inverse
Compton scattering off photons of the CMB, the infrared background or from
stellar light. The emitted photons may then reach Earth. In this case, propagation
parameters do play a role, because the photons are originated by the e* flux. For
the same reason, also the choice of the halo profile affect the final result, even if
photons are not emitted in the galactic centre.

e Electromagnetic scattering of energetic electrons and positrons off the interstellar
medium (both on charged HII and neutral HI, Hy and He) lead to bremsstrahlung
emission of gamma rays. Bremsstrahlung is the dominant source of energy loss for
et and it must be taken into account also in the computation of gamma rays from
inverse Compton scattering, where it has the effect of reducing the final gamma
ray spectrum due to energy losses of the impinging e*. The relative importance
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of photon emission from bremsstrahlung and inverse Compton scattering depends
on the incoming electron’s energy and on its position in the galaxy (and in partic-
ular on the strength of the galactic magnetic field, the density of the interstellar
radiation field and the interstellar gas density). When this is convolved with the
et spectrum from DM, it turns out that bremsstrahlung is the dominant source of
photons, together with prompt emission in the continuum, while inverse Compton
scattering gives a smaller contribution [211].

e Strong magnetic fields in the galactic centre induce synchrotron radiation from e*

produced in DM annihilations, with production of radio-waves (see e.g. [212,213]).

While prompt photons are energetic (the typical energy scale is that of the mass of the
annihilating particle, resulting in photons in the gamma spectrum), the ones emitted
from electrons and positrons (both via scattering or synchrotron radiation) have a much
broader spectrum, spanning from radio waves to gamma rays, and can therefore leave
a signal in a number of different observations (the so-called “multi-wavelength” studies,
see e.g. [214], also in [215]).

After having discussed the production mechanism of photons, it is important to
understand what are the preferred target for the observations. In general, the most
interesting regions are the ones in which the DM distribution is expected to peak, and
in which the signal over noise ratio is the most favourable. The presence of a strong
magnetic field is also necessary for observations of radio waves. In general, different
regions are suited for different searches. Here we list the targets which experiments look
at, remembering that new targets may always be added to this list:

e The first target is the Milky Way’s galactic centre, used for prompt emission and
radio-wave astronomy [216]. While the DM distribution is peaked in this region,
it must be kept in mind that also the noise level is high.

e Small regions just outside the galactic centre have the advantage of reducing the
background, for both prompt and secondary photon emission [217,218]

e Wide regions of the galactic halo itself, several tens of degrees wide, typically
centred at the galactic centre [219]. Those ase useful because they can include
regions where inverse Compton scattering is efficient.

e Globular clusters, which are dense agglomerate of stars embedded in the Milky
Way galactic halo. Even if they are supposed to be baryon dominated, they are
interesting since some of them may have been originated by DM sub-halos, as
summarised in [220], and prompt emission may be relevant.

e Sub-halos of the galactic DM halo [221].

e Dwarf spheroidal satellite galaxies, such as Sagittarius, Canis Major, Sculptor,
Carina and many others. These are satellite galaxies of the Milky Way, with a
very low star content and DM dominated. For this reason the signal/background



3.5. SUMMARY OF THE PRESENT STATUS 45

ratio is expected to be large, even if it suffers from large uncertainties [222-229].

e Large scale structures such as the Virgo, Coma, Fornax and Perseus clusters in the
nearby Universe [230-233].

e The “cosmological” gamma ray flux from DM annihilation is also interesting [234].
This is the total isotropic and redshifted flux from DM annihilations occurring in
all halos in the recent history of the Universe. An excess was reported in late years
in the data of the ARCADE telescope [235], and an interpretation in terms of DM
annihilating into leptons is possible [236,237]. This is anyway in contrast with
limits by the AMS-02 data [238].

e Other possibilities include satellite structures of the Milky Way made of DM only
[239].

3.5 Summary of the present status

It is not easy to summarize in a few lines the present status of indirect searches. A
large number of observations and data can be found in the literature, and a plethora of
independent analysis of data provided by the experimental collaborations often lead do
contrasting results. The most important highlights are the excess in the positron fraction
by the PAMELA and AMS-02 experiments, which is a solid result but likely not related
to DM; the galactic centre gamma rays excess, which is still a less established result but
more promising from the point of view of DM; and finally, the putative gamma ray line
at 3.5 keV, which has raised the interest in the last two years towards the sterile neutrino
explanations of DM, but is still far from being a clear evidence of DM interactions. On the
other hand, many other search channel have shown no deviation from the astrophysical
background, and stringent limits have been derived on DM properties. A collection of
up-to-date results is presented in Fig. 3.3. We are now going to describe in some details
the current results of indirect searches, with a focus of the mentioned “DM hints”.

3.5.1 Positrons

A lot of attention has been raised in the last years since the PAMELA satellite showed
an increase in the energy spectrum of the positron fraction e*/(e™ + e™) for energies in
the range 10 — 100 GeV [241]. These results, compatible with previous measurements by
HEAT [242] and AMS-01 [243], where later confirmed and extended to roughly 400 GeV
by measurements of the FERMI [244] satellite and AMS-02 [245,246], a detector mounted
on the International Space Station. AMS-02 data confirm the rise seen by PAMELA,
and indicates a possible flattening above 300 GeV. Measurements of the total lepton flux
et + e~ by FERMI [247] and AMS-02 [248] show no particular feature in the spectrum.

This measurements are extremely remarkable, because they indicate the existence
of an additional source of positrons with respect to the standard astrophysical picture.
An exciting possibility is that this excess is originated by DM annihilations (or decays).
Generically, a spectrum of positrons originated by DM annihilations with a mass at the
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Figure 3.3 — Summary of bounds from indirect detection, rescaled in such a way to correspond to the
Einasto profile. Neutrino bounds are not rescaled. (From [240]).

TeV scale would look similar to the measured one. With some dependence on the details
of the model, it would present a “bump” shape with a sharp cut-off at high energies
(corresponding to the DM mass) and a decreasing tail at low energies. A huge number
of models have been proposed to explain the positron excess in terms of DM. To fit
PAMELA data, the DM particle must have a mass of the order 2 — 3 TeV, it must couple
only to leptons (preferably 7= [249]) in order to avoid tension with the antiproton data
described below, and it must have an annihilation cross section (ov) ~ 10723, much
larger than what naively expected for a thermal relic. ?

The DM explanation has its drawbacks. Firstly, a certain tension is present between
the positron fraction e /(e™ +¢7) data and the total lepton flux e™ +e~ (see addendum
to [252] and [240]). Secondly, a careful analysis of AMS-02 data points towards a much
heavier DM (10 — 40 TeV) annihilating into bb and gauge/Higgs bosons, but this is at
odds with the results from antiprotons and ~-rays searches and tends to disfavour the
DM hypothesis [261]. Last, CMB constraints rule out the annihilation cross section
necessary to explain PAMELA data, by noticing that overabundant DM annihilation at
early times may inject energy that ionize the Universe at large redshift [40,262,263].

An important question to ask is what are the other possible sources of the positron

2. In order to justify this discrepancy, one can rely on several possible, albeit ad-hoc, explanations:
introduce a boost factor, possibly due to clumpiness of the dark matter halo [250,251] or to the presence
of a narrow resonance just below the threshold [252-254]; invoke non-perturbative effects operating at
small velocities that can enhance the present day thermal cross section [113,114,255-260] or otherwise
discard the standard thermal relic picture for DM particles.
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excess, and whether they can be distinguished in data from the DM interpretation. The
most famous alternative explanation is with pulsars. It has been known since a long time
that a rise in the positron fraction can be due to the production of e* in pulsars [264].
In particular, a young nearby pulsar plus a diffuse background of mature pulsars can fit
PAMELA positrons data [265,266]. The intrinsic degeneracy between the pulsar and the
DM interpretation of PAMELA and AMS-02 data cannot be broken by positron data
alone [267]; nevertheless the two scenarios could be distinguished by a positive signal in
the antiprotons channel since antiprotons are not expected to arise from pulsars.

A different possible mechanism involving pulsars is presented in [268,269]. In these
papers, it is shown that standard secondary emission of positrons, together with primary
acceleration at nearby supernova remnants and primary emission from pulsar wind neb-
ulae? can fit well the excess, even if the fit can be improved by adding a 50 GeV DM
annihilating into pairs of u* with a cross section close to the thermal one [269)].

Another possible mechanism is the acceleration of secondary e® at the shock region
of supernova-remnants [270]. In the standard picture of cosmic ray propagation, particle
(mostly protons) acceleration takes place at the shock region of supernova-remnants.
Antiparticles are produced when cosmic rays interact with the nuclei of the interstellar
medium. These interactions may as well take place at the acceleration region. In this
case, antiparticles would be accelerated and give rise to a flux with a different power
law behaviour from that originated by the standard mechanism, which can explain the
PAMELA excess. A similar process can lead to antiproton production [271], as we will
discuss in chapter 4.

3.5.2 Antiprotons

After the announcement of the excess in the positron channel, the PAMELA collab-
oration released data in the antiproton channel [272,273], showing no excess over the
background up to an energy of 100 — 180 GeV. More recently, preliminary data were
presented by AMS-02 [274], showing a spectrum of p/p flatter than what previously
expected for energies up to ~ 350 GeV. Contrarily to the case of the positron fraction,
taking into account recent measurements of cosmic ray fluxes (in particular the B/C
fraction) and their impact on the propagation parameters, the spectrum measured by
AMS-02 can be explained by secondary production alone [275-277]. In conclusion, even
if future precise measurements could in principle favour a DM explanation, it is fair
to say that presently no tantalizing hint of DM annihilation is seen in the antiproton

3. The mechanism of pulsar wind nebulae is summarized in [268] and references therein. Pulsars
are rapidly spinning neutron stars with a very strong surface magnetic field that, rotating, create an
electric field which, in turn, can tear apart particles from the surface of the neutron stars. These
particles are accelerated by the electromagnetic field and induce radiation, which subsequently produce
particle/antiparticle pairs. Pulsars are located inside the remnant of the supernova explosion from which
they originate. The interaction of the electromagnetic “wind” produced by the pulsar with the slow ejecta
of the supernova produce a shock that propagates backward in the direction of the pulsar. Particles are
accelerated by the shock, and accumulate in the region surrounding it where hot magnetized plasma is
created. This is the so-called pulsar wind nebula (PWN). Particles are accumulated in the PWN until
this is disrupted roughly 50 kyr after its creation, and are then released in the interstellar medium.
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channel.

3.5.3 Anti-deuterium

The idea to look for anti-deuterium produced in DM annihilation was first introduced
in [278]. When DM annihilate producing anti-nucleons p and n, under certain conditions
these can merge to form an anti-nucleus. The process is typically described in the so-
called “coalescence model”. The condition under which this may happen is that the two
anti-nucleons have parallel momenta and equal energies. This kinematical restriction
makes the production rate of anti-deuterium much lower than that of other particles.
On the other hand, its spectrum is predicted to be peaked at a fraction of GeV, with
extremely low background from other astrophysical sources, such that it is commonly
believed that the detection of a single d particle in the sub-GeV region would be a smoking
gun of DM annihilation or decay. Current limits obtained with the BESS balloon [279]
on the d flux are 1 — 2 order of magnitudes above the level expected for realistic WIMP
models. Searches with AMS-02 and GAPS (a specifically proposed balloon mission)
are expected to have the sensitivity needed to exclude relevant parts of the parameter
space [280,281].

The same principle of anti-deuterium production can be applied to other anti-nuclei.
Mass numbers A > 2 are suppressed essentially due to the reduced probability for a large
number of nucleons to coalesce. For this reason, only anti->He seems to be a promising
candidate [282,283].

3.5.4 Gamma rays from the galactic centre

The situation regarding gamma rays is intensively debated, and clear conclusions
can not be drawn. The most debated issue concerns FERMI measurements of gamma
rays from a region a few degrees around the galactic centre. Several authors reported,
since 2009, the detection of a gamma ray signal, compatible with that obtained from DM
annihilations (the first claim was made in [284], see [240] for additional references). In
particular, the best fit is obtained for a 30—50 GeV DM particle, distributed according to
a NFW profile, annihilating dominantly into bb with a cross section close to the thermal
one, (ov) ~ 10726 cm?/s [285].

The presence of an excess was confirmed by the FERMI collaboration in [216], and
it is robust against variations of the known astrophysical foregrounds [286-288]. Nev-
ertheless, it is probably too early to claim with certainty that DM has been detected,
since astrophysical explanations are still possible: a population of unresoved millisec-
ond pulsars [289-295] or other point sources (even if this explanation is not univer-
sally accepted [296,297]), Compton emission from cosmic ray outbursts in the past 10°
years [298-300], allowing for space dependent propagation parameters [301] or finally
reconsidered density of cosmic ray accelerators in the galactic centre (leading to an
increased injection of cosmic rays) can yield the same signal [302,303].

An important question that should be asked is whether the excess is compatible with
constraints from other probes (indirect, direct and LHC) [304-308]. The answer is still
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not clear, and it seems to depend on the details of the analysis. To conclude, the galactic
centre excess is for sure an extremely intriguing puzzle, but, even if it would be great if
the DM interpretation is confirmed, it is too early to draw definitive conclusions.

3.5.5 Gamma ray lines

Another interesting hint comes from the observation of a line at 3.5keV in the spec-
trum of gamma rays from the Andromeda galaxy, the Perseus galaxy cluster [309] and in
the stacked gamma ray spectrum of some galaxy clusters [310], with the XMM-Newton
telescope. Again, these results are debated: while some groups do not find any evidence
of the presence of the line in the XMM-Newton data [311], other groups relates the
line with emission lines of Potassium and Chlorine [312,313] (see also [314-316] for a
discussion), and other use the morphology of the XMM-Newton data to exclude the DM
interpretation [317].

In the part years a great excitement was raised by the observation of a line excess
around 130 GeV in FERMI data [318,319]. After a long and rich discussion in the litera-
ture, a reanalysis of FERMI data with an enlarged dataset [320] showed that the feature
was due to a statistical effect. The presence of the line was excluded by subsequent
HESS data [321].

3.5.6 Neutrinos

As any other SM particles, neutrinos may be produced in DM annihilations. Similarly
to photons, once they are produced neutrinos travel on a straight line without interacting
with the galactic material, and may be detected at Earth with big Cerenkov detectors
located underground: when a neutrino interacts with the target material, secondary
charged particles (in particular muons) may be produced with a speed larger than that
of light in the material, and traverse the experiment leaving a Cerenkov light cone
so that their energy and flight direction may be measured. The main background are
muons produced in cosmic rays when they interact with the atmosphere. For this reason,
neutrino detectors exploit the directional information to reject all the tracks coming from
above, using the Earth as a shield against these muons.

The targets for neutrino observation are the galactic centre (or the galactic halo),
satellite galaxies or cluster of galaxies and the Sun. Observations from the first two
targets are very similar to gamma rays observation, with the caveat that observations
of extragalactic neutrinos give typically weaker bounds. Observation of neutrinos from
the Sun are instead very peculiar, and we will return on them later on.

Limits from neutrino telescopes such as SUPERKAMIOKANDE, ICECUBE and
ANTARES fall in the ballpark of (ov) ~ 10722 — 1072 cm?s~! depending on the anni-
hilation channel, typically weaker than limits from gamma rays. Nevertheless, they are
less dependent on the DM mass, and become stronger than gamma ray limits above few
TeV. The reason is that, while a larger m, implies a smaller number density and then a
reduced flux, neutrinos from DM annihilations become more energetic, and their cross
section increases, with the net result of a reduced deterioration of the limits.
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3.6 Dark Matter searches with neutrinos from the Sun

Dark Matter searches with neutrinos from the Sun deserve a separate explanation.
In all the searches we have described so far, charged and neutral particles were produced
in DM annihilations/decays, and limits were set on the DM annihilation cross section
(or decay width). We are now going to discuss a very peculiar kind of search, in which
limits on the scattering cross section of DM with nucleons are obtained by looking at
DM annihilation products. In this sense, DM searches with neutrinos from the Sun are
in the middle between direct and indirect probes.

The mechanism was introduced in [322-326]. Dark matter particles of the galactic
halo can scatter off nuclei inside celestial bodies, in particular the Sun and the Earth.
When this happens, they may be slowed down to a velocity lower than the escape
velocity from that particular body, and being gravitationally captured. An overdensity
of DM particles may therefore originate in the core of these celestial objects, leading to
an enhanced rate of annihilations. Among the SM particles that are produced in these
interactions, an important role is played by neutrinos. Being weakly interacting, they
can traverse the body without interacting, and may be detected by Cerenkov detectors
at Earth.

The number density of DM particles trapped inside the Sun (similarly for the Earth),
and therefore their annihilation rate, is governed by three processes: gravitational cap-
ture, annihilation/decay and evaporation:

dN

E = Fv:aupt — 200 — 1—\evap (32)

Evaporation is the process in which DM particles thermalized by scattering off nuclei,
gets accelerated to a velocity larger than the escape velocity and escape the Sun. It
can safely be neglected for m, 2 4GeV [327]. The DM annihilation rate is proportional
to the number of DM particles squared and to the annihilation cross section. It can
be rewritten as %CannNQ, with Capn < (ov). On the other hand, the capture rate is
constant and proportional to the scattering cross section of DM with nuclei. Eq. (3.2)
can then be solved to give

r t r
Cann = —2P% tanh? () 127, —capt (3.3)
2 T 2

where 7 is is given by 1/4/TcaptCann. After a time larger than this equilibrium time
scale, the total annihilation rate is fixed by the scattering cross section, and not by
the annihilation one. If the annihilation cross section is increased, the number density
decreases and viceversa, leaving the annihilation rate constant.

Before going on with the calculation of the capture and annihilation rates, let us
comment briefly on this result. The fact that the annihilation rate is proportional to the
scattering cross section makes possible a straight comparison with results from direct
searches. Bounds obtained with neutrinos from the Sun are typically weaker than direct
detection ones when spin independent scattering is considered, since the cross section is
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proportional to the total number of nucleons and typically the targets have large atomic
number, whereas in the Sun scattering takes place primarily on hydrogen and helium.
On the other hand, if the interaction is spin dependent the bounds are complementary
to those from direct searches, and become stronger at large DM mass.

To conclude, let us notice that the fact that the annihilation rate is fixed by the
scattering cross section does not mean that the details on the annihilation process are
irrelevant for setting limits on a given model. On the contrary, the total neutrino flux
depend on the branching ratios into all SM species separately, corrected to take into
account electroweak corrections. This will be of crucial importance in the analyses of
chapters 9 and 10. The possible presence of a resonance plays instead a minor role,
contrary to what happens in other indirect searches, because the resonant enhancement
is factored out when computing branching ratios. When the DM mass is close to M/2,
where M is the energy of the resonance, the branching ratios can change drastically, but
this affects only a small region in m, as large as the resonance’s width.

3.6.1 Calculation of the annihilation and capture rates

Early calculations of the annihilation, capture and evaporation rates include [323,
328-334]. Here we will follow the derivation of [335]. The annihilation rate of DM in
the Sun is given by

1 1
Tann = 5 / @ 2(7) (70) = 5 CannN? (3.4)

where n is the DM number density and the 1/2 is a symmetry factor for self-conjugate
DM particles. After thermal equilibrium is reached, the DM distribution is given by

n(r) = noexp[—myd(r)/To], (3.5)

where ¢(r) is the gravitational potential at a given distance r from the centre and
T = 1.6 x 107 K is the temperature of the solar core. Taking for simplicity the density
to be constant and equal to the central density po = 151 gcm ™3 (with a necessary shift
of notation with respect to the previous section), the integrals can be evaluated explicitly
yielding [335]

1/2
e _ 3T, 001 [100GeV
n(r)=np=e DM | DM <27rGNp@mX 0.01Rs 7mx (3.6)
and 3/
B GNpeomy
Conn = (00) ( i ) . (3.7)

Here Gy is the Newton gravitational constant. The numerical approximation in eq. (3.6)
tells us that the DM particles are concentrated in the solar core, and is a consistency
check of the assumptions of constant density and temperature.

The next ingredient is the calculation of the capture rate. As already discussed,
this is proportional to the DM scattering cross section, summed over all nuclear species
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present in the solar core, weighted with their concentration. The result is:

2 2
U"_’U(ieSC(T),Pi(U’ 'U@esc(r))
(3.8)
Let us discuss briefly the ingredients that enter this calculation: The first factor is
just the DM number density (with a small shift of notation, p, = 0.3GeV em™3 is the
local DM density, which was called ps in the previous section). The cross section o;
is summed over all nuclear species present in the solar core and multiplied by their
individual concentration n;, integrated over the entire volume. Note that the angular
dependence of the cross section is neglected, and v = 0 limit can be assumed. The
term P;(v, voesc(r)) gives the probability that a particle, once scattered off a nucleus
at a distance r from the centre, is slowed down to a velocity lower than the escape
velocity from the Sun at that position vgesc(r). In first approximation this is just given
by the difference between the minimal energy loss required to have v < vges(r) after
the scattering and the maximal energy loss in one scattering event, divided the maximal
possible energy loss. In a more refined treatment, form factors must be introduced
for each nuclear species in order to take into account the different response of nuclei
depending on the energy [335]. The probability P; is weighted with the DM velocity
distribution in the solar reference frame, which is related to the one in the galactic rest
frame by

Ro 00
Ceapt = :TX Z O‘Z'/O dr47rr2ni(r)/0 dvdmv? fo (v)
X 4

folv) = ;/H d(cos @) f <\/02 + v2 + 2vvg cos 9) . (3.9)
—1

Here ve =~ 233km/s is the solar velocity in the galactic rest frame and 6 is the angle
between v and vg. The distribution of the DM velocity in the galaxy can be parametrized
as
vl —v? g
flo)=N lexp (esl‘;?> - 1] 0 (Vese — V) (3.10)
Yo

where N is a factor that normalizes f to 1, vese &~ 450 — 650km/ s is the escape velocity
from the galaxy, vgp = 220 — 270km/s is a cut-off velocity and k is a factor in the
range 1.5 —3.5. The last ingredient in the calculation is the DM velocity which must be
multiplied times the cross section to obtain the scattering rate. The effect of the solar
gravitational field is taken into account by the escape velocity vgesc, in such a way that
the velocity of a DM particle falling towards the Sun from very far away with initial
velocity v is v? + v o

With this in hand, the equilibrium time scale can be computed. Taking the age of
the Solar System to be te = tg = 4.5 Gyr, the result is [336]

o 1oy 10° <rp>< (o0) )1/2( my )3/‘* (3.11)

To 51 cm3 1 100 GeV

to 5 (Deapt ( (ov) >/< my )3/4
— =1.1x1 12
Te 10 ( s—1 cm3 g1 100 GeV ’ (3.12)

and
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where the second equation is referred to WIMP capture by the Earth. While typically
these numbers are larger than one, this is not guaranteed when the scattering cross
section is spin and velocity suppressed (in particular it is not true in the case of the
Earth, where only limits on I'yyn can be set for spin dependent scattering [337]).

The next step will be to compute the neutrino production rate and its spectrum,
taking into account neutrino propagation in the Sun, in the Solar System, and during
Earth crossing.

3.6.2 Neutrino spectra

Production of neutrinos in the Sun and their propagation to Earth is a complicate
subject, involving many physical aspects. Here we will just recapitulate the building
blocks of the calculation, that can be performed using different numerical tools. Early
calculations of the neutrino spectrum were performed in [326, 338, 339

The first ingredient is the calculation of the branching ratios into different SM chan-
nels. With this in hand, one can proceed to compute the final neutrino yield. Neutrinos
are produced not only as primary annihilation channels, but also as a result of the
hadronization process of quarks, in interactions of other annihilation products with the
solar material and as a result of electroweak bremsstrahlung. Results of this calculation
are provided in [335] and included in the Mathematica package PPPC4DMID [202]. We will
use these results in chapters 9 and 10. Hadronization of quarks and gluons from DM an-
nihilation is performed using PYTHIA 8 [340)], propagation of the stable and meta-stable
hadronic states in the solar matter is simulated with GEANT4 [341,342], and the effect
of electroweak radiation is taken into account by means of fragmentation functions, as
in [200]*.

Once neutrinos are produced, they have to traverse the Sun, travel along the Solar
System and, once reached Earth, traverse it towards the location of the experiment.
The effects into play are neutrino oscillations (both in vacuum and in matter, where
the MSW effect ® has to be taken into account), neutral current scatterings (in which
a neutrino excite a nucleus and is re-emitted with lower energy) and charged current
scattering (in which a neutrino is removed from the flux and a charged lepton is created.
If the lepton is a 7+ its decay produces back energetic neutrinos of all flavours). The
appropriate formalism to deal with neutrino propagations is that of using two 3 x 3
density matrices (for v and v) evolved with an effective Hamiltonian [347,348] (see also
[349,350] for ealier proposals). A complete calculation of neutrino fluxes was performed

4. While the effect of electroweak corrections was not taken into account in PYTHIA 6, is taken into
account in PYTHIA 8 [340,343], so in principle there would be no need to use EW fragmentation functions
any more. Anyway, this was not the approach of [335]. Even if PYTHIA 8 does not include all possible
EW phenomena (e.g. Z — WW, W — ZW splitting and ~ emission from W are not included) results
obtained with it are in agreement with those using the approach of fragmentation functions (compare
for example [344] and [335]).

5. When neutrinos traverse matter, the effect of weak interactions with the surrounding material is
to modify the phases of the three neutrino flavours, affecting the oscillation process. This is called MSW
effect, from the names of Mikheev, Smirnov and Wolfenstein [345, 346].
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in [351], recently updated including the state-of-the-art knowledge of the neutrino mixing
parameters [335]. Numerical tables are provided in PPPC4DMID [202].

3.6.3 Limits on the scattering cross section

Neutrino fluxes described in the previous section can be compared with data from
neutrino search experiment, and the non observation of any excess over the background
allow to put bounds on the normalization of these spectra (the shape is fixed by the
model and parameters such as the DM mass). The normalization depend on both the
number of DM particles accumulated in the Sun (which is unknown, but calculable for a
specific DM particle) and the annihilation cross section with neutrinos in the final state.
For a given model, this can be related to the total annihilation cross section, in such a
way that constraints are obtained on T'ynn o< N2(ov). The last two quantities can not
be disentangled, but if equilibrium is reached (3.3) allows to put bounds on I'cape and
therefore on the DM-proton scattering cross section o,.

Various experiments are currently putting bounds on the DM scattering cross sec-
tion by looking for neutrinos from the Sun. A collection of latest results from the main
experimental collaborations [352-355] is shown in Figs. 3.4 and 3.5 for spin independent
and spin dependent scattering, respectively. Limits are shown for benchmark models in
which DM annihilates into a single particle species. Typical choices are bb (as a refer-
ence for a channel with few, soft neutrinos) and 77 or W W~ (many hard neutrinos).
Obtaining results for a given model with more annihilation channels is not a trivial task,
even if of primary importance. An approximate procedure is described in chapter 9 and
in [6,7]. In [355,356], likelihood tables are provided to compute bounds in any DM
models. Notice that, with respect to our results presented in chapters 9 and 10 (as well
as in [6,7]), result presented by experimental collaborations do not include the effect of
electroweak corrections yet.
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Figure 3.4 — Collection of limits on spin-independent scattering from DM annihilation in the Sun
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Chapter 4

Focus on AMS-02 anti-protons
results

4.1 Introduction

After the release of the PAMELA data showing a rise in the positron fraction at
energies above 10 GeV, interest rose around the measurement of the antiproton fraction
p/p. Indeed, DM annihilation could lead to a similar signal in antiprotons, where the
degeneracy with a pulsar explanation is not present, since antiprotons are too heavy to be
produced by pulsars’ magnetic fields. As discussed in 3.5.2, in this channel no excess was
seen by PAMELA, strongly constraining the DM interpretation of the positron effect.
Indeed, the fact that no anomalous signal is seen in antiprotons in the same range of
energies put severe constraints on DM properties [357] and tends to favour the so-called
leptophylic models, in which DM only couples to leptons. In this scenario, antiprotons
data can also be used to constrain DM properties [358, 359], since the positrons and
antiprotons fluxes are correlated thanks to the electroweak corrections [200].

In this chapter, based on [4] (appeared before the release of preliminary antipro-
ton data from the AMS-02 collaboration), we analyse the question whether a possible
antiproton signal above the expected background would lead to a degeneracy problem
between a possible DM origin and an astrophysical origin. The answer was, unfortu-
nately, pessimistic: an excess in AMS-02 antiproton data could not be unambiguously
attributed to DM if no other information is supplied. The analysis was carried on
with mock AMS-02 data, which turned out not to be far from the actual measurements
presented in [274]. Even if improved calculations of the backgrounds proved to be no
evidence of an excess, the point of [4] could be useful in view of new data releases by
AMS-02 of possible future experiments.

As a benchmark model for the astrophysical source of antiprotons we take the one
discussed in Ref. [270] to explain the rise of positrons and subsequently in Ref. [271]
to predict the antiproton flux. The excess of positrons is due to secondary products
of hadronic interactions inside the same SuperNova Remnants (SNR) that accelerate
cosmic rays. Primary protons accelerated in shock regions of SNRs can undergo hadronic

o7
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interactions not only at late times after diffusion in the galaxy, but also when they are
still in the acceleration region. These interactions will produce a flux of antiparticles
that will in turn be accelerated by the same sources of the standard primary cosmic rays,
and will then give an additional cosmic ray flux at Earth with a spectral shape different
from that of standard secondaries. A generic prediction of the model is a flattening
and eventually a weak rise of the antiparticle-over-particle ratio in both positrons and
antiprotons channel [271]. What makes this mechanism particularly interesting is that
it does not need any new source of antiparticles (since positrons and antiprotons are
generated by the same primary protons that accelerate in SNR) and that it predicts
similar signals both in positrons and in antiprotons, precisely as many DM model do.
This leads to a possible degeneracy in the shape of signals of very different origin, thus
weakening the discriminating power of AMS-02.

The goal of [4] was precisely to study this possible degeneracy by using the projected
sensitivity of AMS-02 for the antiproton channel under the assumption that the mea-
surements of AMS-02 would show a significant antiproton excess above the background.
We assumed in turn that this excess was due either to DM annihilation or to SNR
and investigated whether the signal could be mimicked by SNR and DM annihilation,
respectively.

The chapter is organized as follows. In section 4.2 we review the basics of the
mechanism for primary antiprotons from SNR and recall some results which will be
used in the following. In section 4.3, the calculation of the background of secondary
antiprotons and their propagation is recalled, while in section 4.4 we briefly discuss the
possible antiproton contribution from DM. Then, in section 4.5 we turn to investigate
the degeneracies which may arise in the interpretation of a putative signal in antiprotons
eventually measured by AMS-02. We first assume the signal is due to DM and we try
to fit it with SNR, and subsequently we analyse briefly the possibilty of a SNR signal
intepreted as a DM. Finally, our conclusions are summarized in section 4.6.

4.2 Antiprotons accelerated in supernova remnants

Here we briefly recall the basics of the astrophysical mechanism leading to primary
antiprotons and we refer to the original papers [270,271] for further details. In particular,
Ref. [271] derived the analytical prescription for the ratio p/p that we will use for our
analysis. Simulations were also performed in [360].

Antiproton production inside the accelerator is described by the source function

Emax
Qu(E) =2 /E AENCR (E)05(E, E)ngase, (4.1)

where ¢ is the speed of light, Ncr is the spectrum of protons inside the source, ngas
is the gas density in the shock region and o,5(€, E) is the differential cross section for
a proton of energy £ to produce an antiproton of energy F in pp scattering, that we
parametrize as in [361-363].
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The energy Fmax is the maximum energy of a proton accelerated in the SNR at
the age relevant for this mechanism. We will treat E.,.x as a free parameter in our
analysis. The factor of 2 comes from the fact that, in pp collisions, an antineutron can
be produced with equal probability than an antiproton (in the isospin symmetry limit);
it will then decay into an antiproton, contributing equally to the final flux. For that,
we are assuming that the characteristic size of the SNR is larger than the mean path
travelled by a neutron before decay.

After being produced, the antiprotons undergo acceleration around the shock region.
The p/p flux ratio at this stage is [271]

Jp(E)
~2nieclA(E) + B(E)], 4.2
7B o 1ec[A(E) + B(E)] (4.2)
here
e 1 2 E 7_3D1(w) Bmax 2—
A(E) :7(5—1—7“ ) / Qw328 / A€ £270,(€, ) (4.3)
m 1 w
and TonT [ Bmax -
B(E) = S5 /E A€ €2 0,5(E, E). (4.4)

The two terms A and B account for the antiparticles that are produced in the acceleration
region and for the ones that are produced in the inner region of the SNR. In the above
expressions, n1 and u; are the background gas target density and the fluid velocity
in the upstream region of the shock, fixed as in [271] to 2em ™ and 0.5 x 1078 cm/s,
respectively.

The factor £ in the A term gives the fraction of proton energy carried away by the
produced secondary antiproton, which is here taken to be constant with energy. The
validity of this assumption is discussed in [360]. In this work, we keep it as a constant
and we consider it as a second free parameter for our analysis.

Both A and B include 7, which is the compression factor of the shock, defined as the
ratio of the fluid velocity upstream and downstream, and 7gy is the typical SNR age.
The index v gives the slope of the spectrum in momentum space, and it is related to
the shock compression factor by v = 3r/(r — 1). As we aim at comparing the SNR p/p
ratio with the ones generated by DM annihilation, our choice is to make sure that our
choice for r is consistent with the ones for the background antiproton spectrum (see also
discussion below) and satisfies the relation 7 = (2 4+ vpr)/(7pr — 1), where yp =2 — 7y is
the nuclei source spectral index for the Cosmic Ray (CR) propagation model, as defined
in [364]; we then fix r = 3.22, which is consistent with v, = 2.35 of both KRA and
THK models of propagation (cf. Table 4.1).

The € = 1.26 factor in front of Eq. (4.2) accounts for the fact that p production
happens not only in pp collisions, but also in collisions with heavier nuclei, depending on
the chemical composition of the gas and it is fixed as in [271]. The diffusion coefficient
upstream the shock D; is given by

o= (5) ()"




60 CHAPTER 4. FOCUS ON AMS-02 ANTI-PROTONS RESULTS

where, using the same notation as in [271], e is the unit charge, B is the magnetic field,
F ~ (AB/B)? is the ratio of power in turbulent magnetic field over that in the ordered
one, A. is the largest coherence scale of the turbulent component, and 5 is the index
that characterizes the spectrum of B fluctuations. Following Ref. [271] we assume a
Bohm-like diffusion index 8 = 1 and set F = 1/20 and B = 1uG. In this way the
expression for Dy symplifies to

D1 (FE) ~ 3.3 x 20 x 10*2 Egey cm?s™ 1. (4.6)

Note that this diffusion coefficient can be different from the one assumed in propagating
particles through the galaxy, since it refers only to the acceleration region near the
shock. Instead, diffusion in the galaxy affects in the same way both primary protons
and antiprotons, so that the modifications in their spectra cancel out in the ratio. The
flux ratio on Earth is then given by Eqs. (4.2), (4.3) and (4.4). All in all, we have used
all parameters as in [271], except r (which, again, is chosen to be consistent with our
choice of the propagation model).

As for the parameters to vary in our following analysis, we have chosen Ep .y and &:
we checked that they are the parameters having the largest impact on our estimate of
the flux ratio. We have solved the equations above numerically in order to estimate the
ratio (4.2) and we have checked that our results match the ones in [271] for the same
choice of parameters. Note that for the analysis we have not used the expression for
the background illustrated in [271], but rather the one obtained from the DRAGON [207]
numerical code, as illustrated in the next section. Finally, we have neglected energy
losses, which are not relevant for antiprotons, and solar modulation, which has negligible
effect for £ 2 10 GeV, to which we restrict our analysis.

4.3 Secondary antiprotons

As summarized in 3.3, the standard source of antiprotons in cosmic rays is the spal-
lation of primary protons (i.e. protons accelerated in SNR) with nuclei of the interstellar
medium (ISM). In a scenario in which the mechanism outlined in section 4.2 is operative,
the total antiproton flux ratio would be given by the secondary component computed in
this section, plus the primary component given by Eq. (4.2).

In general, the propagation of Cosmic Rays through the galaxy is regulated by the
diffusion equation (see for instance [207])

8N,L 0 p 0 2 0 Nz
-V - (DV =V )N;+ — |p—=V v | N;— —p°Dpp——5 =

ot ( )i dp (p 3 C) T opt T ap P

= Qi(p,1,2) + > vngas(r, 2)0i; Nj — v ngasoi™ (Eg) Ni, (4.7)

j>i

where N;(p,x) is the number density of the i-th nuclear species, p is its momentum (not
to be confused with the symbol for the proton) and v its velocity. D is the diffusion
coefficient in the galaxy in real space, while D), is the diffusion coefficient in momen-
tum space, that describes the diffusive reacceleration of CRs in the turbulent galactic
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magnetic field. The cross sections i and o;; are the total inelastic cross section onto
the ISM gas and the cross section for production of species i by fragmentation of species
j, respectively. Ej is the kinetic energy of the particle under consideration. The ISM
gas density is given by ngas and v is the convection velocity. Finally, Q;(p,r, 2) is the
source function that describes the injection of primary CRs in the galaxy. The diffusion
coefficients are parametrized as

D(p,R,z) = Dy <z>n el#l/z (”)6 (4.8)

0o

and
4 v%p2
30(4—02)(4—0) D

D,, = (4.9)
where (R, z) are the usual cylindrical coordinates, z; is the half-height of the cylindrical
diffusion box, p = pv/(Ze) is the particle rigidity and v4 is the Alfvén velocity.

To compute the secondary antiproton flux, we have assumed a spectrum of primary
protons from SNR of the form @, ~ p~ 7, and then solved the diffusion Eq. (4.7)
numerically using the public avaiable DRAGON code [207].

We consider here two propagation models, namely KRA and THK, defined from the
choice of propagation parameters and injection spectra illustrated in Table IT of Ref.
[364], found by looking for good fits to B/C data and PAMELA proton data. We report
the values in Table 4.1 for convenience. We have not considered other propagation models
here, as we expect different choices will not change dramatically our main conclusions.

To constrain DM models and some SNR parameters, the antiproton ratio data with
energy larger than 10 GeV is applied. Since the relative high energy, solar modulation
and the factors n and v, in the propagation models do not play important role.

Model 2t § | Do(10® cm?s71) n valkms™h) | v [ v
KRA | 4 kpc | 0.50 2.64 —0.39 14.2 235 0
THK | 10 kpc | 0.50 4.75 —0.15 14.1 235 | 0

Table 4.1 — Diffusion parameter values used to propagate the secondary antiproton flux and the DM
originated flux. No solar modulation is included.

4.4 Antiprotons from DM

The production of CR’s by DM annihilation is controlled by three factors: the density
of DM particles in the galaxy, the details of the annihilation process (annihilation channel
and fragmentation functions) and finally propagation to Earth. The DM density profile
of the Milky Way is rather uncertain, and this fact reflects in an uncertainty of O(< 1)
order of magnitude in the resulting flux at Earth [209,365,366]. As a reference DM halo
density profile, we have used the NFW and the Isothermal profiles of Eq. (3.1). The
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propagation of cosmic rays is still controlled by Eq. (4.7), with the source term Q)5 now
given by

2
Qu(ritp) = 5 (2210) S0 ), (410
where (ov) is the DM annihilation cross section and dN;/dE is the number of antiprotons
of a given energy E per DM annihilation. We have computed the antiproton flux at Earth
using DRAGON [364] for various models of annihilating DM, as summarized in Table 4.2
and including electroweak corrections [200]. The models have been chosen so that they
are not excluded by present antiproton data [366]. The diffusion parameters are still the
ones given in Table 4.1.

In calculating the flux we include secondary antiprotons obtained from the scattering
of primary proton with the interstellar gas.

Name | Final state \ Propagation model \ DM mass (TeV) \ ovg (cm?/s) \ Profile ‘

bKN bb KRA 3 7x 1072 | NFW
muKN php~ KRA 4 8 x 1072 | NFW
muKI wpT KRA 4 1 x 10=22 ISO
WKN | WHW- KRA 3 7x107% | NFW
bTN bb THK 3 7x107% | NFW
muTN php~ THK 4 8x 107 | NFW
muTI php~ THK 4 1x1072 ISO
WTN | WTWw— THK 3 7x107% | NFW

Table 4.2 — DM annihilation models considered in this analysis.

4.5 Investigating the degeneracies: fit DM signal using
SNR model

Our aim is to test whether a putative signal in the ratio of p/p eventually observed by
AMS-02 leads to degeneracies in the interpretation of its origin: DM or astrophysics? To
this end, we produce a set of mock AMS-02 data through a set of benchmark DM models
and ask if these data could be interpreted as due to SNR, based on the astrophysical
mechanism described in section 4.2 (and using the same propagation model).

As we mentioned already, we consider as free parameters in the SNR model the
fraction of proton energy carried away by the antiproton £, and the energy cutoff Epax.
In order to investigate possible degeneracies, we have performed the following steps:

e obtain the CR background expected for p/p using DRAGON, as described in section
4.3;

e produce mock data for AMS, as described in the following;
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e create a grid in the plane (Enax,§), in a range of values of 1 TeV < FEpax < 10
TeV and 0.1 < £ < 0.5 [270,271];

e solve Eq. (4.2) numerically in order to get the ratio of p/p from SNR, as described
in section 4.2 on the grid, assuming the same cosmic ray background as the one
used for DM models;

e calculate the x2, summed on each bin for a given mock dataset, between the DM
mock flux and the SNR flux. We have performed this calculation on every point
of the grid to get a function Y?(Emax, €);

e estimate the minimum of the x? for each mock dataset. Then, assuming a Gaussian
distribution, the confidence contours in the plane (Epax, &) are plotted. The area
within the contours will give us a measure of the degeneracy between DM and SNR
interpretation of the mock data.

To create the mock data, we have considered a series of benchmark (fiducial) DM models
and calculate the corresponding mock data for all of them, assuming a propagation
method for Cosmic Rays (KRA or THK) and a DM halo profile. In particular, we have
studied non-relativistic DM annihilating into two standard model (SM) fermions or gauge
bosons with 100% branching ratio, such as xx — bb, xx — ptpu~, and yy — WTW~.
Their cross sections are chosen in such a way that they are consistent with the current
PAMELA antiproton flux [273] and also not excluded by the other indirect detection
observations: the positron fraction from PAMELA [241] and AMS-02 [245], Fermi LAT’s
gammay ray observation of dwarf galaxies [367] and diffuse background [219]. The DM
benchmark models with different final states, annihilation cross section and density
profiles are listed in Tab. 4.2.

To generate the AMS-02 mock data, we have first set the width of the energy bins
based on the detector energy resolution to be [368]

AE/E = (0.042(E/GeV) + 10) %. (4.11)

The mock data have as central value of p/p the one of the benchmark model in the
centre of each bin. Uncertainties around each point have been calculated by summing
up in quadrature systematic and statistical errors for the p/p ratio. The statistical error
is approximately given by [366,369]

— stat stat
A(p/p) -~ ANﬁ _ 1 ] (4'12)
p/p Np VN
We have fixed the relative systematic error to be AN /N5 = 10%. Here Nj is the
expected number of antiproton events per bin and is related to the specification param-
eters of the experiment via the relation Nj = € a; ®;AEAt;. In particular, we have set
the efficiency ¢; = 1, the geometrical acceptance of the instrument a; = 0.2 m? sr and
a reference operation time At; = 1 yr. The flux ®; is the p flux in the centre of the
bin ¢, while AF is the energy resolution for our binning, as found in Eq. (4.11). Mock
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Figure 4.1 — The flux of p/p is plotted as a function of the kinetic energy for different DM models. The
labels in the legend refer to annihilation channel, the DM halo profile, DM mass and annihilation cross
section (in units of cm®/s), respectively. The background from Cosmic Rays is shown in solid black line.
For the first model we also overplot the corresponding mock data. The pink band corresponds to the
region spanned by SNR when £ = 0.17, as in [270] and 1 TeV < Enax < 10 TeV. The propagation model
used is KRA.

data are plotted in Fig. 4.1 for KRA and Fig. 4.2 for THK propagation models. They
extend up to Ei ~ 400 GeV; having a higher energy reach would probably improve the
discrimination between heavy DM and SNR models.

We are now able to quantify the capability of the SNR to reproduce possible an-
tiproton fluxes generated by the DM models (as forecasted for the AMS-02). The SNR
fluxes are calculated on the grid of values (Eax, ). Confidence contours in the plane
(Emax, &) are shown in Fig. 4.3 and Fig. 4.4 for all benchmarks DM models in Tab.
4.2. Different colours represent 1o to 5o contours. We have assumed for simplicity a
Gaussian distribution. Fig. 4.3 shows results for the four DM models in Tab. 4.2 whose
propagation follows the KRA prescription. We see that for all annihilation channels
(b, 1, W) there can be degeneracy between the corresponding DM model and SNR flux.
A point in the grey region indicates that for those choice of &, Finax the SNR flux is
compatible (and therefore degenerate) with mock data based on a DM hypothesis at 5o.
In particular, lower values of Ei,.x allow for a larger degeneracy in all cases investigated
here. The b- and W-channels seem to prefer larger values of £ (with relative minimum
at the edge of the grid) while the p-channel has a minimum x? for lower values of £.
Notice though that the tendency towards lower values of £ disappears when we change
DM profile (Fig. 4.3, panel (c)) or when we change the propagation model, as in (Fig.
4.4, panel (b)). The values of the minimal y? and number of degrees of freedom for all
cases is shown in Tab.(4.3) for all models considered in the analysis.

There is indication that some portion of parameter space might be excluded by
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Figure 4.2 — Same as Fig.4.1 but with THK propagation model. In the lower panel we show PAMELA
data [273] as compared to the same background curve as in Fig.4.1 for KRA and to the upper panel of
this Figure for THK. We keep the same range as in the other panel to facilitate the comparison.
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data on boron to carbon ration, as shown in [370]. However, we cannot make a direct
comparison with the results of this paper because of a different choice of parameters.
In particular our case corresponds indeed to ngqs = 2cm ™3, B = 1uG and v = 0.5 x
10~8cm/ s, which can be compared with Fig.3 of their analysis (upper panel) for Kp =
20. We are however fixing r = 3.22 as explained in our Section (4.2) for consistency with
the background spectrum. The paper [370] uses instead r = 4.

] Name ‘ Minimum x? ‘

bKN 6.1
muKN 6.3
muKI 6.7
WKN 21.0

bTN 5.6
muTN 5.6
muTl 8.6
WTN 8.6

Table 4.3 — x? values for the models considered in this analysis. In all cases the number of degrees of
freedom is N = 30 (data points) - 2 (parameters) = 28.

Finally, we have investigated the degeneracy following the inverse logic with respect
to the analysis done so far; instead of assuming a DM benchmark model and test whether
we can find a combination of (£, Ey,4,) that fit our mock data, we reversed the proce-
dure: we first produced a set of mock AMS-02 data through a benchmark SNR model
and asked if these data could be interpreted as originated from DM models (using the
same propagation model). As expected, also in this case it is possible to find some de-
generacy. In Fig. 4.5 we show an example of such a degeneracy, which, for the chosen
SNR benchmark model and DM annihilation channel, peaks around a very small range
in mass. This is in agreement with the value found in model bKN. The extension of the
degeneracy does not vary much with the annihilation channels.

4.6 Conclusions

Finding indirect signatures of DM is certainly one of the main targets of many current
experimental efforts. Nevertheless, even in the optimistic case in which a signal above
the expected background is found, the most pressing question is whether such a signal
can be ascribed to DM annihilation (or decay) beyond any reasonable doubt. This is a
legitimate question as there are astrophysical sources which can mimic a signal, the best
example being pulsars which can generate a positron excess. In this chapter we have
investigated this degeneracy problem focussing our attention on the antiproton signal.
Indeed, antiprotons may be generated as secondaries accelerated in supernova remnants
and we have shown that a potential signal from DM annihilation can be mimicked by
such an astrophysical source.
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Figure 4.3 — Confidence contours for different DM models with propagation KRA. The names of the

models refer to the ones given in Table 4.2. Colours indicate 1, 2, 3, 5 o contours. The black dot
corresponds to the minimum x? value (relative minimum within the chosen grid).
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Figure 4.4 — Confidence contours for different DM models with propagation THK. The names of the

models refer to the ones given in Tab. 4.2. Colours indicate 1, 2, 3, 5 o contours. The black dot
corresponds to the minimum x? value (relative minimum within the chosen grid).
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Figure 4.5 — Confidence contours in the parameter space ({(cv), M), for the bb annihilation channel and
with KRA propagation model, as obtained fixing F,q. = 2500 GeV and £ = 0.14 in the SNR benchmark
model. The (relative) minimum x? within the grid for this case is 9.1 for 28 degrees of freedom. Colours
indicate 1, 2, 3, 5 o contours.
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Chapter 5

Dark Matter searches at the LHC

5.1 Searches at a hadron collider

The Large Hadron Collider (LHC) is the world’s largest and most powerful particle
accelerator, located at CERN. It consists of a 27-kilometre ring of superconducting
magnets with a number of accelerating structures to boost the energy of the particles.
Four main experiments are located along the tunnel, two of which (ATLAS and CMS) are
general-purpose experiments built in order to find signals of new physics in the analysis
of proton-proton and Pb-Pb collisions. In particular, one of the most important goals of
the LHC is to shed new light on the DM puzzle, possibly with the long-awaited discovery
of WIMP particles.

Protons accelerated by the LHC are currently colliding with a total energy in the
centre of mass (c.o.m.) frame of 13 TeV. At these energies, protons can not be considered
as elementary particles, but reveal their nature of composite states made of quarks and
gluons. In first approximation, hadrons probed at large transferred momentum p’'behave
as if they consist of “partons” of various types i, each with a probability f;(z)dx of having
a momentum between zp and (z + dz)p. This is the so-called “parton model”, first
introduced by Feynman in 1969 [371]. The parton index i runs over all particles present
in the spectrum, and the functions f; (called “parton distribution functions”, or PDF)
depend on z and on the momentum Q2 exchanged in the interaction. Intuitively enough,
gluons and u, d quarks are the ones with the highest PDF. In order of importance, after
gluons and “valence” quarks we find the “sea” quarks, 7.e. quarks and antiquarks that
may be produced by SM interactions inside the proton. At the LHC energy scale, all
other quarks but the top have non negligible PDFs. A plot of PDFs for two values of
the exchanged momentum Q? is shown in Fig. 5.1.

Two important consequences of the parton picture of hadrons must be stressed. The
first is that, when hadrons collide at high energies, a number of sub-interactions take
place among partons. What typically happens is that a pair of partons undergo a hard
scattering, while the remaining ones produce a shower of hadronic particles collimated
along the original axes of the incoming particles (in the c.o.m. frame), forming what
is called the underlying event [373]. The second consequence is that the c.o.m. energy
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Figure 5.1 — Plots of zf;(x) for Q* = 10,10* GeV? for all relevant partons from the MSTW 2008 PFS
set [372].

of the hard process and its momentum are not fixed, but depend on the fraction of the
proton’s energy carried by each of the two partons. This means that the energies of the
particles produced in the hard scattering process (which are the ones one is typically
interested in) do not sum to the initial energy. On the other hand, the transverse (with
respect to the proton’s velocity) component of the momentum carried by each parton
is small and can be neglected'. As a consequence of this, the vectorial sum of the
transverse momenta of the particles produced in the hard process sum up to 0. This
consideration leads us to the definition of the missing transverse energy (denoted as
or MET) which is one of the fundamental quantities for hadron colliders:

> pr

visibles

Er= (5.1)

where the sum is performed over all the particles produced in the hard process which
are detected by means of their charged track or by an energy deposition in a calorimeter
(visible particles). The sum do not include the invisible particles (which would simply
be impossible from an operational point of view). This means that, when for example
neutrinos are produced, the missing transverse energy is different from 0.

We can now start to discuss WIMP searches. At the LHC, a WIMP is not different
from a neutrino, as far as its detection is concerned. Being only weakly interacting with

1. The transverse momentum in boosted frame is equal to the one in the rest frame. This can
be estimated by means of the uncertainty principle: for the proton to be a bound state with radius
Az ~ 1fm, the corresponding momentum is of the order of Ap ~ fi/(2Az) ~ 0.2 GeV. Equivalently, one
can require that the momentum does not exceed the scale Aqcp, in order for the protons to be confined.
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SM particles, once produced WIMPs escape the detector without further scatterings,
leaving as a signature a certain amount of missing energy. On its own, missing energy
is not enough for an event to be registered by the detector, and at least one recoiling
SM particle is necessary. The prototypical DM searches are then the so-called “mono-
X plus MET” searches, which look at events in which a single SM object (a hadronic
jet [374], a photon [375], a EW boson [376,377], a heavy quark [378] or even a Higgs
boson [379,380]) recoils against a large amount of missing transverse energy. A different
kind of signature is the one which involves the production of a “partner” particle, which
may be the particle mediating the interaction of the DM with quarks and/or gluons,
which then decays to DM and SM particle often leaving a rather complex signature.
Extremely important in the context of simplified DM models (that we are going to
discuss in the next chapter) are di-jet searches. A pair of hadronic jets may be produced
in pp — V — qq where the particle V' exchanged in the s-channel is the one that mediates
the DM-quarks interaction, or in a process like pp — G§ — qx qx, where ¢ are t-channel
coloured mediators that can be produced on shell and decay to quarks and DM particles.
the first process typically leads to a resonant di-jet signal, while the second results in a
di-jet + MET event.

Generically speaking, there are two categories of backgrounds for LHC DM searches.
The first is a non-physical background due to a wrong determination of F (because
of uncertainties in the measurements, particles falling into non equipped areas of the
detectors, etc.). This is called a reducible background, because its effect can be softened
by, for example, a better knowledge of the detector’s properties. There are then physical
backgrounds, due to the production of neutrinos. This can be both reducible (as in the
case of the process W — fv, where ¢ is a charged lepton that can be used in order
identify the process and distinguish it from a WIMP production event) or irreducible
(as Z — vv). Background estimation is a very important task, and requires a precise
knowledge of the underlying SM processes and of the detector performance. We will
shortly describe the estimation of the backgrounds in the example of mono-jet searches
that discussed in section 5.2.

To conclude this section, let us add that the best search strategy to constrain DM
properties is not uniquely determined, but it depends on the properties of the model
which is under examination. Let us take two extreme examples, to which we will return
in chapter 5.3. In the case in which DM is considered as a component of a more general
theory, like various realizations of Supersymmetry, extremely refined analyses can be
performed which exploit complex decay chains and ad hoc kinematic variables in order
to reduce the background contamination to the minimum. On the other hand, when
the point of view of being as model independent as possible is assumed and the DM-SM
interaction is parametrized by simple effective operators, only a few search strategies
remain possible, and the mono-X plus MET searches (especially mono-jet) give the best
results. The experimental status of DM searches at the LHC after Run I is summarized
in [381].
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5.2 Mono-jet searches

As an example of how DM searches are performed at the LHC, we will here describe
in some details a recent mono-jet analysis by the ATLAS collaboration [374], performed
with 32fb~! of data at /s = 13TeV. The ATLAS detector system consists of a in-
ner tracking detector immersed in a 2 T magnetic field, which reconstructs the curved
track left by a charged particle that traverses it. Externally to the tracker there are
an electromagnetic and a hadronic calorimeters, which measure the energy of e and
~ the first, and hadronic particles the second. Finally, the most external layer consists
of muon chambers, again immersed in a large magnetic field, which reveal the track of
muons produced in the interaction point (and serve as a veto for cosmic ray muons). A
similar description also applies to CMS. As for the signature of SM particles, photons are
detected by their energy deposition in the electronic calorimeter. The same happens for
e®, which being charged also leave a track in the inner tracker. Muons are also charged
particles, but being massive are not absorbed by the electromagnetic calorimeter and
escape the detector, leaving a trace in the inner tracker and in the muon chambers. Taus
decay promptly, mostly in hadronic final states. The typical signature of a tau lepton is
a slightly displaced well collimated jet, with low track multiplicity and a sizeable energy
deposition in the electromagnetic calorimeter due to photons from 7° decays. Light
quarks (u,d, s, c) and gluons, being coloured, can not exist as asymptotic states. When
they are produced they fragment into a shower of other coloured states, which then
immediately hadronize forming colourless particles that in turn are detected in the form
of jets. Jets include neutral and charged particles, both hadrons and leptons, and each
component is seen with the suitable detector. In order for a particle to be associated
with a jet, complex algorithms are used based on the definition of proper “distances”
between their energy depositions, such as the anti-k; one [382]. Heavy quarks are par-
ticular with respect to lighter ones. Bottom quarks form long-lived B mesons, which
decay at a distance of a few millimetres from the interaction point, leaving displaced
vertex tracks. This provides a tool to discriminate jets originated by b quarks (the so
called “b-tagging procedure”).? Top quarks decay into b quarks and W, and their typi-
cal signature is therefore a b-tagged jet with leptons and missing energy from the decay
W — {v. Finally, neutrinos do not interact with the detector, and leave large amounts
of missing energy, just as DM particles are supposed to do.

The correct choice of coordinates to describe outgoing particles in the detector is
(¢,m, pr). The azimuthal angle ¢ is defined around the beam pipe, and it only relevant
when differences A¢ are measured between tracks (the absolute value is irrelevant). The
pseudo-rapidity 7 is defined in terms of the polar angle with respect to the beam pipe

2. Two are the characteristics of b-hadrons that are exploited in the so-called “b-tagging” algorithm:
they they are long lived, with a mean life of ~ 1.6 ps, and that they are massive (mpg+ ~ 5.28 GeV).
The first property allows them to travel a significant distance before decaying: for example, a b-quark
with pr = 50GeV/c will fly on average almost half a centimeter. The mass affects the opening angle
between the daughter particles: since it is large, the tracks associated with the charged decay products
have a sizeable impact parameters with respect to the interaction point. Top quarks decay 100% into
bW ™, and are therefore identified as a b-tagged jet plus lepton traces.
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as n = —In[tan(#/2)]. Its importance relies on the fact that it is a good approximation
of the rapidity of a particle y = In[(E + p,)/(E — p,)]/2, a quantity which is addictive
under boosts along the axes direction z.

The first point to be addressed in a search is the simulation with Monte Carlo (MC)
tools of the signal and of the background. The model considered in [374] is a simplified
model in which a Dirac DM particle interacts with quarks via the exchange of a vector
mediator, with axial couplings to both the DM and quarks. The resonance is assumed
to have a Breit-Wigner shape, with the width fixed to its minimal value given by tree-
level decays of the mediator into quarks and the DM. Coupling constants are fixed to
gy = 1 and g, = 0.25, while the DM and the mediator mass are varied in the ranges
1GeV — 1TeV and 10GeV — 2TeV respectively. A detailed simulation of the signal
requires NLO precision, as discussed in [383].

The main background for the yx +jet signal comes predominantly from the processes
Z(— vv)+jets, and W + jets (mostly W(— 7v) + jets). Smaller contributions are given
by Z/v*(— £T07) + jets, multi-jet, ¢, single-top and diboson processes. These processes
are simulated with MC tools, and their normalization is fixed by a fit with data.

Events are selected according to their MET, the nature of particles present and
according the kinematic of these particles, in order to maximize the signal/background
ratio. The criteria applied in [374] are:

e A primary vertex have to be reconstructed with at least two associated tracks with
pr > 0.4 GeV.

e The missing transverse energy is required to be Fp > 250GeV. Events with
large MET are less likely to be originated by mismeasurement of the jet energy.
More over, a separation of A¢ > 0.4 is required between the direction of the
missing momentum ,ﬁT and the jet direction, in order to further reduce the multi-
jet background in which one of the jets is badly measured.

e The leading jet (i.e. the one with the highest pr) must have pp > 250 GeV and
In| < 2.4 (corresponding to 6 2 10°. Additional jets are allowed, up to a maximum
of 4 jets with pr > 30 GeV and |n| < 2.8. The requirement on 7 is necessary due to
the poorer resolution in the very forward region, part of which can not be equipped
because of the presence of the beam pipe.

e Additional constraints are imposed on the jets (tighter on the leading one) in
order to reject all events in which a jet is not genuinely generated in proton-proton
collisions but as a consequence of spurious effects in the detector, following [384,
385].

e Events in which muons with pyr > 10GeV or electrons with pp > 20GeV are
vetoed.

Since the efficiency of the search will depend in general on the pt of the leading jet,
events are grouped into “signal regions” according to that value. Signal and background
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estimation are done separately for each signal region. Both “inclusive” and “exclusive”
signal regions are defined:

Inclusive signal region IM1 M2 M3 IM4 IM5 IM6 M7
Fr (GeV) > 250 > 300 > 350 > 400 > 500 > 600 > 700
Exclusive signal region  EM1 EM2 EM3 EM4 EM5 EM6

Fr (GeV) 250-300 300-350 350-400 400-500 500-600 600-700

A large number of effects induce systematic uncertainties both in the background
and in the signal estimations, including uncertainties in the energy scale of jets and
F o, variation of the renormalization, factorization and parton-shower matching scales,
uncertainties induced by the background normalization fixing with respect to data, un-
certainties in the top production cross sections, and uncertainty in the total luminosity.
The total uncertainty in the background prediction goes up to O(10%), depending on the
signal region considered. The uncertainty in the signal and in the acceptance are some-
what larger: those related to the jet and J1 scale and resolution vary between 1 — 3%;
modelling of initial and final state radiation introduce a 20% uncertainty in the accep-
tance; the choice of different PDF sets results in a 20% uncertainty in the acceptance
and 10% in the cross section; the choice of the normalization and factorization scales
introduce another 3% uncertainty in the acceptance and 5% in the cross section; finally,
a 5% uncertainty is due to the measure of the integrated luminosity. When summed up
in quadrature, the total uncertainty in the signal estimation is ~ 37%.

The good agreement found in data with SM predictions is translated into limits on
the number of WIMP production events and, in turn, on the visible cross section for
the process pp — Xx + jets, defined as the product of the actual cross section times the
acceptance times the efficiency o x A x € (Tab. 5.1). For WIMP pair production, the
product A X e ranges from 25% for IM1 to 2% for IM7.

Signal channel ()% [fb] S% S95

obs obs exp
M1 553 1773 18647523
M2 308 988 11787571
IM3 196 630 694130
M4 153 491  4011:%%
M5 61 196 16475
M6 23 75 84132
M7 19 61 48115

Table 5.1 — Observed and expected 95% CL upper limits on the number of signal events, S, and
ngp, and on the visible cross section, defined as the product of cross section, acceptance and efficiency,

(0)25., for the IM1-IM7 selections.
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Figure 5.2 (left) shows the observed and expected 95% CL exclusion limits in the m,—
m parameter plane, with +1¢ theoretical uncertainties in the signal cross sections. For
low m, the WIMP production cross section is resonantly enhanced, and mediator masses
up to 1 TeV are excluded. For heavier DM the decay into a pair of WIMPs is kinemati-
cally suppressed, and the analysis loses its sensitivity. Perturbative unitarity is violated
in the parameter region defined by m, > /7/2 ma [386]. The masses corresponding
to the correct relic density as measured by the Planck and WMAP satellites [387, 388],
in the absence of any interaction other than the one considered, are indicated in the
figure as a line that crosses the excluded region at m4 ~ 880 GeV and m, ~ 270 GeV.
The region towards lower WIMP masses or higher mediator masses corresponds to dark
matter overproduction.

In Fig. 5.2 (right) the results are translated into 90% CL exclusion limits on the
spin-dependent WIMP—proton scattering cross section as a function of the WIMP mass,
following the prescriptions explained in Refs. [389,390]. Results from direct-detection
experiments XENON100 [391], LUX [392], and PICO [393,394] are also shown for com-
parison. For WIMP masses up to 300 GeV, limits on the scattering cross section of the
order of 107%2 cm? can be inferred, roughly 3 orders of magnitude stronger than direct
detection one, and extend to lower DM mass (below 10 GeV). The loss of sensitivity in
models where WIMPs are produced off-shell is expressed by the turn of the exclusion
line, reaching back to low WIMP masses and intercepting the exclusion lines from the
direct-detection experiments at around m, = 80 GeV.

5.3 Theoretical tools

In order to interpret the cross section limits obtained from the LHC J'1 searches, and
to relate these bounds to the constraints that derive from direct and indirect detection,
one needs a model of DM. There are a large number of qualitatively different possible
models, that populate in principle the full “theory space” of the theories beyond the SM
which include a particle that is a viable WIMP DM candidate. In the perspective of DM
searches, the latter may be organized in three different classes, in order of increasing
complication (and completeness):

1. The simplest class consists of theories where the DM is the only accessible state to
our experiments. In such a case, the DM-SM interaction mediated by inaccessible
particles is described in a universal way by a set of effective operators with mass
dimension > 4. To obtain a Lagrangian term with the right dimensionality, a
mass scale A must be introduced, and in this minimal approach this is the only
new parameter apart from the DM mass. The EFT approach has proven to be
very useful in the analysis of LHC Run I data [395-410] despite of its intrinsic
limitations: in fact, effective theories are a valid description only when the relevant
energy scale of the experiment is lower than the cut-off scale A. This poses a
serious threat to the usage of EFT for DM searches at the LHC, as was shown
in [1-3,397,399,401,404,405,407,409,411-413]: chapter 6 will be devoted to discuss
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Figure 5.2 — Left: 95% CL exclusion contours in the m,—ma plane, from [374]. The solid (dashed)
curve shows the median of the observed (expected) limit, while the bands indicate the +1o theory
uncertainties in the observed limit and +1o0 range of the expected limit in the absence of a signal. The
red curve corresponds to the expected relic density. The region excluded due to perturbativity, defined
by my > +/7/2 ma, is indicated by the hatched area. Right: A comparison of the inferred limits
to the constraints from direct detection experiments on the spin-dependent WIMP—proton scattering
cross section in the context of the Z’-like simplified model with axial-vector couplings. Unlike in the
my—m4 parameter plane, the limits are shown at 90% CL. The results from this analysis, excluding the
region to the left of the contour, are compared with limits from the XENON100 [391], LUX [392], and
PICO [393,394] experiments. The comparison is model-dependent and solely valid in the context of this
model, assuming minimal mediator width and the coupling values g, = 1/4 and g, = 1.
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this issue and the possible ways out.

2. A step beyond EFT is the class of DM simplified models. The idea of simplified
models was firstly adopted in the context of Supersymmetry searches, as a way
to grasp the most relevant features of different SUSY models which have similar
signatures at colliders [414-416]. Such models are characterized by the most im-
portant state mediating the interaction of the DM particle with the SM, as well
as the DM particle itself (see for example [403,409,417-420] for early proposals).
Including the effect of the mediator’s propagator allows to avoid the energy lim-
itation of the EFT, and the simplified models are able to describe correctly the
full kinematics of DM production at the LHC, at the price of an increased number
of parameters. The effective scale A is traded in for the mass of the mediator
and a handful of coupling constants, which poses important questions about the
best way to constrain the parameter space and to present results. An additional
advantage of simplified models over the EFT approach is that they allow to ex-
ploit the complementarity between different LHC searches, such as searches for
narrow resonances in the di-jet channel or di-jet + MET searches. The approach
of simplified models will be described in greater detail in chapter 7.

3. On the other end of the spectrum, there are full BSM theories which include a
DM candidate, the prototypical example being the Minimal Supersymmetric SM
(MSSM). It is quite reductive to refer to those models as “DM models”. Theories
of this class have been built over the last decades inspired by the Naturalness prob-
lem of the SM (or the strong CP problem in the case of axion DM), and they may
account for all phenomena up to a very high energy scale, typically much higher
than what is or may be testable at present or future colliders. Reasonable phe-
nomenological models of this kind have a large number of new parameters, leading
to varied visions of DM, and it is typically hard to constrain the properties of
DM itself without making any further assumption. On the other hand, symmetry-
enforcing relations among couplings in this class of models result in important
correlations between otherwise unrelated observables, which may have important
phenomenological consequences.

From the point of view of LHC searches, the enlarged physical spectrum and param-
eter space of full new physics theories with respect to simplified models, and of the latter
with respect to the EFT, lead to a greater variety of possible search channels. While
within the EFT approach the mono-X searches give the best sensitivity, simplified mod-
els of DM can be constrained also with multi-jet + MET searches, with di-jet resonance
searches and possibly others, depending on the degree of sophistication of the model.
The possibilities are even richer with full theories. In SUSY searches, for example, cas-
cade decays to the LSP with the production of SM particles lead to a huge variety of
experimental signatures (see [421] for a review of the status of SUSY searches after Run
I). Of course, the large number of parameters requires an even larger number of searches
to be constrained and to avoid degeneracies [422].
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To summarize, on the good side the additional degrees of freedom in going from the
EFT to simplified DM models and to full theories allow to put limits on the DM proper-
ties by exploiting new search channels and the complementarity with other experimental
searches; on the bad side, it involves more model dependence and requires care in the
choice of the parameters and in the presentation of results.

All the three scenarios described above are interesting and must be considered as
potential sources of new understanding on DM physics. It is extremely important that,
in the future, all these tools keep being used in order to exploit the full LHC potential
as a DM discovery machine.

In the following chapters, firstly we are going to discuss the EFT approach and
the issues about its validity, then we will turn to a detailed description of simplified
models, and finally we are going to highlight the role of the relic density as a tool to get
information on the parameter space of simplified models.



Chapter 6

The EFT approach and its
validity

6.1 Introduction

Given the plethora of particle physics model beyond the SM providing a WIMP
candidate, it is highly desirable to study the signatures of this DM candidate in a model-
independent way. In this and the following chapters, we are going to analyse the two
main tools for such a model independent study, namely effective operators and simplified
models.

Our starting point is the EFT approach where the interactions between the DM parti-
cle and the SM sector are parametrized by a definite set of effective (non-renormalizable)
operators, generated after integrating out heavy mediators [395-410]. This approach is
a very powerful and economical way to grasp the main features of a physical process,
only in terms of the degrees of freedom which are excited at the scale of the process.
EFT techniques are successfully applied in many branches of physics, and in particular
they have become a standard way to present experimental results for DM searches.

As far as DM searches are concerned, if we consider a single effective operator and we
extrapolate the EFT to high energies, the parameter space is reduced to a single energy
scale, A (sometimes called M, in the literature), in addition to the DM mass, and the
potential number of WIMP models is reduced down to a relatively small basis set. Since
direct and indirect detection of WIMPs, as well as WIMP production at the LHC, all
require an interaction of the WIMPs with the SM particles, and such an interaction may
be generated by the same operator, the EFT approach has the additional advantage of
facilitating the analysis of the correlations between the various kinds of experiments.

The EFT description is only justified whenever there is a clear separation between
the energy scale of the process to describe and the scale of the underlying microscopic
interactions. In other contexts of DM searches, the energy scales involved are such
that the EFT expansion is completely justified. For instance, for indirect DM searches
the annihilations of non-relativistic DM particles in the galaxy occurs with momentum
transfers of the order of the DM mass mpy; in direct searches, the momentum transfers
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involved in the scattering of DM particles with heavy nuclei are of the order of tens of
keV. In all these cases, it is possible to carry out an effective description in terms of
operators with an Ultra-Violet (UV) cutoff larger than the typical momentum transfer !,
and reliable limits on the operator scale can be derived (see e.g. Refs. [423,424]).

However, when collider searches are concerned, with the LHC being such a powerful
machine, it is not guaranteed that the events used to constrain an effective interaction are
not occurring at an energy scale larger than the cutoff scale of the effective description.
In other words, some (or many) events of DM production may occur with such a high
momentum transfer that the EFT is not a good description anymore [1-3,397,399,401,
404,405,407,409,411-413].

A possible way of using the EFT approach in a consistent way by considering only
the fraction of events in which the typical momentum exchange is lower than the cutoff
scale is described in section 6.7 [2,412,413]. Here we will discuss in particular the
technique introduced in [2], which is currently adopted by both the ATLAS and CMS
collaborations in the presentation of their EFT results.

The rest of the present chapter is organized as follows. In section 6.2 we discuss the
use and the limitations of the EFT approach on a qualitative basis. Section 6.3 presents
an estimate of the average momentum exchange in proton collisions at the LHC. In
section 6.4 we show how a simple effective operator compares a possible UV extension.
In Section 6.5 we present and discuss the results of our analytical approach to assess the
validity of EFT. In Section 6.6, the fully numerical approach is described and the results
are compared with the analytical calculations. In Section 6.7 we analyze the impact of
the limitation of the validity of the EFT for the limits from the LHC searches, and we
introduce the rescaling procedure for the limits on the effective scale. Finally, we draw
our conclusions in Section 6.8. The details of the analytical results can be found in the
Appendix A.

6.2 General considerations

An EFT is a powerful and economical way to describe physical processes occurring
at a given energy scale in terms of a tower of interactions, involving only the degrees
of freedom present at such scale. These interactions are generically non-renormalizable
and with mass dimensions A¥, for some k > 1. For example, if one imagines that the UV
theory contains a heavy particle of mass M, the low-energy effective theory at energies
less than A ~ M only contains the degrees of freedom lighter than A. The effects of the
heavy field in the processes at low momentum transfer Qt, < A are encoded by a series
of interactions, scaling as (Q¢;/A)* and whose coefficients are matched to reproduce the
UV theory at Qi = A. Therefore, the scale A sets the maximum energy at which the

1. Strictly speaking, the EFT approach is reliable in direct and indirect detection if m, is much
smaller than the effective scale of the interaction, which in the simplest cases coincides with the scale at
which the particle mediating the interaction goes on shell. This happens at my ~ Mmed/2 for s-channel
DM annihilation, or for m, ~ Mmeq in a x-quark scattering process where the mediator is exchanged in
the t-channel.
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operator expansion in the EFT can be trusted. So generally speaking, the condition for
the validity of an EFT is that the momentum transfer Q¢, in the relevant process one
wants to describe must be less than the energy scale A.

In order to assess to what extent the effective description is valid, one has to compare
the momentum transfer @y, of the process of interest (e.g. pp — xx+jet/v) to the energy
scale A and impose that

Of course, there is some degree of arbitrariness in this choice, as one does not expect
a sharp transition between a valid and an invalid EFT, but more precisely that the
observables computed within the EFT are a less and less accurate approximation of the
ones of the unknown UV theory as the cutoff scale A is approached. A more precise
information on what A is can only come from knowing the details of the UV theory, the
mass spectrum and the strength of the interactions.

The lower limits on A, extracted from interpreting the experimental data in terms of
effective operators, should be considered together with the condition (6.1) on the validity
itself of the effective approach. This means that one has to make sure that the lower
limits on A obtained by the experiments satisfy to some extent the condition (6.1).

In order to clarify this point better, let us consider the simple example of a fermionic
DM, whose interactions with quarks are mediated by a heavy scalar particle S through
the Lagrangian

1 _ _
Liv D 5 M?S* = g4qg8 — gy xXxS (6.2)
At energies much smaller than M the heavy mediator S can be integrated out, resulting

in a tower of non-renormalizable operators for the fermionic DM interactions with quarks.
The lowest-dimensional operator has dimension six

1, _
Os = 15 (xx)(a4) (6.3)
and the matching condition implies
1 9xY9q
AT e (64)

The Feynman diagrams for the processes under consideration are depicted in Fig. 6.1
and Fig. 6.2. The procedure of integrating out the heavy mediator and retaining the
operator of lowest dimension can be viewed in terms of the expansion of the heavy
particle propagator

1 1 Q Qi
e e (1+MtQ+O<Mt4>>, (6.5)

where only the leading term 1/M? is kept. The higher-order terms in the expansion
correspond to higher-dimensional operators. It is obvious that retaining only the lowest-
dimensional operator is a good approximation as long as Q2 < M? ~ A?. Thus, the
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Figure 6.1 — The Feynman diagrams for DM pair production with ISR of a photon or jet, for a simplified
model with mediator exchange (top panel) and its effective operator (bottom panel).

parameter Q/M characterizes the goodness of the truncation of the tower of effective
operators to the lowest dimensional ones.

For the couplings to stay in the perturbative regime, one needs g4, g, < 4m. Also,
we need a mediator heavier than the DM particle, that is M > m,. So, Eq. (6.4) gives
[398] .

X
AZ
which depends linearly on the DM mass. This is a very minimal requirement on A and
it is what, for instance, ATLAS uses in Ref. [425]. On top of this condition, the validity
of the truncation to the lowest order in the expansion (6.5) requires that Qi < M, i.e.

Qtr < \/dq A < 4mA, so that

(6.6)

Qtr Qtr

>

NG, A7’

which depends on m, through Qy, and refines the condition (6.1). However, the details
of this condition depend case by case on the values of g4, g, and therefore on the details
of the UV completion.

As an example of what the condition in Eq. (6.1) means, let us consider the hard
scattering process of the production of two DM particles at the parton-level ¢(p;) +
d(p2) — x1(p3) + x2(p4). Since the two x’s are produced on-shell, the energy injected
into the diagram needs to be Qi > 2m,, so A 2 Qi implies A 2 2m,,, which would be
much stronger than Eq. (6.6). However, the relevant process used for extracting lower
limits on A at the LHC is when a single jet or photon is emitted from the initial state
quark and this is the process we will consider in the next sections. We will proceed in
two different ways. In section 6.3 we will provide an estimate of the typical momentum
transfer involved in the DM production associated to mono-jet or mono-photon, as a
function of the transverse momentum and rapidity of the mono-jet or mono-photon.

A> (6.7)
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and therefore can be ignored in our calculations.

S|
S]]

This calculation, even though not rigorous, will serve to provide an idea of the minimum
value of A compatible with the EFT approach. Subsequently, in sections 6.4 and 6.5, we
will asses the validity of the EFT more precisely by studying the effect of the condition
Qtr < A on the cross sections for the production of DM plus mono-jet/photon, and by
comparing the cross section in the EFT and in the UV theory where the mediator has
not been integrated out.

6.2.1 Operators and cross sections

The starting point of our analysis is the list of the 18 operators reported in Tab. 6.1
which are commonly used in the literature [395]. We have considered not only the
operators connecting the DM fermion to quarks (D1-D10), but also those involving
gluon field strengths (D11-D14). Furthermore, the operators can originate from heavy
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mediators exchange in the s-channel. For instance, the D1’ (D5) operators may be
originated by the tree-level s-channel exchange of a very heavy scalar (vector) boson S
(V) with lagrangians

1 _ _

1 D §M252 — 94995 — g XX, (6.8)
1 _ _

s D §M2V“Vu — 990" 4V — 9 XV'X V- (6.9)

Notice the presence of the “primed” operators D1'-D4’, very similar to the ones often
considered D1-D4, respectively, but with a different normalization, independent of the
quark masses. In fact, they may arise from integrating out heavy scalars which do not
take a vacuum expectation value and therefore do not give rise to quark masses .

We also consider the following effective operator describing the interactions between

Dirac dark matter x and left-handed quarks ¢

DT1= 5 (XPra) (aPrx) (6.11)
Only the coupling between dark matter and the first generation of quarks is considered.
Including couplings to the other generations of quarks requires fixing the relationships
between the couplings and mediator masses for each generation, making such an analysis
less general. In principle the dark matter can also couple to the right-handed quark
singlet, switching Pr and Pp in the above operator. The inclusion of both of these
operators does not modify our results, even if the two terms have different coupling
strengths.

The operator in Eq. (6.11) can be viewed as the low-energy limit of a simplified
model describing a quark doublet ()7, coupling to DM, via t-channel exchange of a scalar
mediator Sg,

Lint = ngLsg? + h.c. (6.12)

and integrating out the mediator itself. Since we consider only coupling to the first
generation of quarks, Q1 = (ur,dr). This model is popular as an example of a simple
DM model with ¢-channel couplings, which exist also in well-motivated models such as
supersymmetry where the mediator particle is identified as a squark, and the DM is a
Majorana particle. In [428] a version of this model with Majorana DM in place of Dirac

2. A normalization proportional to the quark mass is common in many models motivated by flavour
physics, but in general the coefficient A® at the denominator can have a different form. For example, if
the effective operators come from a Naturalness-motivated new physics theory like Supersymmetry or
Composite Higgs Models, assuming a U(2)* flavour symmetry [426,427] the normalization would be

(6.10)

where A is an energy scale of the order some TeV related to the Electroweak Symmetry Breaking and
Meb, At,p are the mass and the Yukawa coupling with the Higgs of the top/bottom quark, depending on
whether the quark ¢ is up-like or down-like. In the present work, we will be agnostic about this point,
and we’ll keep both the primed and unprimed operators into account on the same footing as all others.
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’ Name H Operator ‘ Coefficient ‘
D1 XX 44 mgy /A

D1’ XX 4q 1/A%
D2 X x aq img/A®
D2’ XX aq S
D3 X @7°q imq/A3
D3’ X g S
D4 XV x g mg/A?
D4’ X x g 1/A%
D5 XX TV'q 1/A?
D6 XX ' 1/A%
D7 XX 'Y q 1/A%
D8 || X1 x 7*7q 1/A*
D9 XOuwX G0t q l/A2
D10 )Zam,’y‘r’x qotq i/A?
D11 X G"' G as/4A3
D12 XX GG ias /4A3
D13 xx G*G ., icg/4A3
D14 X7°x G’“’é’w as/4A3
DT1 || (xPrg) (GPrx) | 1/A?

Table 6.1 — Operators used throughout this work. The nomenclature is mostly taken from [398].

DM is used to test the prospects of Z-bosons as a potential search channel. This has
been followed up by a dedicated ATLAS search in this channel [429]. Refs. [430-435]
have also constrained this model, using both the standard monojet search channel as well
as searching for multiple jets arising from direct mediator production. Refs. [431,435]
found that collider constraints on this model were competitive if not stronger than direct
detection constraints across most of the parameter space.

The t-channel operator in Eq. (6.11) can be expressed as a sum of s-channel operators
using Fierz transformations. For arbitrary Dirac spinors such as qi, ¢2, X1, X2, and
adopting in part the notation of [436], the Fierz transformation can be expressed as

(1 Xx2) (X1Yq2) = %Z ((leFBqu) (x1I'ex2), (6.13)
B

where X, Y are some combination of Dirac-matrices, and I'P = {1,475, v, y5yH, oH'}
and I'p = {1, —iv5, Y, =757, %UW} form a basis spanning 4x4 matrices over the com-
plex number field [436]. Due to the chiral coupling between the quarks and DM, most
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of the terms in the sum cancel, and we are left with

1 _
0 = p(xPLq) (¢PrX)

= o (0" (@) (D)

+ gz X)) (@) (D6)
- STIXZ(XWX) (@yuys9) (D7)
- 8719(927“75@ (@vuv59) (D8)
= ﬁ(XVMPRX) (@yuPrLa)- (6.14)

This is equivalent to a rescaled sum of the D5, D6, D7 and D8 operators [398]. Thus,
it is interesting to see whether the EFT limit of the ¢t-channel model under investigation
has similar phenomenology to these s-channel operators.

6.2.2 Analytic cross sections

We have computed the tree-level differential cross sections in the transverse momen-
tum pr and rapidity n of the final jet for the hard scattering process with gluon radiation
from the initial state f(p1) + f(p2) — x(p3) + x(p4) + g(k), where f is either a quark
(for operators D1-D10), or a gluon (for operators D11-D14). For the D1-D14 operators,
the results are conveniently written in terms of the momentum transfer in the s-channel

Q% = (p1 +p2 — k)? = 21295 — /5pr (167" + x2e™) | (6.15)

where x1,zo are the fractions of momentum carried by initial partons and 7, pr are the
pseudo-rapidity and the transverse momentum of the final state gluon, respectively. The
expressions are of course valid for all admitted values of the parameters. It’s only when
integrated numerically over the PDFs and over 7, pr that the dependence on these values
comes in.

For the effective operator DT1, viewed as the low energy limit of the simplified model
of Eq. (6.12) in which the mediator is exchanged in the ¢-channel, the definition of the
momentum transfer Qy, is different for each of the diagrams in Fig. 6.2. In the case of
gluon emission, the definition of @, is given by

Qigt =1 —k—p3)°, Qg = (1 —p3)°, (6.16)

in the first and second diagram of Fig. 6.2, respectively.
For the s-channel operators we obtain

3/2 Q4
dz& . (& ii [Q%r - 4mi} [1 + (xMths)?}

(6.17)
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d26 Qg 2 1/2 Q%
= r 1+ —=1, 6.18
dprdn|,,, 367 pr A4 R [Q“ X} T ) (6.18)
1/2 2
2 2 2 2 QL P
d26' B as 11 |:Qtr - 4mxj| [Qtr + 2mx:| |:1 + (:E193t25) - 2x1525:| (6 19)
dprdn|,, 2772 pr A Qur B
3/2 2
2 2 QL P
d25' - Qg ii {Qtr - 4mx] |:1 + (l‘lxtzs) o 2I1§28:| (6 20)
dprdn | 277 pr At Qur ’ ‘
/ 2 2 QL 2 (1 1
d25' . 2004 ii Qtr - 4m§< {Qtr + 2mX} [1 + (x1xt23)2 + 4pT (Qigr - zleS)}
dprdn |, 277 pr A* Qtr ’
(6.21)
&6 _30) () (Qa-4md)*P[ Qh-ph |, 8QL+21p
dprdn|,,, 256m2A6 (Q2, — 11295)2 prQir T1T28 (r1228)2
_2Q2 5Qtr + 4QtrpT + 5pé[‘ 4 4 8Qtr + SQtrpT + 5p%" —4 8 Qgr + pQT
(r1798)3 tr (T1728)* " (x1298)5
12
tr
_ 6.22
+ @1@8)6] , (6.22)
A 2 2
d%s _ 3a2 (11295)3 Quy/Qfr — 4m3, 1 4Q%r -4 n 8Q¢, + 21pt.
dprdn . 256m2A6 (Q2, — 11295)2 pT T1%28 (z1728)?
_2Q2 5Qtr + 4QtrpT + 5]9%‘ + 4 8Qtr + 8QtrpT + 5p%‘ —4 8 Q%r + p2T
(x1228)3 tr (x1228)% T (11295)5
12
tr
6.2
+ (r1728)0 (6.23)
d*s _ 30‘2 (£U1$28)3 (Q —4m3 )3/2 1-4 Q%r 8C?tr + 8QtrpT + 5p4T
dprdn |, , 256m2A6 (Q2, — 11295)2 p1Qir SL’1.I28 (r1225)2
_2Q2 5Qtr + 6QtrpT 3pé[‘ + 4 8Qtr + 8QtrpT + 5p%‘ —4 8 Q%r + pzT
(r1798)3 tr (T1728)* T (z1295)5
12
tr
—_— 6.24
. (WS)G] , (6.2
R 2
s _ 30} (mmps)® Quy@uodmy [ QR 8Qh +8Qhp + 5k
dprdn|,,, 256m2AS (QF, — z1225)* pr niwss (z1728)?

_2Q2 5Qtr + 6QtrpT B 3pT + 4 8Qtr + SQtrpT + 5p%‘ —4 8 Q%r +p2T
(x1228)3 tr (x1228)% tr (x1228)°
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12
tr
($1$28)6] '

The reader can find the details of the derivation of Egs. (6.17)-(6.25) in Appendix
A. As for the other operators, we get

4?6 &% d*6 _ d% s |  d% 26)
dprdn|,,  dprdn|,, dprdn|,,  dprdn|,, dprdn | ¢ ded;ﬁ D8
2 A 24 2 A 2 A
d°o _ d“e d<o _ d°o (6.27)

dprdn|,.  dprdn|,, dprdn|,,  dprdn|,

in the limit of massless light quarks. The operators D1-D4 are simply related to D1'-D4/
by a straightforward rescaling

= (7 * de

A/ dprdny

We checked that the differences between the cross sections for D1’-D4’ computed for
mg # 0 and those reported above assuming m, = 0 are at the per-mille level, so the
approximation my = 0 which we used in all our analytical calculations is justified. The
cross sections for the UV completions of dim-6 operators, with s-channel exchange of a
mediator of mass Myeq, are simply obtained by the replacement 1/A* — gggf< /1Q3, —
Mr2ned]2'

In order to get the cross sections initiated by the colliding protons one needs to
average over the PDFs. For example, for processes with initial state quarks

d%s

dprdn

(6.28)

D1,D2,D3,D4 D1/,D2',D3/,D4’'

d36

dprdn |, '

d?o

dprdn

(6.29)

=Y [ dnrdaaly o) fotea) + fy(aa)folon)

Di

We have performed the analytical calculation only for the emission of an initial state
gluon (identified with the final jet observed experimentally). The extension to include
also the smaller contribution coming from initial radiation of quarks (qg — xx + ¢q) is
done numerically in Section 6.6. We have used the MSTW PDFs from Refs. [437,438],
and checked that the our results are not sensitive to the choice of leading or next-to-
leading-order MSTW PDFs.

6.3 An estimate of the momentum transfer

To assess the validity of the EFT, we first adopt a procedure which, albeit not
rigorous, gives an idea of the error one might make in adopting the EFT. The advantage
of this procedure is that it is model-independent in the sense that it does not depend on
the particular UV completion of the EFT theory. A simple inspection of the expansion
(6.5) tells us that the EFT is trustable only if Q2 < M? and we take for the typical

(6.25)
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Figure 6.3 — The momentum transfer in the s-channel in Eq. (6.15), weighted with PDFs, as a function
of my, for different choices of pr,n of the radiated jet. We considered /s = 8 TeV.

value of @y, the square root of the averaged squared momentum transfer in the s-channel,
where the average is computed properly weighting with PDFs [437]

Q%) = > [ dwides [fo(21) fa(2) + fo(w2) f3(21)] 0(Qu — 2my ) QF,
" g S dzidzs [fo(z1) fa(22) + fo(22) fa(21)] 0(Qur — 2my)

(6.30)

The integration in x1, x2 is performed over the kinematically allowed region Q¢ > 2m,,
and we have set the renormalization and factorization scales to pp + 2[mi + pA /412,
as often done by the LHC collaborations (see e.g. Ref. [425]). The results are plotted in
Fig. 6.3 as a function of the DM mass m, and for different choices of pr and 7 of the
radiated jet. From Fig. 6.3 we see that the lower the jet pr, the lower the momentum
transfer is, and therefore the better the EFT will work. The same is true for smaller
DM masses. These behaviors, which are due to the fact we have restricted the average
of the mometum transfer to the kinematically allowed domain, will be confirmed by a
more rigorous approach in the next section. Notice that <Q%r>1/ 2 is always larger than
about 500 GeV, which poses a strong bound on the cutoff scale A: when the coupling
constants g, and g, are close to their perturbative regime, from the condition (6.7) we
get A 2 50 GeV, but when the couplings are of order unity, one gets a much stronger
bound A 2 500 GeV.

6.4 Comparing the effective operator with a UV comple-
tion

Let us now turn to quantify the validity of the EFT by comparing cross sections for
the production of DM plus mono-jet or mono-photon in the simple example of a theory
containing a DM particle x and a heavy mediator S with the Lagrangian described in
Eq. (6.8) with its effective counterpart given by the D1’ operator in Tab. 6.1. The
matching condition implies A = M/, /g,gy. Let us study the ratio of the cross sections
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Figure 6.4 — The ratio ryy es defined in Eq. (6.31), for /s =8TeV,n = 0 and M = A (corresponding
to g¢ = gx = 1). Left panel: ryv s as a function of A for various choices of m, and pr = 120 GeV.
Right panel: ryv /e as a function of m, for various choices of pr, and A = 2.5 TeV.
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Figure 6.5 — The ratio T{}’\t,/cﬁf defined in Eq. (6.32), as a function of A (left panel) and m,, (right panel).
We have set p'™ = 120GeV, |n| <2, M = A, g; = g, = 1 and /s = 8 TeV.

obtained with the UV theory and with the effective operator

d? ouv

dprdn
— <M (6.31)
d°oeft

dprdn

TUV/eff =

Qtr <A

This ratio quantifies the error of using the EFT, truncated at the lowest-dimensional
operator, with respect to its UV completion, for given pr,n of the radiated object.
Values of ryy /e close to unity indicate the effective operator is accurately describing
the high-energy theory, whereas large values of ryy g imply a poor effective description.

For numerical integrations over the PDFs we have regularized the propagator intro-
ducing a small width T' = (g2 + gi)M /(8) for the scalar mediator. The function ryy /e
is plotted in Fig. 6.4, for different choices of pt,n, A, m,. Once again, one can see that
the smaller pr and m,, are, the better the EFT works.

Also, we can integrate over pr,n using cuts commonly used in the experimental
analysis (see e.g. [425]): pr > pin,|n| < 2
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d%o
1TeV 2 UV
fp%}ig de f_2 dn

ot _ UUV|Qtr<M o dprdn Q<M (6.32)
UV/eff = P ’ - 12 . .
eff Qe <A 1TeV 2 Oeft
fprTnin de f_2 d77 ded/rl
Qtr<A

The DM pair production is kinematically allowed for Q¢ > 2m,; furthermore, when
dealing with the processes with mediator exchange, one also has to require Q, < M to
avoid on-shell mediator. Therefore we have worked with the condition 2m, < Q¢ < M,
which can only be satisfied if m, < M /2. The results for r%}’\t, Joff A€ plotted in Fig. 6.5.
We see that one needs a cutoff scale A at least larger than about a few TeV in order for
the ratios ryy e and r%’\t, Jeft tO be of order unity, the best case being attained for the
lowest DM masses. Notice that the ratios involving differential and total cross sections
(ruv Jeft and T{?\t/ / o) are very similar, as a consequence of the fact that the integrands
are very peaked at low pt and at n = 0.

6.5 The effect of the EFT cutoff

In what regions of the parameter space (A, m,) is the effective description accurate
and reliable? The truncation to the lowest-dimensional operator of the EFT expansion
is accurate only if the momentum transfer is smaller than an energy scale of the order of
A, see Eq. (6.1). Therefore we want to compute the fraction of events with momentum
transfer lower than the EFT cutoff scale. To this end we define the ratio of the cross
section obtained in the EFT with the requirement @ty < A on the PDF integration
domain, over the total cross section obtained in the EFT.

Ao
dprdn
¢ ) (6.33)
d%oeg

dprdn

Ry

This ratio quantifies the fraction of the differential cross section for qg — xx+gluon,
for given pp,n of the radiated object, mediated by the effective operator (6.3), where
the momentum transfer is below the scale A of the operator. Values of R, close to
unity indicate that the effective cross section is describing processes with sufficiently low
momentum transfers, so the effective approach is accurate. On the other hand, a very
small Ry signals that a significant error is made by extrapolating the effective description
to a regime where it cannot be fully trusted, and where the neglected higher-dimensional
operators can give important contributions.

This ratio is plotted in Fig. 6.6 as a function of A and m,, for various choices of
pr and 7, for the D1’ operator. Our results indicate that if one would measure the
cross section for the mono-jet emission process within the EFT, but without taking into
account that Qi should be bounded from above, one makes an error which may even
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Figure 6.6 — The ratio Ry defined in Eq. (6.33) for /s = 8 TeV,n = 0. Top row: R as a function of
A, for various choices of my, for pr = 120GeV (left panel), pr = 500 GeV (right panel). Bottom row:
R, as a function of m,, for various choices of pr, for A = 1.5 TeV (left panel), A = 2.5 TeV (right panel).

be very large, depending on the values of the DM mass, the scale A of the operator and
the pr,n of the emitted object. Of course, the precise definition of the cutoff scale of an
EFT is somewhat arbitrary, with no knowledge of the underlying UV theory; therefore
one should consider the values of Ry with a grain of salt.

To sum over the possible pt,n of the jets, we integrate the differential cross sections
over values typically considered in the experimental searches.

d%0

dprdn|, _,
dng“ . (6.34)

dprdn

Join dpr [25dny
RY = 1Qu<A _ B

max

P
p$1n

dpr f32 dn

We consider pii® = 500 GeV (as used in the signal region SR4 of [425]), |n| < 2 and the
two cases with centre-of-mass energies /s = 8 TeV and 14 TeV. For pi** we used 1, 2
TeV for /s = 8,14 TeV, respectively. The sum over quark flavours is performed only
considering u, d, ¢, s quarks.

We first study the behavior of the ratio RY", as a function of A and m,. The results
are shown in Fig. 6.7 for representative s-channel operators D1’, D5, D9 and in Fig. 6.8
for the DT'1 operator. In the t-channel case, where there are two values of @y, mixing

between diagrams makes it impossible to disentangle a single transferred momentum for
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D9 (dotted lines) as a function of A and my, for /s = 8 TeV (left panel) and 14 TeV (right panel).

any individual event, and so we require that for each event both values of @i, for that
process satisfy the requirement that Q% < A2

The ratio RY" gets closer to unity for large values of A, as in this case the effect
of the cutoff becomes negligible. The ratio drops for large m, because the momentum
transfer increases in this regime. This confirms what noticed in Sec. 6.4, that the EFT
works better for large A and small m,. Notice also that, going from /s = 8TeV to
/s = 14TeV, the results scale almost linearly with the energy, so for the same value of
the ratio m, /A one obtains nearly the same R*.

Next, we turn to study the contours of constant values of the quantity R\, in the
plane (my,A). These contour curves for the different operators are shown for the s-
channel operators in Fig. 6.9 for /s = 8 TeV and in Fig. 6.10 for /s = 14 TeV, and
in Fig. 6.11 for the t-channel operator DT'1. The requirement that at least 50% of the
events occur with momentum transfer below the cutoff scale A requires such a cutoff
scale to be above ~ 1TeV for /s = 8 TeV, or above ~ 2TeV for /s = 14TeV. Note
also that the contours for D1-D4 differ by the corresponding contours for D1'-D4’ by
O(1) factors, due to the different weighting of the quarks’ PDFs. On the other hand, the
experimental bounds on the scale of the operators D1-D4 are much lower (of the order
of tens of GeV), as such operators experience an additional suppression of my/A. This
means that the bounds on D1-D4 are not reliable from the point of view of EFT validity.
Contrasted with the s-channel case [1,2], the ratio R" has less DM mass dependence
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Figure 6.8 — Same as Fig. 6.7, for the DT1 operator.

in the ¢-channel case, being even smaller than in the s-channel case at low DM masses
and larger at large DM masses, without becoming large enough to save EFTs.

In Fig. 6.11 we also show the curves corresponding to the correct DM relic density,
assuming that interactions between the DM particle and the SM plasma were mediated
by the operator (6.11). For given m,, larger A leads to a smaller self-annihilation cross
section and therefore to larger relic abundance. It is evident that the large-A region
where the EFT is valid typically leads to an unacceptably large DM density. However,
it may certainly be that additional annihilation channels and interactions, beyond those
described by the operator (6.11) can enhance the cross section and decrease the relic
abundance to fit the observations.

We stress once again that the precise definition of a cutoff scale for an EFT is only
possible when the details of the UV completion are known. The most conservative
regime is when the couplings of the UV theory reach their maximal values allowed by
perturbativity. In such a situation, the requirement on the momentum transfer becomes
Qi < 4mA. We show the effect of varying the cutoff scale in Fig. 6.12 and 6.13, for the
representative contour RY* = 50% of D5 and DT1. As it should be clear, the variation
of the cutoff scale is equivalent to a change of the unknown couplings of the UV theory.
All the operators have very similar results, as the contours scale linearly with the cutoff.
As a comparison, we show as a shaded area the region A > m, /(27) often used as a
benchmark for the validity of the EFT (see Eq. (6.6)). Interestingly, in the ¢-channel
the kinematic constraints on @ no longer apply, and the bound on A can cross the
shaded area. This indicates that at very large DM masses the EFT approximation can
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Figure 6.9 — Contours for the ratio R, defined in Eq. (6.34), on the plane (m,, A), for the different
operators. We set /s = 8TeV, |n| < 2 and 500 GeV < pr < 1 TeV.
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Figure 6.10 — Contours for the ratio R, defined in Eq. (6.34), on the plane (m,, A), for the different
operators. We set /s = 14TeV, |n| < 2 and 500 GeV < pr < 2TeV.
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Figure 6.12 — 50% contours for the ratio R%* for the operator D5, varying the cutoff Qi < A (solid
line) and Qi < 4wA (dot-dashed line). We have also shown the region corresponding to A < m, /(2m)
(gray shaded area), often used as a benchmark for the validity of the EFT. We set /s = 8 TeV (left
panel) and /s = 14 TeV (right panel).

become safer than naively assumed - although in practice the ratio is still too low for
EFTs to be of any practical use. The 50% contour is above such a region, meaning that
the parameter space regions of validity of the effective operator approach is smaller than
commonly considered.

6.6 Comparison with MonteCarlo Simulations

In order to perform an alternative check of our analytical results and to be able to
compare to the experimental limits as close as possible, we present in this section the
results of numerical event simulations. For our purposes, it is not necessary to simulate
the event response to the events and their reconstruction.
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Figure 6.13 — Same as Fig. 6.12 for the DT1 operator.

6.6.1 Simulation and analysis description

We made use of MadGraph 5 [439] to simulate pp collisions at /s = 8 TeV and
/s = 14 TeV. Both PDF sets CTEQ6L1 and MSTW2008LO (discussed in Ref. [437]) are
employed. The PDF choice affects the cross section, but only minimally the acceptance.
Hence, the change in contours of the ratio R'°* is negligible. Since MSTW2008LO is used
for the analytical calculations, this set is also used where direct comparisons between
simulation and calculation are shown. For the comparison to the experimental results,
CTEQGL1 is used instead. As for the analytic calculation, only u,d, ¢, s quarks were
considered in the s-channel, both in the initial and in the final state. In the ¢- channel
analysis only first generation quarks were included in the initial state.

According to the event kinematics we have evaluated whether or not the conditions
of validity discussed in Section 6.5 are fulfilled. Specifically, we have checked if Eqs. (6.7)
and (6.6) are fulfilled, that is, if the following condition is satisfied

As Gy My
V' Y9a9x V9a9x

Samples of 20000 events were simulated for each s-channel operator, scanning DM mass
values of 10, 50, 80, 100, 400, 600, 800 and 1000 GeV and cutoff scales of 250, 500, 1000,
1500, 2000, 2500 and 3000 GeV in the case of /s = 8 TeV collisions. When increasing
the collision energy to /s = 14 TeV, the DM mass of 2000 GeV and cutoff scales of 4000
and 5000 GeV were added. In the t-channel analysis, the DM mass scanned the values
10, 50, 100, 200, 300, 500, 1000 and 2000.

From the simulated samples the fraction of events fulfilling A > Qt/,/g49y for each
pair of DM mass and cutoff scale can be evaluated, if one assumes a certain value
for the couplings ,/g,g, connecting the cutoff scale A and the mediator mass M via
A = M/\/949x- As above, g,g, was assumed to be 1.

(6.35)

6.6.2 Results

In order to confirm that analytical and numerical results are in agreement, Figs. 6.14
and 6.15 show a comparison for the operators D1, D4’, D5, D8, D9 and DT1. The
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Figure 6.14 — Comparison of the contour RY"* = 50% for the analytical calculation (dashed line) and
the simulation (solid line) for the different operators D1’, D4’, D5, D8 and D9. The results agree within
less than 7 %.
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Figure 6.15 — Comparison of the contour RY"* = 50% for the analytical calculation (solid line) and the
simulation (dashed line). The dotted curve indicates the correct relic abundance.

results were obtained for the scenario of one radiated gluon jet above 500 GeV within
In] < 2. The contours of RY* = 50% from analytical and numerical evaluation agree
within less than 7 %. The remaining differences could be due to the upper jet pr cut
not imposed during event simulation but needed for the analytical calculation, and the
details of the fitting procedures.

Next, we vary the kinematical constraints step by step from the scenario considered in
the analytical calculations, namely one radiated gluon jet above 500 GeV within |n| < 2,
to a scenario closest to the analysis cuts applied in the ATLAS monojet analysis [425].
More specifically, the leading jet is allowed to come from either a gluon or a quark being
radiated, the leading jet pr cut is changed from 500 GeV to 350 GeV, a second jet
is allowed and its range in 7 is enlarged to || < 4.5. No further cuts are applied at
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Figure 6.16 — The changes of the contour of RY* = 50% are shown for several variations from the
analytically calculated scenario to a scenario close to the cuts used in the ATLAS monojet analysis

wsn

exemplarily for the operator D5 at /s = 8 TeV. In the legend, “g” means only gluon radiation, “j
stands for either quark- or gluon-initiated jets, “j(j)” means a second jet is allowed.

simulation level.

The effect of the variation of the cuts can be seen in Figure 6.16. Allowing not only
for a gluon jet but also taking into account the possibility of a quark jet changes the Rf{’t
contours appreciably. The change from lowering the pr of the leading jet has a smaller
effect. Allowing for a second jet and enhancing its rapidity range barely changes the
R'°* contour, especially at large m, values.

If the collision energy is augmented to /s = 14 TeV, all the R'’" contours increase.
As seen for /s = 8 TeV, moving to the scenario closer to the experimental analysis leads
to contours that are at most ~ 30% lower in A.

After having extracted R for each WIMP and mediator mass, a curve can be fitted
through the points obtained in the plane of R and A. The following functional form

is used for this purpose

Rt = [1 - e_a(Aimx)C] ll — e_d(Mimx)e] . (6.36)

Further, the parameters are fitted for each DM mass separately. From these fits, the
points denoting a cutoff scale where Rf\Ot equals e.g. 50% can be extracted for each DM
mass, and the lines of constant RY* can be plotted in the usual limit-setting plane A
vs. my. Table 6.2 collects the values of the fitting parameters for all operators except

D12-D14 and DT1, for which no experimental analysis exists.
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Vs =8 TeV /s =14 TeV
Operator a b c d e Operator a b ¢ d e
D1 1.32 | 787.13 | 1.39 | 1.08 | 1.53 D1 0.89 | 1017.37 | 1.45 | 1.28 | 1.24
DU’ 1.30 | 1008.25 | 1.49 | 0.77 | 1.83 D1 0.43 | 909.66 | 1.59 | 0.53 | 1.37
D4 1.65 | 702.93 | 1.14 | 0.65 | 1.75 D4 1.23 | 996.82 | 1.25 | 0.80 | 1.48
D4’ 1.51 | 859.83 | 1.22 | 0.48 | 1.92 D4’ 0.76 | 982.75 | 1.33 | 0.37 | 1.63
D5 1.54 | 816.83 | 1.18 | 0.50 | 1.85 D5 0.78 | 894.86 | 1.25 | 0.39 | 1.54
D8 1.23 | 964.62 | 1.50 | 0.91 | 1.59 D8 0.48 | 945.09 | 1.55 | 0.74 | 1.24
D9 1.43 | 681.92 | 1.15| 1.02 | 1.35 D9 0.91 | 891.65 | 1.21 | 1.23 | 1.04
D11 1.23 | 1002.33 | 1.49 | 0.82 | 1.69 D11 0.68 | 1250.49 | 1.58 | 0.81 | 1.35

Table 6.2 — Coefficient for the fitting functions for R%* in Eq. (6.36), in the cases /s = 8 and 14
TeV. The fitting functions describe processes where quarks and/or gluons are radiated, the final state
contains 1 or 2 jets, where the leading jet has minimum pr of 350 GeV while the second jet is allowed
to be within |n| < 4.5. See text for further details.

6.7 Implications of the limited validity of EFT in DM
searches at LHC

Figure 6.17 shows the experimental limits obtained from the ATLAS monojet analysis
[425] in the plane (A, m,), for the operators D5, D8 and D11. The contours of R for
25%, 50% and 75% are superimposed. The experimental limits are placed in a region
where about 30% of the events can be expected to fulfill the EFT conditions - the exact
number depends on the operator considered. Especially the limit on the gluon operator
D11 seems questionable. For comparison, dashed lines show the contours of RY* for the
extreme case of couplings /9,9, = 4, presenting the limiting case for which the theory
is still considered perturbative.

Unfortuntately, there is no possibility to measure Q¢ in data, on an event-by-event
basis. So the information on what is the fraction of the events to cut out comes from
analytical computations or a numerical simulation. To assess the impact of the limited
validity of the EFT on the current collider bounds, we adopt the procedure that relies
on the assumption that the pp (or MET) distributions with the @4, cut are simply a
rescaling of those without the cut. A more refined study should account for possible
kinematic shape changes with the jet transverse momentum and/or missing energy and
DM mass.

Very naively, neglecting the statistical and systematical uncertainties, the number of
signal events in a given EFT model has to be less than the experimental observation,
Ngignal(A, my) < Nexps- The cross section due to an operator of mass dimension d
scale like A—2(4=4) g0 Nsignal(A,my) = A*Q(d*‘l)]{fsignal(mx), and the experimental lower
bound in the scale of the operator becomes

~ }1/[2(d—4)]

A > [Naignai(my) /Nesp = Aexpt. - (6.37)

Now, if we do not consider any information about the shapes of the pt or MET distribu-
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Figure 6.17 — 25%, 50% and 75% contours for the ratio RY*, compared to the experimental limits from
ATLAS [425] (blue line). Also indicated are the contours of RY" in the extreme case when setting the
couplings |/gqgx = 47 (dashed lines). Results are shown for different operators: D5 (upper left panel),
D8 (upper right panel) and D11 (lower panel).

tions, the experimental bound only comes from the total number of events passing given
cuts. The fact that a fraction of the events involve a transfer momentum exceeding the
cutoff scale of the EFT means that the number of signal events for placing a limit gets
reduced by a factor R'". Therefore, actually Nsignal(A, my) — RV (my) Nignal (A, my ),
so the new limit is found by solving the implicit equation

A > [RE (my )] [Noignar () /Nexp] 29 = (R (mp )] /PO A (6.38)

and it turns out to be weaker than Aeype. In Fig. 6.18 we show the new limits for the dim-
6 operators D5, D8 and the dim-7 operator D11, for the conditions Q¢ < A, 2A,47A,
corresponding different choices of the UV couplings: /9,9y = 1,2, 4, respectively. The
curves are obtained solving Eq. 6.38 with R, REY, R(%, respectively. The ATLAS
bound reported is the 90%CL observed limit. The functions Rf\Ot used are taken from
the fitting functions described in Table 6.2, which include both quark and gluon jets,
and the same cuts as the “Signal Region 3” used by ATLAS. As expected, the weaker
is the condition on @i, the more the new limits approach the ATLAS bound. In the
case of extreme couplings ,/g,9, = 4w, the condition on the momentum transfer is very
conservative Q¢ < 4mA. For D5 and D8, the new limit is indisinguishable from the
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Figure 6.18 — The experimental limits by ATLAS [425] on the suppression scale A are shown as solid
blue lines. The updated limits taking into account EFT validity are shown as dashed black lines, for
Qur < A, 2A,47A, corresponding to different choices of the UV couplings: /gqgx = 1,2, 4, respectively.
The corresponding kinematical constraints (Eq. (6.35)) are denoted by gray bands. The different plots
refer to different operators: D5 (upper left panel), D8 (upper right panel) and D11 (lower panel).

ATLAS one, meaning that the experimental results are safe from the EFT point of view,
in this limiting situation. For D11, even for extreme values of the couplings, the bound
at large DM masses must be corrected. In general, for couplings of order one, the limits
which are safe from the EFT point of view are appreciably weaker than those reported.

This truncation procedure was first adopted by the ATLAS collaboration in [440], and
then inserted in the final recommendations of the ATLAS-CMS Dark Matter Forum [13]
as a way to present LHC limits on effective operators in DM searches.

One drawback of the procedure presented here is the fact that it assumes the knowl-
edge of the relevant momentum @, that has to be compared with the effective scale
A. This is equivalent to assume a particular UV completion of the effective model. A
generalization of our analysis was proposed in [413]. In this paper, the authors impose
the condition that the centre of mass energy F., of the parton-level event is smaller
than the cut-off scale of the EFT. In this way they obtain bounds that are fully model
independent, at the price of having less stringent limits.
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6.8 Conclusions

In this chapter we described the limitations of the EFT approach and the procedures
needed to get consistent results out of it, following the line of [1-3]. The key quantity in
this analysis was the ratio R%*, which estimates the fraction of events in a collider set-up
which respect the EFT validity condition Qi < A. Our results indicate that the range
of validity of the naive EFT is significantly limited in the parameter space (A, m, ), both
for s and ¢-channel operators.

One the one hand, our results clearly indicate the need of an overcoming of the naive
EFT approach, through identifying a handful of classes of models able to reproduce
the EFT operators in the heavy mediator limit. On the other hand, keeping working
with the EFT allows to avoid the overwhelming model-dependence generated by the
many DM models proposed so far, and to make the bounds clearer and easy to present.
Nonetheless, as we have shown in section 6.7, the price to pay is a deterioration of the
limits.



Chapter 7

Simplified models

7.1 Introduction

In this chapter we will discuss the construction and the use of simplified models for
DM searches at the LHC. First we are going to describe the philosophy of simplified
models in relation to the EFT approach and to complete new physics models. Then we
are going to list the set of benchmarks models which have emerged as the most common
ones in the recent literature. Finally we are going to summarize results obtained with
these models, without entering into details about LHC searches, implementation of the
models for experimental analyses, or recasting of existing bounds.

The first part of this chapter will be based on a series of white papers appeared in
the last three years [11,12,441], in which the machinery of simplified models was set up,
and on the reports of the ATLAS/CMS DM Forum [13] and the subsequent LHC Dark
Matter Working Group [390]. The idea of simplified DM models and a description of its
state of the art is provided in [442].

As in the case of the EFT, the idea beyond simplified models is to provide a good
representation of possibly all realistic WIMP scenarios within the energy reach of the
LHC, restricting to the smallest possible set of benchmark models, each with the least
possible number of free parameters. Simplified models should then be complete enough
to give an accurate description of the physics at the scale probed by colliders, but at the
same time they must have a limited number of new states and parameters. More over,
they should satisfy all constraints posed by low-pr analysis, such as those coming from
flavour physics. A recipe to build a simplified model is:

e Besides the SM, they must contain a stable DM candidate and a mediator that
couples the two sectors. All additional states should be decoupled.

e The Lagrangian should contain all renormalizable terms consistent with Lorentz
invariance, gauge symmetry and DM stability.

e Ad hoc simplifications may be achieved by setting some parameters to zero or taking
some of them to be equal, but this should be implemented in such a way that the
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phenomenology is not totally altered, in order not to prejudice the credibility of
the constraints on the model itself.

e Interactions that violate the accidental global symmetries of the SM model (both
exact and approximate) must be handled with great care. Indeed, constraints
on processes that violate these symmetries are typically very strong, and may
overcome those coming from DM searches or even rule out all of the interesting
parameter space of the simplified model. For this reason, lepton and baryon num-
ber conservation is typically assumed, together with Minimal Flavour Violation
(MFV).! Even with this assumption, there are cases in which constraints from
flavour physics may be stronger than those coming from mono-X searches [444]
(see also [445] for a discussion of a non-minimally flavour violating dark sector).

Most simplified models of interest may be understood as the limit of a more general
new-physics scenario, where all new states but a few are integrated out because they
have a mass larger than the energy scale reachable at the LHC or because they have
no role in DM interactions with the SM. Similarly, in the limit where the mass of the
mediator is very large, the EFT framework may be recovered by integrating out the
mediator. On the contrary, there are new physics models which can not be recast in
terms of simplified models, typically because more than just one operators are active at
the same time, and possibly interfere with each other. The situation is summarized in
Fig. 7.1.

It should be noticed that the correspondence between simplified models and EFT is
not one to one. Different simplified models may give rise to the same effective operator.
To illustrate this point, let us consider the two following examples [413]. The first model
is characterized by a Dirac DM particle and a vector mediator Z’' which interacts only
with the axial current of DM and quarks:

1 1 1_ _ _
La=Lsu—321,2" + 5m3 22" + X (@ = my)x + Z, <gq > g+ gxxv“’f’x)
q
(7.1)
In the low momentum limit p? < m2Z,, the solution of the classical equation of motion
for the Z' reads

1 _ _
Zl, = _mTZ/JM, where J, = <gq > v+ gxx%ﬂ5x> ; (7.2)
q

1. Constraints on BSM models from CP and flavour violating observables are very strong, and the
energy scale at which new physics may show up must be larger than tens of TeV in the best case, if
the flavour structure of the model is generic. Minimal Flavour Violation is a way to reconcile these
constraints with possible new physics at the TeV scale [443]. The basic idea is that the structure of
flavour changing interactions must reproduce that of the SM. The SM is invariant under the flavour
group Gr = SU(3)q x SU(3)+ x SU(3)4, except from a small breaking associated to the Yukawa matrices
Y. and Yy. The invariance is restored if these matrices are regarded as “spurions” with transformation
law Yy, ~ (3,3,1) and Yy ~ (3,1,3). Imposing MFV amounts to requiring that new physics is invariant
under Gp.
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Figure 7.1 — Left: a simplified model viewed as a sector of a more general new physics scenario. The
SM is complemented by the DM particle x and a mediator Z’. Other heavy states X1, X2, X3, ... may
be integrated out because they are very heavy, while lighter states Y1, Y2, Ys,... do not play any role
and may be ignored. Centre: in the case in which the mediator Z’ itself has a very large mass, it may be
integrated out as well and the interaction is mediated by effective operators. Right: when the DM-SM
interaction is mediated by a number of additional operators, possibly interfering with each other, the
simplified model approach is no more valid, and a complete description of the model is necessary.

which, substituted in eq. (7.1), yields an effective Lagrangia for the DM-quarks interac-

tion
EFT 999x - 5 _
L = =X x Y () (7.3)
z' q

The second model we want to consider is inspired by Supersymmetry. We add to
the SM a Majorana fermion to play the role of DM (similar to the supersymmetric neu-
tralino) and a set of “squarks” that mediate the interaction with the SM. In particular,
we consider three families of scalar particles degenerate in mass, which we denote by
(Ui, di, Uir, d;r), where i = 1,2,3 are family indices. The quantum numbers are the
same of the quarks (u;r,d;, uir, d;r), respectively. The Lagrangian in this model reads

Lp = Lsv+Lx+L;+LE,, (7.4)
L; = > |(0"0) (Dytir) + (9"dir) ! (Budic) + (0" ir)! (Buitsn) + (9"dir) (D i)
=1
- m? (QAZZTLTLIL + JZTLJZL + ﬂjRﬂiR + JJ’%JZRH +..., (7.5)
LE = —gy [23: (%L Ui + dip dip + Uig Uin + dir CL‘R) X +he|, (7.6)
=1

where the dots in the second line of 7.5 stands for the gauge interactions of the squarks.
Solving the classical equations of motion for the squark fiels one gets, in the low mo-
mentum limit,

7 gDM _

dir = ——=5 XdiRr -

7 gpM dip, L
m
(7.7)

~ _  gpm _ ~ _ UpM™m _ dir — _
Wi, = —"=5 XWiL, UiR= —"=5 XUiR, iL =~ =5 X
m m m
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which, substituting into Lp, yields

2 3 _ _
LEFT = oM Z { Xuir) (Uirx) + (Xwir) (UirX) + (Xdir)(dirx) + ()_CdiR)(diRX)}
g2 , ’ ;
= = (0"x) |2 (@t +di’7u75di)] , (7.8)
i—1

where the second line follows from the use of Fierz identities and the fact that for a Ma-
jorana fermion the vector bilinear Y+vy*x vanishes identically. The effective Lagrangians
of Eq. (7.3), (7.8) contain the same operator and may be identified with an opportune
choice of coefficients.

7.2 Classification of simplified models

7.2.1 Mediator exchange in the s-channel

The first set of simplified models we want to consider is the one where the DM inter-
acts with quarks through the exchange of a mediator in the s-channel. Assuming the DM
particle x to be a fermion (either Dirac or Majorana), and assuming CP-conservation,
the Lagrangian of our models are

1 o
Ls D 5 2edS? = yySXX — Y Stiq; + hee.,

1 i o
Ls D _iMiedSQ — Y S'XV5X — Yy S@ivsq5 + hic.

1 _ o
Ly D SMueaViV" = 0 VuX"x = 9 Vudin"a;
1
Ly D §M§deLV’“ — G VXV X — g Vg vsa; - (7.9)

where S, S’,V, V' stand for a scalar, a pseudo-scalar, a vector or an axial-vector mediator
respectively, ¢ = u,d and i, j = 1,2, 3 are flavor indices.

As concerns the mediator couplings to quarks, the existence of off-diagonal coupling
is tightly constrained by various FCNC processes [446]. For this reason, a good choice is
to force the couplings to be diagonal: géj = gééij . As a further simplification, one could
fix the couplings to be flavour blind

ghi=9g,=g, for i=1,23, (7.10)

or take the coupling to the third generation to be stronger than the others (as described
at the end of this section) or absent. We further assume that the only available decay
channels of the mediator are into quarks and DM particles.

It should be noticed that the scalar and pseudo-scalar models of Eq. (7.9) are not
gauge invariant. This may lead to spurious results in processes where a W/Z boson is
emitted, but results of jets + MET searches are expected to be only mildly affected by
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5 M

Figure 7.2 — In a simplified model with a scalar mediator with Higgs-like couplings, the dominant
production mechanism is gluon fusion, with a loop of top quarks.

this issue [390]. Moreover, in the axial vector model perturbative unitarity is violated
in a large portion of parameter space [386], and the indication of where the violation
happens should be clearly shown when presenting constraints on this model. We will
return to these issues at the end of this chapter.

In the low momentum limit, the simplified models of eq. (7.9) give rise to the s-
channel effective operators D1’, D4’, D5 and D8 of table 6.1. Notice that, even if as
was shown in the previous section the reversed correspondence do not strictly hold, the
simplified models of eq. (7.9) are the most obvious UV completion of the D1’, D4’, D5
and D8 operators, and so we can refer to them as the “corresponding” simplified models
as is often done in the literature.

In the limit of low quark mass, the operators (D2’, D3’, D6, D7) have the same
partonic cross section for gg — xxg as the operators (D4’, D1’, D8, D5). The same is
true for the corresponding simplified models, and therefore we do not consider models
in which the interaction vertices of quarks and DM with the mediator have a different
Dirac structure. Moreover, the (D1-D4) operators of table 6.1 would be obtained by a
simplified model in which the Yukawa couplings scale as yq ~ mq/Mmed-

The differential cross sections at the parton level (with respect to the pseudo-rapidity
(n) and transverse momentum (pr) of the final jet) for the s-channel process f(p1) +
f(p2) = x(p3) + x(ps) + g(k) are given in the appendix A. It should be noticed that
this calculation is not suited for the case in which the Yukawa couplings of the scalar
mediator scale as the particle mass (corresponding to the operators D1-D4). In this case
the production will happen predominantly via gluon fusion through a loop of top quarks,
where the final jet is originated by a gluon emitted from the quarks in the loop or by an
initial state quark (see Fig. 7.2).

As discussed earlier, the EFT approach is appropriate in processes with low energy
transfer:

Med 2 Qir > 2m, . (7.11)

At the partonic level the differences between the cross sections of the effective theory
and the full theory are

24 24 A
d“e / d“o _ mgd ’ (7.12)
dndpr o/ \dndpr ) ppn (QF — M2g)” +T2M2

med

where A = Myed/ /999y Was used, independently of the spin of the mediator. The ratio
between the EFT resulting cross section and the full theory at 8 TeV centre of mass
energy was studied in Sec 6.4. This ratio is smaller than 50% for both scalar and vector
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interactions if A 2 2 — 3 TeV and m, < 1 TeV. A more refined analysis based on MC
simulations is presented in [11]. As it is intuitive, the EFT and the simplified model
approach coincide in the limit in which the mass of the mediator is larger than the DM
mass and the pp of the jet (which gives a rough measure of Q). On the other hand, if
the mediator is light, the two differ for both the total normalization of the cross section
and for the kinematical distribution.

To find the most convenient and enlightening set of simplified models, one needs to
study the sensitivity of the observables to the helicity structure of the mediator couplings.
As a rough estimate, the calculation of appendix A shows that, in the massless quark
limit and including only gluon emission, at the parton level

25 25 2
d“o / d“e (1 4m];M 7 (7.13)
dnde S dnde S’ Qtr

( d%5 ) / ( 425 ) _ (Qg - szDM> ‘ (7.14)
dndpr /,,° \dndpr /, Qi — 4mpyy

In the limit Q¢ > 2mpwm, the two differential cross sections share the same 7 and
pr distribution, and therefore one among scalar and pseudo-scalar mediator can be
neglected in favour of the other for the sake of simplicity (and the same for vector
and axial-vector).? However, these kinematical regions are suppressed by the parton
distribution functions (PDFs), and therefore it is not clear a priori that this estimate
gives the correct answer. An analysis based on Monte Carlo simulations was performed
n [11], and it shows that the ratio is indeed independent of the jet pp. Nevertheless,
the two cross sections differ in normalization, with non trivial dependence on M,¢q for
heavy DM masses, as a result of the PDFs. Since the scalar and axial vector interactions
result in smaller cross-sections it is sufficient, as a first step, to explore the scalar and
axial vector mediation resolving the s-channel DM pair-production at the LHC. If a
signal is discovered, further analysis of the jet angular distribution could differentiate
between the different particles mediating the DM production.

Constraints on s-channel simplified models have been obtained by numerous groups,
in particular for exchange of a vector mediator (scalar mediators are more problematic,
see the discussion in section 7.3). In the mono-jet channel, the analysis in [11] shows
that, for Myeq S 2m,, the LHC at 14 TeV with 300 fb~! is sensitive to O(1) couplings
only for m,, < O(100 GeV), while for m, ~ 1 TeV it is sensitive only to couplings of order
gy - 9q 2 10. Mono-jet and mono-X constraints are discussed in details in [447,448], in
which a rescaling procedure is proposed in order to set limits on the model’s couplings in

2. At the energy scales involved at particle colliders, the valence quarks are practically massless, thus
their helicities coincide with their chiralities. Vector and axial vector Lorentz bilinears can be written
respectively as the sum and the difference of bilinears made up with L-handed or R-handed quarks.
Since the helicity is a physical observable, the total cross section can be decomposed in terms of cross
sections with given initial helicity states, and their interference term vanishes. Since the latter is the
only difference that could arise between the cross sections for the vector or axial vector quark current,
the two are practically identical.
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the plane mpy — Mipeq Wwithout the need of a three-dimensional scanning. In [449,450)
mono-jet searches are compared to dijet searches (see also [451]), direct detection limits,
dark matter overproduction in the early universe and constraints from perturbative
unitarity.

A very interesting phenomenology arises in the case where the couplings to third
generation quarks is larger than the couplings to the first two. This may happen for
example in models in which a scalar mediator is exchanged and MFV (or the U(2)3
symmetry proposed in [426,427]) is assumed. The Yukawa couplings of the mediator are
then proportional to the fermions’ mass, resulting in an enhanced coupling to b and ¢
quarks. Because of the peculiar signature of events with these quarks in the final state,
very strong constraints on these models come from searches for one or two b-tagged
jet + MET and ¢t + MET (see [452] for an early proposal within the EFT framework
and [13,453] for a discussion in terms of simplified models).

An interesting possibility is that the scalar mediator of the DM-SM interaction is the
Higgs boson itself, as it happens in the “Higgs portal” models (see e.g. [454]). Many man-
ifestations of Higgs portal models would lead to a reduction or suppression of the Higgs
boson couplings to SM particles, in favor of its interactions with new particles [455].
Precision measurements of the Higgs couplings that can be undertaken in future LHC
phases and future accelerators can further constrain Higgs portal models [456]. Alter-
natively, the Higgs’ coupling to DM can be constrained by measurements of the Higgs
partial width to invisible particles. Current ATLAS and CMS limits on invisible Higgs
decay at the 95% C.L. are around 70%; they are expected to decrease to 20-30% by the
end of the upcoming 300 fb~! LHC run [457].

7.2.2 Mediator exchange in the t-channel

In this section we consider a coloured fermionic mediator with an interaction vertex
between quarks and the WIMP resulting in a ¢-channel exchange. A concrete model is
that of a squark exchange in supersymmetric models, that was already introduced in
Sec. 7.1

L=Lsy+9gm Z (@lLQ’L + iy + a?ﬁéczﬁa X + mass terms + c.c. (7.15)

where Q’}J,u’}é,d}é are the usual SM quarks, @’L,ﬁ%,gg correspond to the respective
squarks (from here on the “mediators"), and i represents a flavour index. Unlike the
usual case in Superysmmetry, here the WIMP y can be taken to be either Dirac or
Majorana fermion. This model is extensively analysed in [434], and a comparison with
its effective operator limit DT1 (in the notation of table 6.1) is performed.

Two extreme cases may be highlighted: 1) all mediator flavors are present or 2) only
~’R are present. Simply due to multiplicity these two cases maximize and minimize the
mediator production cross-section, respectively.

An important difference with the s-channel models discussed in Sec. 7.2.1 is the
fact that, being the mediators coloured, gluons may be emitted not only as initial state
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Figure 7.3 — Two different simplified models leading to the operators of eq. (7.17). Top: the dimension-
7 operator may originate from the s-channel exchange of a heavy scalar S. The coupling of the scalar
to the gluon field strength may be in turn be due to a loop of heavy coloured fermions V. Bottom: if
also the heavy scalar is coloured, the dimension-7 operator can be originated by a loop including both
S and V. Diagrams with external legs exchanged are not shown.

radiation but also from the mediator itself. This process is suppressed in the EFT limit
by two powers of M,cq, and this make a large qualitative difference in the kinematic
distribution within the simplified model and the DT1 operator.

When the mediator is light enough, its pair production becomes kinematically acces-
sible, and an event like

PP — qq = qx qx (7.16)

leads to a di-jet + MET signature (or in general jets + MET, when additional jet
radiation is taken into account). It was shown in [434] that, on a large portion of
parameter space, this kind of signature with two high-pr jets leads to constraints stronger
then the mono-jet one, even when the effect of additional sub-dominant jets is taken into
account. More over, the effect of off-shell ¢ production is important, and the effect of a
finite width should be taken into account.

As for the s-channel models presented in Sec. 7.2.1, strong constraints come from
searches for b,¢ quarks in the final state in the case in which the coupling to third
generation quarks are enhanced (see [11] and references therein).

The parameter space of this model consists of only three parameters: the masses
My, Mmeq and the coupling gps. A convenient way to present results is in the form
of a colour density plot for gy in the m,, Myeq plane. The most interesting range
is 100GeV < Mpeq < 2TeV and 100 GeV < m, < 1TeV. Outside this region the
sensitivity decreases until the interpretation of the model as the exchange of a scalar
resonance is lost, either because gps ~ 47 or because the minimal decay width I'yy ~
Miyeq (the latter typically happens before the former) [434].
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7.2.3 Simplified models for DM - gluons interaction

In the previous sections we have described a list of simplified models which, in the
low momentum limit, give rise to the effective operators D1-D8 and D1’-D4’ of Tab. 6.1.
In this section we want to discuss the operators D11-D13, i.e. the ones in which the
DM couples to the gluon field strength. In particular we are interested in the two CP
conserving operators

ﬁt IZ2Ry & praf v

ek (GwG")xx, and A€ tr (G Gag) XV5X 5 (7.17)
where «; is the strong coupling and A denotes a high-energy scale. As it was shown in
chapter 6, the EFT approximation is badly broken at the LHC for these operators, and
a reinterpretation in terms of simplified models is necessary.

The resolution of these operators in terms of simplified models is less straightfor-
ward than for the previous ones. The first possibility is illustrated in the top row of
Fig 7.3. A (pseudo-)scalar particle may be introduced, that couples to the DM fermion
with Yukawa-like couplings and to the gluon field strength with a dimension-5 effective

operator:
«a

Loy Sxx+ A—SSGaﬁGaﬂ (7.18)
S
for the scalar and o
L5y SX5X + 18 G Gape (7.19)

S

for the pseudo-scalar. Here A is some mass scale associated with the dimension-5
operator and the trace over the colour indices has been left implicit. The scale that
appears in the dimension-7 operators (D11-14) is given by

s L Y
4N m% A

(7.20)

S

where mg is the mass of the scalar S. A similar expression holds for the case of a
pseudo-scalar or for multiple scalars.

From the point of view of EFT, the dimension-5 operator that is left is safer than
the dimension-7 one. Indeed, for a sufficiently light scalar S, the effective scale A  can
be high enough that an UV completion is not needed. On the other hand, resolving the
dimension-5 operator SGagGaB can be done if the scalar S is coupled through Yukawa
coupling to some new heavy coloured states (this is completely analogous to the Higgs
coupling to gluons via the top quark loop). In the limit of heavy mediators’ mass the
dimension-5 coupling is related to the heavy coloured states’ mass and coupling through

Qs Qg Yy
L oy (Su 721
A, T Br 4 (Mqu) (7.21)

where the sum runs over all heavy coloured fermions, y, is the Yukawa coupling of
these fermions to the scalar S, Mg is the mass of the heavy fermion ¥. A similar
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expression holds for the case of a pseudo-scalar. So, this model can be resolved into a
fully renormalizable model by introducing new heavy (vector-like) quarks that couple
to the scalar mediator. The relations of Eq. (7.21) and Eq. (7.20) require a mediator
mass m¢ which is not too heavy or the coloured states are far too light and would have
already been observed in searches for new coloured states.

It is also possible to resolve the dimension-7 operators directly into renormalizable
interactions with coloured mediators as was done for example in refs. [458,459] and is
shown in the bottom panel of Fig. 7.3. A simple example of such a model is one with
new coloured scalars and fermions that couple to the WIMP through a Yukawa-type
interaction. The coupling of the dimension-7 operator is then related to the mass and
coupling of these new states through,

Qg O‘s>\?<

— X 7.22
ITCRSNVER (7.22)
where M,eq is the mass of the mediators and A, is their coupling to the WIMP. Evi-
dently, one needs fairly light mediators to generate the scale bounded by searches at the
LHC, A ~ 350 GeV as in ref. [460]. Such new coloured states are much easier to search
for in other channels by producing them directly.

To conclude this section we reiterate that resolving dimension-7 operators of the type
discussed above (D11-D14 of ref. [398]) in terms of simplified models is not as straight-
forward as it is for operators associated with quarks (e.g. D1-D10). Because of their
high dimensionality using these EFT operators at the LHC is particularly problematic
as was shown in chapter 6. Perhaps the simplest way of making sense of such oper-
ators is through a new higgs-like scalar (or pseudoscalar) that couples directly to the
WIMP through a Yukawa coupling and to gluons through a dimension five operator as
in Egs. (7.18) and (7.19).

7.3 Simplified models - a critical look

The list of simplified models presented in the previous section was constructed keep-
ing in mind the EFT approach and its limitations. In this sense, simplified models can be
viewed as an improvement of effective operators, where the effective scale A? is replaced
by a propagator’s denominator (p? — M?)? +T'2M? in order to avoid energy limitations
and exploit resonance enhancement in the production cross section. In a bottom-up
approach, this is a small step above. As soon as we start looking at them more carefully,
anyway, the situation turns out not to be so simple. Since the arguments we are going
to discuss have to do with perturbative unitarity, it is not useless to review this issue
first.

7.3.1 Perturbative unitarity

Let us consider a 2 — 2 scattering process in the centre of mass frame between an
initial state ¢ and a final state f. The matrix element can then be decomposed in partial
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waves as [461]3
J 1 ! J
Mis(s) = %ﬁﬁ /71 dcosfdy,, (8) Mif(s,cosb), (7.23)

where d;{u’ is the Jth Wigner d-function and p; = A;; — Aj, and pp = Ay — Ap, are
defined in terms of the helicity of the initial and final state particles. The factor j3;y is
a kinematical factor given by

BYA s, m3, 2 )B4 (s, m2, m3)

11
327s

Bir =

(7.24)

where B(x,y, z) = 22 +y?+ 2% — 2xy — 2yz — 2zx. In the high energy limit /s — +o0 the
factor B;r tends to 1, so that we can neglect it from now on. Unitarity of the S matrix
implies

n(MF) = Y IMGR = [MIP + D IMG > [ MmEP (7.25)

! f#

for all J and all s. The sum over f in the first line runs over all possible final states,
including an integral over the phase space and the sum over final state particle’s spin.
This is equivalent to saying that the matrix element M;Il must fall, in the Argand plane,
inside a circle of radius 1/2 centred in i/2, as depicted in Fig. 7.4. In general, as far
as internal particles are off shell and the +ie prescription does not play a role, tree
level matrix elements are real, and loop corrections move the matrix element back into
the circle. A good criterion to keep perturbativity under control is suggested by these
considerations:

(M%]i)tree 2 1/2 . (726)

In fact, larger values of (MZ)yee would imply that higher order corrections are larger
than 40%, signalling the loss of perturbativity. This condition is often referred to as
“perturbative unitarity”.

For practical purposes, we can restrict ourselves to the case J = 0, since it is the one
that gives the stronger constraint, and for simplicity take equal helicities (y; = g = 0),
so that the Wigner functions simplify to Legendre polynomials dj, = P;.

7.3.2 Unitarity issues with simplified DM models

The first problem lies in the fact that the simplified models of Eq. (7.9) are not
invariant under the full SM gauge group SU(3). x SU(2)1, x U(1)y but only under the
unbroken subgroup SU(3). X U(1)e.m.. This is true for models with a scalar mediator (in
which Yukawa couplings break SU(2)r,), and for models with a vector mediator in which
the couplings to up and down quarks are different (so that the mediator does not couple
to the left handed quark doublet but to its two components separately). Violation of

3. The expansion in terms of Wigner d-functions has the advantage, with respect to the standard one
in terms of Legendre polynomials, that the matrix element is expanded in the basis of helicity states of
the particles, instead that considering total spin states.
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Figure 7.4 — The matrix element M, is forced by unitarity to fall in the circle of radius 1/2, centred
in +i/2. As far as internal particles are off-shell, the matrix element at tree level is real, and loop
corrections puts it back into the circle. If (./\/l;-]i)tree > 1/2, the necessary correction is larger than
roughly 40%, signalling the breakdown of perturbativity.

the electroweak gauge symmetry can lead to spuriously enhanced cross section for DM
production with the initial state radiation of a W boson [462,463]. This problem does
not only affect the mono-W searches: the W can indeed decay hadronically, enhancing
the signal in the mono-jet search. For example, in the case of a vector mediator with
opposite sign couplings to up and down quarks, this process dominates the mono-jet cross
section for F'p > 400 GeV [464]. This means that, even when restricting to a particular
MET search, constraints descending from the internal consistency of the model can not
be neglected.

There are of course ways to cure the models by adding new particles or new inter-
actions. Again referring to the case of a vector mediator, different couplings of the up
and down quarks can be made compatible with perturbative unitarity if an appropriate
vertex WWZ' is added (where Z’ is the new vector mediator), in similarity to what
happens for the Z boson in the SM. The situation is more complex in the case of the
scalar mediator. Here gauge invariance can not be simply restored with a choice of the
couplings. The reason is that a singlet S can couple to DM but not to quarks, while
if S is a doublet it can couple only to quarks, but not to DM. A possible solution is
to add a mixing of S with the Higgs boson, via a quadrilinear term HTHS2. In this
case, constraints on the Higgs width to invisible particles and direct detection force the
mixing angle € (and therefore the coupling g, ~ sine) to be very small, making LHC
constraints weak. In turn, this may be overcome by adding to the model a second Higgs
doublet and letting S mixing with it, but then again the phenomenology is altered.

A second issue is again related to perturbative unitarity, in the very same way as it
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would appear in the SM without the Higgs [465,466]. Following [386], let us consider
a model with a spin-1 mediator with both vectorial and axial couplings to DM and to
quarks:

L== 3 Z"F|gf v+ gfnd®] £ = 2% [gbar + gban®| v . (7.27)
f=q,l,v

Applying the criterion described in the previous section to the elastic scattering of
fermions (both SM fermions or DM) within this model one gets the perturbative unitarity
bound

1m VA
-,
2 g ¥

my S (7.28)
where f may stand for both a SM fermion or the DM particle. In a similar way, pertur-
bative unitarity is violated in the process of 2 fermions annihilation into Z’Z’*, which is
important for the calculation of the relic density, but has only a minor impact on LHC
results, since the unitarity violating effects are proportional to the mass of the initial
fermions squared, which are light in a collider setup. In order to restore unitarity new
physics has to be invoked. In particular, what violates unitarity is the longitudinal mode
of the Z’ boson, therefore the addition to the model of a scalar particle that give rise to
its mass via Higgs mechanism would serve the purpose. In this case, the condition on
the mass of the Z’ would read
my

ﬁT > max[m,, V2mpu] (7.29)
9pm

where m is the mass of the new scalar. Notice that, in any case, the problem of unitarity
affects only the axial coupling of the Z’, while the vector coupling g}/ is not affected by

these constraints (which indeed become trivial in the limit g}“ — 0).

7.3.3 Complementarity of LHC and other DM searches

When comparing LHC results with those of other probes, and in particular with
those of indirect searches, it becomes of primary importance to carefully consider the
consistency of the simplified models under consideration. As we already discussed in this
chapter, the simplest models suffer from issues related to the loss of gauge invariance
and perturbative unitarity, which need additional fields and interactions in order to be
cured. In the example of a Z' gauge mediator, to which we will return in chapter 9 [7],
not only an additional Higgs boson s is necessary to give mass to the Z’ and to cure
the unitarity issues, but also the SM Higgs boson must be charged under the new gauge
group for the Yukawa couplings to be gauge invariant. As we will show, this leads to

4. The unitarity criterion proposed above deals with the diagonal matrix elements M3, in which the
initial and final states are equal. It can be adapted as well to the case of off-diagonal matrix elements,
by restricting to the 2 x 2 subspace spanned by the states ¢ and Z} Z} , and noticing that for s — 400
only the off-diagonal elements survive, and hence the eigenvalues of the matrix become equal to the
off-diagonal element.
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the necessary presence of a Z'Zh vertex. While one can, to a certain extent, ignore
these complications at the LHC, this is not possible for indirect searches since tree level
annihilation into Zh [7] and Zs [467] are easily the dominant channels, together with
loop annihilation into EW gauge bosons. More over, leptonic annihilation channels £/
are at least as important as gg ones, and the coupling of the mediator to leptons can not
be ignored as it is typically done for LHC searches. The same is true for the calculation
of the relic density.

We would like to spend a last comment on the issue of gauge anomalies. If the inter-
action of DM with SM fermions is due to an extended gauge symmetry, in order for the
theory to be consistent at the quantum level the charge assignment under the new gauge
group has to be decided in such a way that gauge anomalies are avoided. For example,
in the case of an extra U(1) group the only consistent assignment to avoid anomalies
involving the SM generators is a linear combination of B — L and hypercharge [468].
Alternatively, additional heavy fermions may be added to the model. If they are heavy
enough, their impact on LHC searches is negligible, and the details of this part of the
dark sector can be ignored. Unfortunately this is not the case when we want to compare
LHC results with those from indirect searches: in the latter, indeed, loop annihilation
channels are relevant, but these can not computed including SM fermions alone because
divergences do not cancel, and the full knowledge of the dark sector is needed.

To conclude this chapter, let us ask a somewhat more philosophical question on the
approach of simplified DM models. In the way they were originally introduced, they
were meant to be a small step beyond the EFT approach, in such a way to avoid their
intrinsic energy limitation and to exploit resonant production of the mediator in order
to improve the constraining power of LHC searches. It was successively realised that,
in order not to deal with unphysical results, the vanilla picture had to be supplied with
additional constraints, couplings and states, in a kind of second order improvement. On
the one hand, the typical consequence is that the strong LHC constraints on the dark
sector do not come from DM production processes (as in mono-X searches) but from
other observables (di-jet and di-lepton resonances, mixing with Z boson and electroweak
precision tests, Higgs width to invisibles, perturbative unitarity etc. [450]). This comes
with no surprise, since the high energy reach of the LHC consents to explore a large
variety of phenomena above the weak scale, without restricting to the lightest stable
state of this new physics sector. This is quite the opposite with respect to what happens
with direct and indirect searches, which are intrisically limited to constrain the properties
of the DM particle. On the other hand, simplified models can not (or only partially) be
viewed as an exhaustive toolbox to constraint all possible WIMP scenarios at once. For
this reason, it is of extreme importance that the LHC collaborations publish their results
on simple, search-specific, models in such a way that they are recastable for any other
model (as it is for cut-and-count analyses). In turn, theoreticians should keep working
in close contact with experimentalists in order to maximise the utility of the simplified
models toolkit. Finally, the use of (truncated) EFT should not be disregarded, since this
is the most model independent approach and it is economical from the point of view of
the computational effort because of the reduced dimensionality of its parameter space
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(and therefore of parameter scannings).
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Chapter 8

Relic density

8.1 Introduction

The calculation of the relic abundance of DM particles in the standard freeze-out
mechanism was discussed in section 1.2.1. The final result, Eq. 1.9 can be approximated
as
2 x 2.4 x 10710 Gev 2

Qpph? ~
PM <Uv>ann

; (8.1)

where (0v)ann is the total thermally-averaged annihilation cross section, and the factor
of 2 in the numerator is made explicit to emphasize the fact that, in this chapter, we
will assume a non-self-conjugate DM particle.

Now, a fundamental question which one should ask is the following: under the op-
timistic hypothesis that the next LHC run gives evidence for a new weakly interacting
particle with a lifetime that exceeds about a microsecond, how confident can we be in
claiming we have finally revealed the true nature of the DM? On top of this question, an-
other one arises in the context of simplified DM models which was introduced in chapter
7. Indeed, being the parameter space enlarged with respect to the simple EFT approach,
it becomes of primary importance to figure out the best way in which to present exper-
imental constraints and to prioritize promising regions of parameter space with respect
to others.

A tentative answer to both questions may come from the relic density. On the
one hand, for a new stable particle discovered at the LHC to be assigned the label of
thermal relic DM, it must fall in a region of parameter space where the right abundance
is attained. If this is not the case, either the particle is not a viable thermal relic DM,
or the physics responsible for its equilibrium in the early universe is not the same that
is in play at the LHC. On the other hand, identifying the regions of the parameter space
of a given model where the DM abundance fits the observed one might be useful to set
priorities for the LHC collaborations when comparing the future data with the plethora
of models.

Following the analysis of [5], in this chapter we will consider a simplified model with
a vector mediator exchanged in the s-channel and compare the region of the parameter

125



126 CHAPTER 8. RELIC DENSITY

space which gives the correct relic density with the predicted exclusion regions for the
LHC Run 2 and the 50 discovery potential regions. The chapter is structured as follows.
In Section 8.2 we provide some general considerations and state our assumptions, along
with a description of the model we consider. In Section 8.3 we compare ATLAS 14TeV
sensitivity with the region of parameter space consistent with thermal relic DM. In Sec-
tion 8.4 we extend this analysis to simplified models. Finally, we collect our concluding
remarks in Section 8.5.

8.2 Working assumptions

The goal of this section is to provide some general considerations about the DM
abundance and its link with collider searches and, above all, to list as clearly as possible
the set of assumptions we are working with.

8.2.1 DM Abundance Considerations

Consider the general scenario where a DM candidate x will eventually be efficiently
pair-produced at the LHC. This implies that y must interact with first-generation quarks,
therefore one can define the thermally averaged DM annihilation cross section '

(00)s = (0V)yg—ua + <O”U>X)'<%dc?7 (8.2)

which also sets a reference for DM production at the LHC. In the early universe, besides
annihilations into quarks, there can be additional annihilation channels, so that the total
DM annihilation cross section which is relevant for the relic abundance is

(0V)ann = (OU)y. (8.3)
So, by requiring that the particles x and y compose the DM abundance, we find

2%x24x10710GeV2  2x24x10710GeV 2

Qobs h2 ~ 8.4
DM <0"U>ann = <O'U>* ) ( )

or, plugging in the measured value Qpyh? = 0.1197 £ 0.0022 [40],
(ov), <4.0 x 1077 GeV 2. (8.5)

On the other hand, one can make the reasonable assumption that the dominant DM
annihilation channel is to SM fermions and the coupling to the first generation of quarks
is not less than the coupling to other SM fermions. This hypothesis follows from the
requirement that the would-be DM particles are efficiently produced at the LHC. We
are the first to admit that this assumption is debatable, but we consider it as a working

1. Gluons and other quarks can of course contribute to DM production at the LHC, so the . subscript
defines a reference channel rather than all possible channels of DM production at the LHC.
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hypothesis. We will show later how weakening this assumption affects our results. In
this case, we get

(am < Y fovht 3 %<av>*::4<av>% (8.6)

quark gen. lepton gen.

and therefore

2%x24x10710GeV2  6.0x 10711 GeV 2

(0V)ann (ov)«

obs h2 ~

QDM ) (87)

or

(ov)s > 1.0 x 1079 GeV 2. (8.8)

Let us illustrate the relevance of these inequalities with a simple example. Assume that
the interactions between DM and SM quarks are described within an Effective Field
Theory (EFT), where the basic parameters are the DM mass mpy and the UV scale
A. Let us also imagine that the annihilation controlling the thermal abundance takes
place in the s-wave. One therefore expects roughly that (ov). ~ 107 m#,,/A*. We then
obtain, from Eqs. (8.5) and (8.8),

1/2 1/2
mpwMm mpMm
T2 ) TV SAS L0 () Ty .
07@@@&) VIAS 0@@@&) v (8.9

Curves corresponding to the correct relic abundance have been used as a benchmark
or comparison for EFT constraints since the early usage of EFTs [396,398]. However,
these relic density constraints on thermal DM are usually considered not to be robust:
for a given set of parameters, the relic density can be smaller if the cross section is
enhanced by inclusion of other annihilation channels, such as annihilation to leptons;
conversely, the true relic density can be larger if there is a larger dark sector including
other types of DM. However, under a modest set of assumptions, these constraints can
become substantially more powerful. Throughout this analysis, we will assume:

1. the DM candidate x makes up 100% of the DM of the universe;

2. the DM annihilation rate is related to the observed density today via the standard
thermal production mechanism;

3. the dominant annihilation channel is to SM fermions, via one dark mediator;
4. the DM couples to u, d quarks, so that it can be produced at the LHC;

5. the coupling to the first generation of quarks is no less than the coupling to other
SM fermions.

In this situation, the relic density constraint gives a range within which the dark sector
parameters should lie. It is clear that assumption 5 is by no means a certainty, and so
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we will show how our results are sensitive to relaxing this assumption. In the event of
a signal, this assumption can instead be used to learn about the flavour structure of a
thermal relic model that attempts to explain the signal. If the signal falls into the region
where DM would be overproduced, then there must be enhanced couplings to other SM
particles relative to u,d quarks in order to avoid overproduction, or alternatively, the
DM is produced by some mechanism other than thermal production.

Assumption 2 can break down if either the DM was not produced thermally in the
early universe, or if some other effect breaks the relationship between the DM density
and annihilation rate. For example, unusual cosmologies between freezeout and today
can influence the relic density of DM [469].

To summarize, under our generic assumptions 1-5 the DM production cross section
must satisfy the bounds

1.0x1077GeV 2 ~ %(av}ann <o)y < (0V)ann ~ 4.0 x 1072 GeV 2. (8.10)
where the value of the annihilation cross section is dictated by ensuring the correct relic
abundance.

These tidy inequalities break down when we include the effect of the top quark
mass, mediator widths, and a more accurate expression for the relic density later in
the text, although the principle behind them remains the same. The two limits on the
cross section describe two contours in the parameter space: if (ov), is too large, then
DM will be underproduced, we call this the underproduction line; if (ov), is too small,
then DM will be overproduced; this is called the . This information is
summarised in the table below, where gpy, r) generically indicate the mediator couplings
to DM and SM fermions, respectively.

(0V)ann >~ 4{ov), | EFT: Max A, min mpy;.
Simp. model: Max M, min gy y) and mpum.

Underproduction line | (0v)any = (ov), | EFT: Min A, max mpy
Simp. model: Min M, max g,y and mpym.

8.2.2 Models and cross sections

To illustrate our point, we focus on a class of simplified models where the DM is a
Dirac particle annihilating to SM fermions in the s-channel via a Z’-type mediator. We
choose to study a Z’-type model as it has the best prospective LHC Run-II constraints
with which to compare.

We consider the general interaction term in the Lagrangian for a vector mediator Z’,

L==>"Z1fy"(gf —9/vs)f] — Z, [x7" (9 — 9oas) X5 (8.11)
f

where f is a generic SM fermion, the kinetic and gauge terms have been omitted, and
the sum is over the quark and lepton flavours of choice (see e.g. Ref. [389]).
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The LHC searches are only mildly sensitive to the ratios g}/ / ng and ggM / gSM, how-
ever the distinction is important for relic density calculations, and so we consider a pure
vector coupling (gﬁDM = 0). In the EFT limit, we also consider pure axial (g}fDM =0)
interactions. In the low-energy limit, the Lagrangian (8.11) leads to the effective opera-
tors

Ov = 5l (D5) (8.12)
Oa = o sl 09 (5.13)

The effective operators Oy and O4 correspond to the usual D5 and D8 operators re-
spectively, defined in Ref. [398].

The process relevant for relic density calculations is the annihilation of DM particles
of mass mpy into SM fermions of mass m

XX = ff. (8.14)

In the effective operator limit, the relative cross sections per SM fermion flavour, ex-
panded up to order v?, are

x = o7 - —5 o
2mAf miy \ My 24, /1 — m3 /mdy,
2 47,9 2 2
(o)~ N¢ 2 [ my 5 23m’/miyy — 28m3 + 8mpy (8.16)
v X 2 v 2 /.2 ’
Mbm 24\/1 —m3/mpy

where the colour factor N¢ is equal to 3 for quarks and 1 for colourless fermions. The
full expressions relative to the process (8.14) with Z’ exchange, and the corresponding
mediator widths, are reported in Appendix B.

8.3 Results: Effective operator limit

In the extreme EFT limit, for massless SM annihilation products, the annihilation
cross section for a dimension-6 operator goes like g%Mg?mQDM /M* = mQDM /A*, where
M is the mediator mass, and gy is its coupling with fermion species f. Thus, in gen-
eral, the underproduction contour is a contour of maximum gpm, g4, and mpwm, and of
minimum M, and vice-versa for the overproduction contour. Here we compare a range
of constraints in the effective operator scenario, where the momentum carried by the
mediator is assumed to be small relative to its mass and we define the effective scale

A= M (8.17)

v/ 9DMYq .

The LHC constraints in this scenario are generally valid in the range 7 < | /gpmgq S 47
[470]. Since the annihilations relevant to relic density calculations take place when the
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DM is non-relativistic, the effective operator approximation is valid as long as M >
2mpwm, Or \/gpMGg > 2mpMm /A, while direct detection constraints are valid across the
entire parameter space of interest.

Our results in this limit are summarized in Fig. 8.1, where we compare the projected
exclusion and discovery reach by ATLAS with the under- and -production lines
defined in the previous Section for the vector and axial-vector operator. In the following
subsections we describe all the elements appearing in Fig. 8.1.

8.3.1 ATLAS reach

We use simulations of the exclusion and discovery reach of ATLAS at 14 TeV from
Ref. [470]. This reference estimates the sensitivity of ATLAS to DM in the missing
energy + jets channel. This is a powerful general-purpose channel which has led to
strong constraints on DM by both ATLAS and CMS at 7 and 8 TeV [471,472]. Searches
for other final states such as mono-W/Z [428, 429,473, 474], mono-photon [475, 476],
mono-higgs [477,478] and mono-top [479] can play a complementary role, especially
when combined into mono-all searches. However, the monojet searches still give the
strongest constraints [480], and thus represent a good choice for sensitivity studies.

The limits from Ref. [470] are only given for two DM masses, mpyn = {50,400} GeV,
however there is minimal variation in the constraint between the two masses, so we
interpolate constraints on A between these two points. These limits are determined for
the vector operator, but are expected to be the same for the axial-vector operator [471].

The 1% and 5% labels indicate projected limits assuming a 1% or 5% systematic
uncertainty in the SM background, respectively. Achieving 1% systematics may be
overly optimistic, and can be considered a “best-case scenario”. Other labels indicate
the results at a given collision energy and integrated luminosity. The red bands indicate
the potential significance of an observed signal, from 3o to 50.

8.3.2 Direct Detection constraints

We use corrected versions of the equations from Ref. [398] to translate limits on
the spin-dependent (SD) and spin-independent (SI) cross sections into limits on the
effective operator parameter A. We adopted limits from LUX [153] (SI cross section)
and Xenonl00 [391] (SD cross section). For our simplified models, constraints on A
correspond to a constraint on M/ \/9DMYq-

The vector operator Oy is subject to constraints on the spin-independent scattering
cross section. These constraints are significantly stronger than prospective LHC bounds
on this operator, ruling out the entire region displayed in Fig. 8.1 (left). However, the
strength of direct detection constraints falls of quickly below mpy =~ 10 GeV, while LHC
constraints are expected to be relatively flat below mpy = 50 GeV. If the prospective
LHC constraints in Fig. 8.1 (left) can be extrapolated down, they will become stronger
than direct detection constraints at around mpy = 10 GeV. Conversely, the axial-vector
operator Q4 is subject to much weaker constraints on the spin-dependent scattering
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Figure 8.1 — Blue and orange lines show the over- and under-production lines respectively, defined in the
text, for the Vector (D5) (left) and Axial-Vector (D8) (right) operators. The black lines show prospective
ATLAS exclusion limits for various energies and systematic uncertainties, and for luminosities of (3000,
300, 20) fb~! from top to bottom. The red bands show the 3 to 5 ¢ discovery potential [470]. EFT
approximation is valid for m < VIpmGq < 47 for ATLAS prospects, and \/gpmGq > 2mpwm /A for the
relic density constraints. See text for more details. Direct detection constraints are not shown, but for
the vector operator D5 they would rule out the entire visible space (cf. sect. 8.3.2).

cross section. In this range they are barely distinguishable from the A = 0 line and thus
are not shown.

8.3.3 Relic Density Bounds

In Fig. 8.1, we show the under- and -production lines defined in the previous
Section, for the vector (Oy, D5) and axial-vector (04, D8) operator, under the assump-
tions 1-5 of Sect. 8.2.1. The range between the orange and blue lines shows the region
of parameter space in which any observed x can also be thermal relic DM. This marks a
good starting point for WIMP searches. For example, we can see that pure vector DM
will be difficult to observe for larger DM masses, and in any case it is ruled out by direct
detection constraints. Conversely, axial-vector DM is unconstrained by direct detection,
but it is already heavily constrained by 8 TeV collider bounds, and it is accessible to the
14 TeV searches even for DM masses above 500 GeV. The jump in the orange line is the
point where annihilation into top quarks becomes kinematically allowed.

The overproduction lines in Fig. 8.1 rely on the assumption that the DM coupling
to the first generation of quarks is not less than the coupling to other SM fermions
(9f < 9u,a), while the underproduction line only depends on the couplings g, q to the
first-generation quarks. Relaxing/strengthening the assumption 5 of Sect. 8.2.1 means
allowing the couplings to other SM fermions to span over a wider/smaller range and
correspondingly the upper limit is Eq. (8.8) is changed. The effect on the overproduction
lines is shown in Fig. 8.2. We see that if the constraint on g; is relaxed, the orange line
of Fig. 8.1 gradually becomes too strong, and correspondingly the region in which to
search for DM becomes broader (green curves of Fig. 8.2). In the event that a signal
compatible with DM is observed, the region where it falls on the plot can be used to
infer something about its nature.
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Figure 8.2 — Analogues of the orange overproduction line in Fig. 8.2 (corresponding to gf < gu,d),
changing the relative value of the coupling between u, d quarks and other SM fermions.

It is also interesting to note that in the EFT limit there exist simple expressions
relating the DM parameters to the correct relic density. In fact, one can trade the
annihilation cross section for the relic abundance (see e.g. Eq. (8.1)). Then, using the
Egs. (8.15) and (8.16) for the annihilation cross section in the EFT limit, we can find a
simple expression for a combination of the effective parameters in the low-energy theory

2

2
m _ _
A’QlM X Z:NZC ~ 1x1078GeV2 (V), (8.18)

1

4x1077GeV 2 (A), (8.19)

m2DM C
A XN,
3

where the sum is over the fermionic annihilation products and the colour factor N is 3
for coloured fermions and 1 for colourless fermions, and this equation assumes A is the
same for all channels.

8.4 Results: Simplified models

We again consider the two scenarios discussed in the previous section: DM coupling to
the minimum and maximum number of SM particles. Now we relax the assumptions lead-
ing to the effective operator approximation, and consider the simple UV-complete model
described by the Lagrangian (8.11). This expands the relevant parameter space from
just two parameters, mpy and A, to the set of parameters {mp1, M, g5, Gonis g}/, g;ﬁ‘},
where f runs over all SM fermions which the mediator can decay into. As already antic-
ipated, we restrict our attention to the case of pure vector couplings. Thus we consider
gSM = g? = 0, and we define ggM = gpM, g}/ = gy. The annihilation rates and mediator
decay widths have been computed and are shown in Appendix B.

For the , any change in parameters which decreases the cross
section will lead to overproduction of DM. Similarly, for the underproduction line, any
change in parameters which increases the cross section will lead to underproduction of
DM.
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Figure 8.3 — Over- (orange) and under- (blue) production boundary lines for thermal relic dark matter,
for three different choices of the coupling strengths, and a Z’-type mediator with pure vector couplings.
Black lines are ATLAS projected 95% lower bounds after 25 fb™! at 14TeV, assuming 5% systematic
uncertainties.

In order to compare directly with prospective ATLAS constraints, in Figs. 8.3-8.4 we
show lines for specific choices of | /gpn-gy =0.5, 1, m and mpym =50, 400 GeV respectively.
The ATLAS constraints are again from Ref. [470] and refer to a vector mediator model.
These constraints have some degeneracy in M for low values of ,/gpm-gy, and so we
do not show a line corresponding to /gpm-gf = 0.5 In order to compare with their
prospective constraints, the relic density constraints assume the same (arbitrary) widths
as ATLAS.

While the annihilation rate of DM particles only depends on the product gpwm - gy,
the mediator decay widths depend on each coupling individually. So we are forced to fix
the ratio g¢/gpwm, in addition to keeping the product gpwm - g¢ as a parameter,. For fixed
values of the mediator width, a bound on the product ,/gpm-gy can be recast into a
bound on the ratio g¢/gpm. The arbitrary widths used in Figs. 8.3-8.4 can be compared
to the physical widths to fix the ratio gf/gpm. This is shown in Fig. 8.5. In some
regions there is no solution, and the width used by ATLAS is in fact not physical. For
this reason it is recommendable to avoid the use of arbitrary mediator widths, and to
fix the widths to their minimal value given by the decay channels to SM particles and
to DM particles.

8.5 Conclusion

In this chapter we have stressed the importance of using relic density considerations
in the searches for DM at the next LHC Run, not only regarded as a mere constraint but
also used as a powerful search tool. In fact, in order to reveal the true nature of DM, any
future signal of a new weakly interacting particle possibly produced in the collider must
be confronted with the requirement the new particle has a relic abundance compatible
with observations before assigning it the label of thermal DM.

We have followed both the approach of effective operators and the approach of sim-
plified models, for a reference case of a vector mediator. We have found that, in both
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Figure 8.4 — Over- (orange) and under- (blue) production boundary lines for thermal relic dark matter,
compared with projected ATLAS reach (black), for two values of the dark matter mass, and a Z'-type
mediator with pure vector couplings. Black lines are ATLAS projected 95% upper bounds after 25 fb~*
at 14TeV, assuming 5% systematic uncertainties.
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Figure 8.5 — The solution to the ratio gf/gpm corresponding to the bounds on the product gf - gpm
combined with fixed mediator widths (as represented in Fig. 8.4). At large mediator masses, no solution
exists and the widths are unphysical for the coupling strengths in Fig. 8.4.

situations, Run II of LHC has the potential to explore a large portion of the parameter
space of thermal-relic DM, either in terms of claiming discovery or in terms ruling out
models.

Our results are twofold. One the one hand, they can be used by LHC collaborations
as a guidance into the parameter space of DM models; in fact, simple relic density
considerations help to set priorities and parameter choices when analysing future data
in terms of DM.

On the other hand, our results provide clear messages in case of observation of a
new stable particle: if the new particle is not compatible with our thermal relic curves,
either it is not the DM or one of our working assumptions is not valid. In any case, very
interesting lessons about the nature of DM will be learned from LHC data.
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Chapter 9

A U(1)’ gauge mediator

9.1 Introduction

As we saw in chapter 2, direct detection experiments are already probing some of
the most interesting regions of WIMP parameter space, and the simplest WIMP picture
is already suffering some tension. An important caveat is that the scattering is typically
assumed to be spin independent, because non relativistic operators depending on the
particles’ spins are suppressed, and the SI component, if present, is dominant. However,
if for some reason the scattering is purely spin dependent, upper limits from direct
detection experiments are increased by order of magnitudes: from the level of of o, ~
10~ — 10745 cm? for SI cross section [159] to that of aill,) <1073 — 1073 cm? for the
SD one [393].

Interestingly, at least naively, the direct detection bounds are not the strongest
bounds one can put on the SD nucleon-DM scattering. Even stronger exclusions have
been claimed both by Fermi-LAT, IceCube and by collider searches at the LHC. However,
these constraints are more model dependent and the comparison of these constraints to
the direct detection operators is not straightforward.

The problem with comparing these results is twofold. Let us first consider the signal
in neutrino telescopes. Assuming that the DM capture and annihilation rates are already
in equilibrium in the Sun’s core, the total neutrino flux is only proportional to the
capture rate, and independent of the DM annihilation rate [333]. However, in order
to know the predicted neutrino flux, one should also know the annihilation channels.
As we will discuss later, these are highly model dependent. The IceCube collaboration
reports its results [355,481] considering annihilations into WW, 77 (optimistic scenarios
with hard neutrinos) and bb (pessimistic scenario with soft neutrinos). However, there
is no guarantee that in a full UV complete picture any of these channels is dominant.
In fact, if the DM is a Dirac fermion, it will most likely annihilate into a pair of SM
fermions, and assuming flavor universality, these will most likely be light flavors, leaving
no distinctive signature at IceCube. On the other hand, if the DM is Majorana and the
fermion current preserves chirality, the light fermion channels are velocity-suppressed,
giving way to other channels: WW, ZZ, hh, Zh and tt. A priori, there is no way to
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know which of these channels dominates the annihilation process and sets the neutrino
spectrum. The same problem holds for the bounds obtained by indirect detection of the
diffuse v-rays from the Galactic Centre and the dwarf satellite galaxies. These bounds
also depend on the choice of the primary DM annihilation channels that give rise to the
final spectrum of diffuse y-rays.

The second problem has to do with the comparison of the direct detection exclusions
to the LHC searches that nominally claim the strongest bounds on SD DM interactions
with nucleons. This claim is strongly model-dependent. The LHC searches are extremely
sensitive to the ratio between the mediator couplings to the DM particles and to the SM
particles. Moreover, the collider exclusions quickly weaken in the high DM mass region.

Here we will address the question of the complementarity between searches in the case
that the interaction between the DM and the baryonic matter is mediated by a heavy
vector boson (Z’). This is probably the easiest scenario one can consider beyond the
proper WIMP (namely, the DM charged under the SM SU(2) x U(1)). It can also also be
part of more complicated scenarios, e.g. non-minimal SUSY or strongly coupled physics
at the TeV scale. We explicitly calculate the annihilation rate into the electroweak
(EW) bosons and Zh and show that, if the annihilations into SM fermions are helicity
suppressed, the dominant channels (depending on the DM mass) are bb, tt and Zh.
The latter have been neglected in previous studies, however we show that for the heavy
DM it is a dominant source of hard neutrinos, which can be detected by the IceCube.
Because even relatively small BRs into the gauge bosons can potentially be important
sources of the energetic neutrinos that can be detected by IceCube, we calculate the
rates into the EW gauge bosons at the NLO level. We further comment on this issue
in Sec. 9.3, while the details of the calculations are relegated to Appendix C. We show
that the one-loop corrections to the W W annihilation channel are indeed important and
noticeably harden the neutrino spectrum that one would naively estimate at the tree
level. We also reanalyze the collider constraints, both on the direct production of Z’
and on the production of DM associated with a jet, and review the situation with the
indirect detection from dwarf satelite galaxies.

This chapter is structured as follows. In Sec. 9.2 we review the basic features of
SD DM, we describe in detail our setup and we review the constraints from direct
searches for a Z' at colliders and from the calculation of the relic density of DM. In
Sec. 9.3 we illustrate the constraints on our model from the LHC, direct and indirect
DM searches and from the IceCube experiment, and we discuss the branching ratios
for DM pair annihilation into the SM channels (which are required in order to derive
bounds from IceCube and Fermi). In Sec. 9.4 we illustrate our results, and in Sec. 9.5
we summarize our conclusions. Appendix C contains further details about the formulae
for the annihilation of DM.
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9.2 /'-Mediated Spin-Dependent Interactions

In the high-energy EFT the gx - Sy operator descends from the axial vector - axial
vector interaction, namely

L= (x17"x) (N9"4°N).. (9.1)

As we have described in the introduction, this relativistic EF'T description is not very
useful, if we would like to compare direct detection searches for DM with the constraints
from the LHC and IceCube. The UV completion for this operator is needed. There are
several options for how this interaction can be completed at the renormalizable level.
The simplest and most economical possibility, from the point of view of model building,
is to mediate the interaction via a massive neutral vector boson, which couples to the
SM axial current and to the DM axial current. This might either be a Z-boson of the
SM (corresponding to a standard WIMP scenario) or a new Z’ boson.

The simplest realization of this scenario would be a “classical” WIMP, namely a
Majorana fermion that is charged under the EW gauge group SU(2)z, x U(1)y (but not
under the electromagnetism) and couples to the heavy weak gauge bosons at the tree
level. One can view a supersymmetric electroweakino as a prototype of this kind of DM —
either a doublet or a triplet of SU(2)y,, possibly mixed with a singlet (bino). ! SUSY dark
matter also satisfies the criteria that we have listed above: the direct detection cross-
section is spin-dependent > and therefore the bounds from direct detection experiments
are relatively weak. Because the generic SUSY DM candidate is a Majorana fermion
(rather than Dirac), annihilations into the light quarks are helicity suppressed. In the
neutralino case, the annihilation into the EW gauge bosons proceeds at the leading order
and in this case the WW, ZZ and tt channels dominate the annihilation branching ratios.
The only relevant NLO annihilation channels for the neutralino spin-dependent DM are
vy and vZ, which have been fully analyzed in Refs. [486,487].

Another straightforward yet less explored UV-completion is mediation of interac-
tion (9.1) by a heavy Z’, remnant of a new gauge symmetry at the TeV scale. In partic-
ular, we assume the following renormalizable interaction between the DM, Z’ mediator
and the SM fermions:

L =gy g XV XZ), + 19z g7 OV YV Z), + igmg) vy Z), (9.2)

where y is a Majorana DM particle and 1 stands for the SM fermions. Note that we
have not yet specified the couplings of the Z’ to the SM Higgs (if they exist at all). We
expect a generic Z' to couple to both a vector and an axial current, and therefore we
write down both these couplings for the SM fermions. For the DM fermions we have two
choices: they might be either Dirac or Majorana fermions. If they are Dirac, it would
be difficult to explain why the Z’ does not couple to the vector current, opening up

1. For a generalization of this scenario to arbitrary representations see [112,116].

2. Of course we assume very small mixings between the electroweakinos and suppressed squark
interactions. This can naturally happen in various scenarios, e.g. split SUSY [482,483] or recently
proposed mini-split, motivated by the 125 GeV higgs [484,485].
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spin-independent scattering with baryons. On the other hand, if the DM is Majorana,
Eq. (9.2) presents the most general couplings of the Z’ to the DM and the SM fermions.
Hence, we will further consider only Majorana DM.

The scenario of DM which couples to the SM via a TeV-scale Z' has been addressed
in a number of references e.g. [386,389,402,403,409,419,447-449,463,488-499], however
it is still unclear how various direct and indirect searches compare in this case. The most
important caveat in this comparison has to do with the signal from neutrino telescopes,
because it is very sensitive to the annihilation branching ratios of the DM into the
EW bosons. The annihilation cross sections of DM into the SM fermions are helicity
suppressed (except for m, ~ my, with f a SM fermion, where there is no suppression
into ff), and therefore bosonic channels are expected to be the dominant source of
neutrinos that can be detected by IceCube from DM annihilation in the Sun.

In this study we exclusively concentrate on the Z’ mediator in the s-channel, as it
appears in Eq. (9.2). Of course not every Z’ with arbitrary charges would be a consistent
UV-completion of the effective contact term (9.1). If the Z’ is a gauge boson of a broken
symmetry at multi-TeV scale, we should make sure that we are analyzing an anomaly
free theory. This is a crucial demand, because without specifying the full matter content
of the anomaly free theory, the annihilation rates of DM into the gauge bosons remain,
strictly speaking, incalculable. Indeed, some of them could occur via loop diagrams,
whose value is only guaranteed to be finite if the theory is renormalizable.

Based on the demands of renormalizability and anomaly cancellation, one can rela-
tively easily parametrize all possible flavor-blind U(1)" models. Any such model will be
a linear combination of the SM hypercharge and U(1)p_1 (see Sec. 22.4 of [468]). In
extreme cases we either get a Y-sequential theory or a pure U(1)p_r1. As we will shortly
see, the latter is quite a boring case for DM direct and indirect searches because it is
halo-momentum suppressed. *

Because the charges of the SM fermions under the new U(1) are a two-parameter
family, we will conveniently parametrize the generator of the new symmetry as

cosf ty +sinf tp_g, (9.3)

where ty and tg_j, stand for the generators of the hypercharge and B — L symmetries
respectively. To ensure that the fermion masses are gauge invariant, the SM fermion
charges under the U(1)" unambiguously determine the SM Higgs charge under the U(1)".
For completeness we list all the charges under the gauge symmetries, including the U(1)’,
in Table 9.1.

These charges have a strong impact on the DM phenomenology in this scenario.
Because the SM Higgs couples to the Z’, tree level couplings between the Z’ and the
EW gauge bosons are induced after EW symmetry breaking. In this case Z’ mixes with
the Z. This allows annihilations of the DM to EW gauge bosons at the tree level.

3. So-called “anomalous” U(1) has also been discussed in literature, e.g. U(1)y [500]. Note that these
models demand the introduction of spectator fermions to cancel the anomalies. One should necessarily
take into account the contribution of spectators when calculating the DM annihilation branching ratios
to avoid non-physical results.
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Table 9.1 — Charges of the SM matter content under the gauge symmetries of the SM and the gauge
U(1)" with the generator (9.3). i stands for the family index.

9.2.1 Direct constraints on 7' from LHC searches

Here we review direct constraints on this Z’ from the LHC. In addition, we will
consider monojet constraints on DM production in Sec. 9.3.2. The easiest way to spot a
Z' at a collider is via an analysis of the leptonic modes, unless they are highly suppressed.
For these purposes we recast a CMS search for a narrow Z’ in the leptonic channel [501],
which conveniently phrases the constraints in terms of

olpp — Z') x BR(Z' — I17)
o(pp — Z) x BR(Z — I+1™)

R, = (9.4)

and for the reference point we take o(pp — Z) x BR(Z — IT17) = 1.15 nb at /s =
8 TeV [502].

We show the results of our recast in Fig. 9.1 as a function of the mass my: of the Z’
and the angle 6 as defined in Eq. (9.3). Note that, for a given gz and 6, all couplings to
the SM are fixed, therefore both production cross sections and BRs are unambiguously
determined by these values. In Fig. 9.1 we show the exclusions both for nominal cross
sections, as we get from MadGraph 5 [503], as well as for cross sections one gets by
applying the flat k-factor £ = 1.3 (similar to the suggestion in [504]). It is apparent
from these lines that, in order to have a Z’' with O(1) couplings, its mass must be
my 2 3TeV. Note that the constraints from LEP, coming from the mixing between the
Z and Z', which further affect the T-parameter, are much weaker than the direct LHC
constraints.

9.2.2 DM annihilation to SM particles

The annihilation proceeds via Z’ into the SM fermions and the EW gauge bosons.
The couplings of the Z’ to the EW gauge bosons, in particular to Zh and W+W ~, arise
at the tree level after EW symmetry breaking, when the Higgs Goldstone modes are
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Figure 9.1 — Maximal allowed gauge couplings gz of the hidden U(1)’ as a function of the angle 6
(Eq. (9.3)) and of mgzs. On the LH side we assume the nominal LO cross sections, on the RH side we
apply a flat kK = 1.3 factor.

“eaten” by the massive gauge bosons. Before EWSB one can write down the couplings
of the Z’' to the SM as follows:

Lz-sm =972, <Ei(057“ + ey s)el + 7 (e v + eyt s ) 95)
. , 9.5
+ ﬂ’(cgfy“ + cf*y“fyg))uZ + dl(cgv" + 02?7“75)&) + (DMH)T(D“H)

with D, = DEM - %cos@gZ/ZL and the vector/axial vector couplings of the Z’ to the
SM fermions given in Table 9.2. The Lagrangian describing DM is

Low = %Y(ia —my )X + %gz'gXZL (%795 » (9-6)

where g, is the coupling of x to the Z’. We do not consider kinetic mixing, and we
neglect the effects of renormalization group equations that could mix Z and Z’ via loop
effects. We also do not take into account the running of the operator coefficients due to
the RG flow because the quantitative effect is expected to be mild (see recent Ref. [132]
for the details). The latter is indeed a minor effect, if the model is such that the mixing
is zero at a scale close to the electroweak one. We do not specify the dynamics of the
spontaneous symmetry breaking sector of U(1)’; and for our purposes we just assume
that it provides a mass term im?%,2’2.*

As we expand Eq. (9.5) we find that the Z’ mixes with Z, with a mixing angle 1) fully
determined by the mass m s of the physical mass eigenstate, the value of the coupling

4. The simplest model that could provide a massive Majorana particle interacting with the Z’ could
be the following. We use the 2-component notation. We introduce a Majorana fermion o and two
Weyl fermions 1, 9. 11 and 12 interact with the Z’ with opposite charges, and we write a mass term
(29T + h.c.) that is both gauge invariant and Lorentz invariant. With just one Weyl spinor we would
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gz and the angle 6. If we denote the mass of the lighter mass eigenstate by mz = 91.2
GeV, then v turns out to be of order ¢ ~ gz (3089(77”;‘—;)2 < 1 in the regime mz > my
that we consider here. For this reason, in the remainder of the discussion we ignore
the mixing for simplicity of notation, and denote both the interaction or mass eigenstate
equivalently by Z’, and the lighter mass eigenstate identifiable with the SM vector boson
by Z .

SM fermion f g}/: coeff. of g, f4'f g}“: coeff. of g f4'vsf

leptons —% cosf) — sin 6 —% cos
neutrinos —i cosf — % sin 0 % cos + % sin 6
up quarks 15—2 cosf + % sin 6 i cos
down quarks —% cosf + % sin —i cos 6

Table 9.2 — Coeflicients of the vector and axial vector bilinear currents for the SM fermions (¢fEq. (9.5)).
With obvious meaning of the notation, the coefficients ¢* and ¢g* are obtained from g%, g% of Tab. 9.1

. I R L, R L, R v LisR 4 _ L, R
via g“Pr, + g PR:g;g + 9;9 ~s5, so that g :9;“’ , g0 = g;g‘

Due to the Z-Z' mixing, the heavy Z’ couples at tree level to Zh with a vertex

1
5 cos 09z 970 (Z’Zh) , (9.9)

where gz = /g2 + ¢'2 = 2mz/v with v = 246 GeV, and with WTW ™~ with a vertex
equal to sin ) times the SM vertex for ZW+W —,

siny - ig cos Ow | (W W, = WiW)or 2 + WELW =1z —WowHez'| | (9.10)

not manage to write a gauge invariant term. (A term like 1/);1/)1 would violate Lorentz symmetry.) The
Lagrangian for these fields would be

£ =9l i0,0" 1 + ] i0,0" Y2 + m(Pahr + vl
+ QZ’ng/u( Iauwl + ¢;8u¢2) (9~7)
+ 1 10,0 o + o (11 + y2tb2)

where @ is the scalar field responsible of the BEH mechanism in the U(1)" sector. Notice that the third
line, independently from the value of y1, y2, prevents us from writing (9.7) in terms of a Majorana spinor
(i;) Once ® assumes a vev v, the mass matrix for the triplet (1,2, o) is

1 0 m  Yyv
3| m 0  yov |, (9.8)
yiv o yav (M)

where M is a mass term for 1o that can possibly appear in (9.7). The diagonalisation of the mass matrix
brings to a Majorana massive particle interacting with Z’, which can be close to g if M,y;v < m.
Notice that the terms proportional to v in (9.8) introduce a splitting in the mass matrix between what
could be the L- and R-handed components of a Dirac spinor. Some theories of inelastic dark matter
elaborate on the possibility that this mass splitting is small, and the lightest eigenstate could convert
into the heavier one via inelastic scattering.

We conclude by stressing that the vector-like coupling of Z’ to ¢1 and v ensures the cancellation of the
gauge anomaly in the diagrams involving these fermions.
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where ijj = 0, W — 8VW;E. Notice that both (9.9) and (9.10) are proportional to
cos @, thus they vanish in the pure U(1)p_r limit. Interaction (9.10) turns out to be
velocity suppressed, thus it gives a small cross section in the low DM velocity regime
of DD and IC, and both (9.9) and (9.10) are proportional to cos#, thus vanish in the
pure U(1)p—_r, limit. Because of these suppressions, loop channels are also relevant at
low kinetic energy, as discussed in Sec. 9.3.5. In particular, the annihilation of xx to Zh
occurs at tree level, except for the case in which the U(1)" extension is a pure U(1)p_r,
gauge symmetry. At low velocity, annihilation into W+ W ™ is instead dominantly driven
by diagrams with a fermionic loop (see Appendix C).

9.2.3 Calculation of DM relic density

Now that we have all the tree level couplings of the Z’, we are ready to calculate the
thermal relic abundance of the Majorana DM. We calculate the annihilation rates and
perform the thermal average using the procedure of [43]. The result for the thermally
averaged self-annihilation cross section as a function of temperature T is

(ov) T 12[100 TannV/s (5 —4mi> JA (x\/§> ds, (9.11)

- 8m} (a(w))” Jam2 My

where z = m, /T, and % is the modified Bessel function of order i.

We do not approximate the thermally averaged cross section with a low DM velocity
expansion, since close to the resonance m, < my/ /2, terms of higher order can also yield
important contributions to the relic density [44].

Once we fix the values of the angle 6§ and my/, we are left with gz as the only free
parameter. In Fig. 9.2 we show the value of gz that yields the correct relic density
as measured by [40]. The areas above (below) the lines correspond to points of the
parameter space where the DM is under- (over-) abundant in the thermal scenario.

For the calculation of the relic density we relied only on tree level cross sections,
which we confirmed are dominant at typical freeze-out energies. Varying the value of g,
(which for this computation was set to 1) while keeping the product gz:,/gy fixed only
very mildly affects the decay width '/, and would have practically no effect on Fig. 9.2.

The lines in Fig. 9.2 stop at m, = myz: above that threshold, annihilation into
Z'Z' opens up, and in principle one would need to specify the details of the spontaneous
symmetry breaking sector of U(1)" in order to compute the relic abundance precisely.
This is not required for our purpose of understanding the plausible range of values for
gz that yield a relic abundance close to the observed one.

9.3 Overview of direct and indirect bounds

The constraints on the scenario that we have described above come from three dif-
ferent primary sources: direct detection, neutrino telescopes and the LHC. Since we
assume a Majorana DM particle, all interactions that we get between the nuclei and the
DM are either spin dependent or halo velocity suppressed, or both. We will comment on
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Figure 9.2 — Top: Value of gz:,/gx that yields to the correct relic density, for three masses of the z'
and different values of §. The regions coloured with multiple shades of gray in the upper part of the plot
(one for each @, myz/) show the regions where I'z/ becomes of the order of myz, signalling the transition
to the non-perturbative regime. Bottom: Same data as left, in the plane A vs. m,.

these interactions in detail in Subsec. 9.3.1. This particular feature renders the direct
detection results much less efficient than in the case of spin-independent interactions,
while other experiments, notably neutrino telescopes and the LHC, become competitive.
In the following section we will carefully go through all of these different experiments
and discuss the bounds that they produce.

9.3.1 Direct Detection Experiments

In this type of experiment, in a model with a Z’ mediator the effective DM theory is
always valid, because the transferred momentum never exceeds hundreds of MeV, well



146 CHAPTER 9. A U(1)’ GAUGE MEDIATOR

below the mediator scale. The effective contact terms that one gets between the DM
and SM quarks are

1% A
9y _ _ gl )
Lopp = 35X X @wa + {5X" X 07" (9.12)

with coefficients g given in Table 9.2, and 1/A? = g%,g,/m%.

It is straightforward to translate these interactions to the more intuitive language of
the NR effective theory. Using the dictionary of [137,138] and considering a nucleus N
instead of the partons g we get

XN’ N = —48, - Sy =40, (9.13)

VP XNY N = 20 S, + 2iS,, - <§N x qu) =205 +20y.  (9.14)
For a generic Z’ (arbitrary 6 angle in (9.3)) we get both axial current - axial current (AA)
and axial current - vector current (AV) interactions with the coefficients being roughly
of the same order of magnitude. However, the latter induces interactions that are halo
velocity suppressed (Og) and both nuclear spin and halo velocity suppressed (Og). This
usually renders the AV interactions smaller than the AA interections for direct detection
and solar capture, although we do include AV interactions when we derive our bounds.
In fact, the halo-velocity suppression in Og is sometimes comparable to the suppression
due to the spin-dependence in O4. The operator Og, which is both spin-dependent and
halo velocity dependent via the exchange momentum ¢ is completely negligible. The
one-loop contributions may induce a spin-independent scattering cross section of the
DM with the nucleons, but their quantitative impact is negligible in our model [505].

For direct detection, there is a special point in parameter space where the usual
spin-dependent operator completely shuts down. This happens when our new gauge
symmetry is exactly U(1)p_p, or, in our language, # = 7. In this case the Z’ couples
only to the vector current of the SM, and therefore the NR interaction operators proceed
only via Og and subdominantly via Og.

We derive the exclusion bounds obtained by the experiments LUX, XENON100,
CDMS-Ge, COUPP, PICASSO, SuperCDMS with the help of the tables made available
by [138], and the bounds by PICO from [393]. The strongest constraints among them
are shown in Figs. 9.7 and 9.8, together with the constraints from IceCube and monojet
searches.

9.3.2 LHC monojet constraints

In this section, we explore the bounds on our U(1)’ model coming from LHC searches
for DM, analyzing events with one hard jet plus missing transverse energy (Er).

Currently, the strongest exclusion limits are from the CMS analysis [506], which
analyzes 19.7 fb~! at a collision energy of 8 TeV.

Despite the fact that the use of EFT to investigate dark matter signatures through
missing energy is severely limited at the LHC energies, we can nevertheless use the EFT
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interpretation of the exclusion bounds, as it is consistent for my = 2 TeV [1,2,411,413].
The effective operators describing the interaction between DM and quarks, in the high
my limit, are

% > gy G sx) (@) (9.15)

and .
1z 290 (0" vsx) (@wsa) (9.16)
q

where A =mz /(97,/9x) and the coefficients gc‘l/, g,;‘ are given in Table 9.2.

At LHC energy scales, the occurrence of a vector or an axial vector current in the
fermion bilinears in (9.15) and (9.16) does not affect the cross section for the production
of DM. This is also apparent from the experimental exclusion limits reported in [506].

The CMS analysis recasts the exclusion bound as a function of the coefficient A of
Eq. (9.16), assuming that 1) all the gj;‘ coefficients are equal to 1, and 2) that x is a
Dirac fermion (with canonically normalized kinetic term). These two assumptions are
not true for our analysis. The second assumption gives an overall factor of 2 in the cross
section for the Majorana case relative to the Dirac case. We take into account both the
first assumption and the convolution with the parton distribution functions (PDFs) of
quarks, by means of a parton level simulation performed with MadGraph 5 [503]. We
simulate the signal both with the EFT defined by CMS and with our model, and we
compute for each value of 6 (which determines g;/, g;j‘) and m, a rescaling factor that
we use to rescale the nominal limit reported by the CMS analysis.

The final result ® for the bounds on A from monojet searches are reported in Fig. 9.3.

9.3.3 Constraints from observations of v-ray spectrum

We now examine the exclusion bounds that can be obtained from the analysis of the
~-ray continuum spectrum. Limits coming from ~-ray lines are irrelevant for our model
because the vy, Zv and h~vy channels are strongly suppressed. The most stringent and
robust bounds on the v-ray continuum spectrum come from the observation of a set of 15
Dwarf Spheroidal Galaxies (dSph) performed by Fermi-LAT [224,226]. The robustness
of these bounds against astrophysical uncertainties comes mostly from the fact that the
photon flux is integrated over the whole volume of the dwarf galaxy, and in this way the
inherent uncertainty due to the choice of the DM profile is largely diluted (as a reference,
results are presented for the Navarro-Frenk-White profile [507]). However, the bounds
are practically independent on the profile choice and the variation of the bounds due to
J-factor uncertainties typically does not exceed 30% [224].

5. We remark the following. If the Z’' mass my/ is larger than a few TeV, the bounds shown in
Fig. 9.3 and the following fall in a region in which the product gZ/g)l/2 is necessarily 2 1. This is in
contrast with the fact that our Z’ model has a rather large mediator width, and it must be g g)l/ 2 <lin
order to have I'z: < my/. For this reason, with the present experimental sensitivity the lines of Fig. 9.8

correspond to a realistic physical situation only for mz ~ few TeV.
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Figure 9.3 — Bound on A = myz//(92/1/dx) as a function of m,, for the six values of 6 shown in the
legend, from the CMS monojet search [506].

Here we should also briefly comment on HESS searches for DM using diffuse y-rays
from the Galactic Centre. These bounds, claimed by the HESS collaboration [508],
are nominally much stronger than Fermi dSph bounds for heavy DM, m, 2 1 TeV.
However one should also consider the uncertainties on these bounds. Unlike Fermi-LAT
searches for emission from the Galactic Centre, which mask a large region around the
Galactic Centre, ® HESS merely masks a tiny region of 0.3° around the Galactic Centre,
mainly to avoid the cosmic ray photon background, which is of course not present for
the space-based Fermi-LAT. This makes the search much more vulnerable both to the
astrophysical uncertainties and to the choice of the DM profile. HESS assumes cuspy
DM profiles in its search (NFW and Einasto), and if the profile is cored, the bounds can
be attenuated by orders of magnitude. This point was nicely illustrated in the context
of a different (wino) DM candidate in Refs. [509,510]. Therefore we decided not to show
HESS’ bounds.

In order to properly recast the results of [224] for our model two ingredients are
necessary. The first one is a knowledge of the spectrum of y-rays from DM annihilations,
which can be computed using the tables provided in Ref. [199]. Results of this calculation
are shown in Fig. 9.4, for three reference values of the DM mass. The second ingredient
would be the exclusion limits on the flux of v rays, information which is not provided
by the Fermi-LAT collaboration. For this reason, we adopted a simplified recasting
procedure. Firstly, we identified in each interval in m, the leading annihilation channel

6. For instance, Ref. [219] practically exclude an area of 10° from consideration. Similarly, theoretical
studies (see e.g. [285]) mask out 1° to 2° around the Galactic Centre. We do not show the Fermi-LAT
Galactic Centre bounds on our plots because they are inferior to the Fermi-LAT dSph bounds. It is also
worth mentioning that measurements of the dSphs are essentially foregrounds-free, which renders them
extremely robust.
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Figure 9.4 — Secondary photon spectra for different primary annihilation channels, for three reference
DM masses.

providing secondary photons, and approximated the total annihilation cross section with
the one into that particular channel (or, in the case of multiple relevant primary channels
with a similar y-ray spectrum, we considered their sum). Secondly, we used the results
of [199] to compare the photon flux from our dominant primary channel to the benchmark
fluxes, namely ete™, utp=, 7777, ua, bb and WTW—, which are shown in the left panel
of Fig. 9.5. We used the limit on (ov) from the channel with the most similar photon
flux as the limit on our channel. Finally, the limit on (ov) is converted into a limit on
A. Though rough, we expect our procedure to provide bounds with at least an order of
magnitude accuracy on J>S£ (which translates into a factor of < 2 on A).

As we will discuss in Sec. 9.6, there are two regions of interest, the first for m, < my
and the second for m, > myy. Leaving aside for the moment the peculiar case § = 7/2,
for m, < m the dominant channels are bb and c¢, which give a similar v spectrum,
so the Fermi-LAT limit on bb can be assumed. On the other hand, for my > my the
dominant annihilation channel is Zh, complemented by W+W ~, ZZ and tt, all of which
give a similar photon flux. Since the flux of photons in the Zh channel is similar (up to
a factor < 2) to that in the bb channel, we again picked the Fermi-LAT limit on the bb
channel. In the peculiar case § = 7/2, the dominant channels are leptonic for m, < my
and WHW~, ZZ for m, > my . Therefore, for m, < my we picked the 777~ channel
(which, among leptons, gives the strongest bounds), while for m, > my, we summed the
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WFW~ and ZZ contributions and compared with the limits on the W+W = channel.
Fig. 9.5 shows the result of this recast in the right panel.
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Figure 9.5 — Left: bounds reported by the Fermi-LAT [224] collaboration assuming that DM annihilates
in the specified channel. Right: recast of these limits in our model, for the different values of 6.

9.3.4 Neutrino Telescopes — IceCube

The IceCube experiment, located at the South Pole, is a neutrino telescope observ-
ing high energy neutrinos by detecting Cherenkov photons radiated by charged particles
produced in their interactions [511]. Muons from v, and 7,, charged current interactions
leave long visible tracks within the detector, which can be easily reconstructed to esti-
mate the direction of the incoming neutrino. IceCube has an angular resolution of a few
degrees for ~ 100 GeV v, (and < 2° for ~ for a 1 TeV v,,), allowing it to search for an
excess of GeV-TeV neutrinos from the direction of the Sun [481]. The physics related to
DM annihilations in the Sun was already analysed in chapter 3.

Results for the benchmark channels bb, WW and 77 can be recast for the scenario
of known annihilation channels by the following method. The search utilizes the Un-
binned Maximum Likelihood ratio method [512,513], for which the sensitivity improves
as Signal//Background. For an unbinned maximum likelihood search of variable reso-
lution, the background level varies as ¥? where ¥ is the median angular resolution [514].
For a given differential (anti)-muon neutrino flux F(E), the total number of signal events
expected within a sample can be calculated as

mpMm

ne (F) = / F(E) x At(E) dE, (9.17)
Etnreshold

where Aqg is the effective area from Fig. 3 of Ref. [513]. Since the fluxes and effective

areas of v, and v, are different, Eq. (9.17) has to be evaluated separately for v, and v,.

The median energy Ep,eq(F) is then defined through

/ Fed FE)-Ag(E)dE = [ F(E)- Ag(E)dE. (9.18)

FEtnreshold Emed
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If the capture and annihilation processes in the Sun are in equilibrium, the neutrino flux,
the capture/annihilation rate, as well as WIMP-nucleon scattering cross section all scale
linearly with respect to each other. Thus the theoretical limit on the WIMP-nucleon
scattering cross-section for a given flux prediction Fipeory can be derived as

Ns (]:benchmark) . v (Emed (ftheory ))
Ns (]:theory) v (Emed (]:benchmark))

(9.19)

Otheory — Obenchmark °

where the first term in the RHS accounts for the variation in the level of signal events
while the second term accounts for the variation in background due to the shift in median
angular resolution. An analogous scaling relation can also be used to obtain theoretical
limits on the annihilation rate I'yny.

The bounds on I',,, for the IceCube benchmark channels can be derived from the
limits on ¢ by mean of the tools provided by WimpSim and DarkSUSY.

The IceCube limit on the neutrino flux At requires knowledge of the neutrino
spectrum per annihilation as it would be observed at Earth. The first step is to calculate
the branching ratio to all relevant final states. Results are discussed in Sec. 9.3.5.

In order to convert these branching ratios into the required neutrino spectrum, we use
the PPPC 4 DM ID code. This is combined with the results for the branching ratios to
determine the final spectrum of muon neutrinos and antineutrinos per DM annihilation
event. The Zh, vh and ~Z final states are not available in the code, and so we use the
average of the two pair-production spectra for each of these final states. We assume that
the differences in the kinematical distributions, due to the different masses of Z, h and
~, have a minor impact on the shape of the final neutrino flux.

For the theoretical flux prediction thus obtained, the number of expected signal
events as well as the median energy can be obtained from the expressions in Egs. (9.17)
and (9.18) for each of the three IceCube samples described in Ref. [513]. The integrals
are evaluated separately for v, and v,. These quantities can also be evaluated for the
IceCube benchmark channel flux predictions (Fhenchmark) obtained from WimpSim 3.03
and nusigma 1.17. Subsequently, theoretical limits on ¢ and I',n, can be obtained using
the scaling relation (9.19) and the analogous one for I'ypy,.

For a given Fiheory; Otheory Can be calculated w.r.t any of the three benchmark Ice-
Cube channels. The different calculations are consistent to within ~ 30% and are thus
averaged.

9.3.5 Results for the Branching Ratios

In order to extract bounds from IceCube observations, the branching ratios for the
annihilations of DM pairs into SM final states must be computed. In this section we
present the final results for the BR’s, based on the cross sections that are computed in
detail in Appendix C.

Fig. 9.6 shows the BR’s into SM two-body final states as a function of m,, for
myz = 10 TeV and for six different values of 6 (defined in Eq. (9.3)). The BR’s for the
final states shown on the plots do not depend at all on gz and g,, because they cancel
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in the ratios of cross sections, as can be seen from the formulae in Appendix C. Leaving
aside for a moment the pure U(1)p_r, the main annihilation channels are the heavy
fermion pairs (t£, bb and 7777) and Zh. These are indeed the only tree level channels
for which a % 0 in the low velocity expansion cvpy ~ a + bv%M.

The main annihilation channel below the kinematic threshold m, = 108 GeV for Zh
production is bb, while the BR’s into ¢¢ and 777~ are less than 10% each. Even if its
branching ratio is not the dominant one, the 777~ channel dominates the IC bound
below the Zh threshold because it yields more energetic neutrinos than the bb one.

In the region m, ~ 80GeV — 108 GeV annihilation into W*+W ™ may overcome the
one into bb, depending on the value of #. Notice that, as will be explained at the end of
this section, the one loop contribution to the W W™ cross section dominates over the
tree level one, which is suppressed by the small Z — Z’ mixing angle and by the fact
that, in the low velocity expansion, it has a = 0.

When the Zh channel opens up it overcomes all others and remains the only relevant
channel unless m,, 2 Myop, where the cross section into tf is comparable to the one to
Zh. At higher DM masses, the cross section to Zh in the low vpy limit is proportional
to mi, while o(xx — tf) is basically constant in m,. The former proportionality comes
from the final state with a longitudinally polarised Z boson and a Higgs boson, and is
ultimately due to the derivative coupling of would-be Goldstone bosons. This explains
why Zh is the only relevant channel at large m,.

Around the resonance o(xx — Zh) goes to 0 because the coefficient a in the low
velocity expansion ovpy ~ a + bvd,; vanishes. The reason is explained in Appendix C.
Therefore, in a small window around the resonance, other channels dominate. The
position of this window is basically the only way in which the branching ratios depend
on my, as can be seen from Figs. 9.7 and 9.8. The effect of resonance excitation indeed
cancel in the ratio when computing the branching ratios.

The previous picture applies for all values of 6, except § = m/2 which corresponds
to the pure U(1)p_1 case. In that case, there is no mixing between Z and Z’, and
the channel Zh disappears at tree level. Below the W™ W~ threshold mpm = mw,
annihilation predominantly happens at tree level into fermionic channels. For m, >
my the dominant channel is instead WHTW~, with a O(10%) contribution from ZZ.
Annihilation into these channels is due to a diagram with a triangular fermionic loop, as
discussed in Appendix C. The fermion channels, in the zero velocity limit, have a cross
section proportional to m}c’}u, where my is the fermion mass and ¢4 is the coupling
of Z' to the axial vector fermion bilinear. When U(1)" is reduced to U(1)p_r the Z’
couples to the vector current only. Thus in this limit the o(xx — ff) has a = 0. The
coefficient b is not proportional to mfc (as it is a because of the helicity suppression),
thus in the fourth plot of Fig. 9.6 the fermions contribute equally to the annihilation
cross section (apart from a factor B2 x (# colours) = 1/3 which penalises quarks with
respect to leptons), unlike what happens for 6 # /2.

Let us conclude this section by explaining why the tree level contribution for yxy —
WFW ™~ has a = 0, which, together with the additional suppression by sin ), selects Zh
as the main channel at low velocities. The initial state xx, in the limit vpyy — 0, has
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total angular momentum J = 0 and CP eigenvalue —1. The final state Zh is not a CP
eigenstate, unlike WTW~. Now, a pair of vector bosons can have a CP eigenvalue —1
and a total angular momentum J = 0 only if they are both transversally polarized [515].
In this case, the tree level interaction Z'WW (9.10) turns out to give a vanishing cross
section. We notice that this argument does not apply to the WTW ™ and ZZ amplitudes
when the triangular fermion loop is included (see Fig. C.1). In those cases, the effective
Z'WTW~—, Z' ZZ vertices contain the terms

FEWW A (ky = ko) ZLWS W, [P (ky — ka)a 2, 202y, (9:20)

where ki, ko are the four-momenta of the outgoing bosons (see also [516,517]). These
terms lead to a # 0 in the cross section, making the WTW ™ and ZZ channels relevant
despite of the loop suppression.

9.4 Summary of results

We show in Fig. 9.7 bounds on O')Sa]? for the case # = 0, comparing direct detection
results with those coming from IceCube LHC’s mono-jet searches and v-ray searches.
Analogous results for different values of 6 are presented in Fig. 9.8, in the plane A wvs.
my. As representative values of # we choose § = 0, w/4, 7/2 and 37 /4. We did not
consider § = m because it is exactly equivalent to § = 0. Since § = 7/2 is quite a peculiar
point, we added two values of § in its vicinity, namely 0.457 and 0.557.

As is clear from Eq. (9.14) and Table 9.2, for a generic angle # the DM-nucleon
scattering is mediated by a linear combination of O4, Og and Og, with coefficients similar
in magnitude. The contributions from Og and Og can be safely ignored for IceCube:
given the composition of the solar environment, their nuclear form factors are between
100 and 1000 times smaller than the one for Oy [518]. This is not the case for DD
experiments, where the three operators give a similar contribution, and the scattering
cross section is not exactly J)SGI,), which is defined as being given by the operator Oy
alone.

To obtain a bound in the usual 0'>S<pD vs. m, plane, one needs to first obtain a bound
on the total scattering cross section, which is easily done using the results of [138]. Then,
this bound is translated into a bound on A = mz//(gz//9y), using the expression for
the cross section obtained from Eq. (9.12). Finally, the bound on A is translated into a
bound on af&? using the expression

3 C4 2
oSy == (_/\2) Il (9.21)

™

which gives the scattering cross section when only the O4 operator is involved, where ,
is the reduced mass of the proton—-DM system, and the dimensionless coefficient is given
by ¢4 = icos O(A, — Ag — Ag) ~ iCOSQ - 1.35, with A, parametrizing the quark spin
content of each nucleon, and is assumed to be equal for protons and neutrons [138].
For 6 # 0, we do not show bounds on J)Sal)) but only on A. The reason is that, since
0'>S<pD is defined as the contribution to the scattering cross section due to the operator Oy
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Figure 9.6 — Branching ratios for the annihilation of xx into pairs of SM particles, for mz = 10
TeV and a kinetic energy of the DM particles equal to the thermal one in the Sun core. There is
no dependence on gz and gy. The six plots, from left to right and top to bottom, correspond to
0 =0, 7/4, 0.45m, /2, 0.55m, 37/4. Only the channels with a BR greater than 1072 are shown.

only, given the limit on A we have U>S<117) oc cos?§/Af . When 6 gets close to 7/2, the
computed value of UEE goes to 0 independently of Ay, resulting in a spuriously strong

bound.

The situation is slightly different when 6 = /2. In this case, the coupling of the Z’
to the vectorial current of the quark fields is identically 0, and therefore the coefficient
of the 04 operator in the NR expansion vanishes. While for IceCube the contribution
of Oy is subdominant with respect to that of Og and can be ignored, both of them have
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Figure 9.7 — Bound on O')S(?]? from direct detection, LHC’s monojet analysis, IceCube and 7-ray searches,
for 6 = 0.

to be taken into account to obtain DD bounds. A recast of the bound on A in terms of

the usual aipD would make no sense in this scenario.

The PICO experiment gives interesting direct detection bounds. For 6 = 0 (i.e.
for the usual spin-dependent operator O4), bounds on ail? can be read directly from
Ref. [393], and translated into a bound on A. Bounds on A for other values of 6 can
not be obtained following the procedure we adopted for the other experiments, because
PICO is not yet included between the Test Statistic functions given in [138]. Therefore,
we obtained a conservative bound on A by rescaling the PICO limit on O'>S<z]? as cos? 6
(since this enters the coefficient of the O4 operator) and then applying Eq. (9.21).

Let us now comment briefly on the results shown in Figs. 9.7 and 9.8. Bounds
coming from LHC searches are typically the strongest ones in the low mass region, up to
m, ~ 400 — 700 GeV for large 0. IceCube searches have their maximal sensitivity in the
region between a few hundred GeV and a few TeV. When @ is small, in this mass region
they give a constraint on A which is stronger than the direct detection one. In particular,
for 0 = 0 the constraint from IceCube is the dominant one from m, ~ 100 GeV up to
10 TeV and beyond. The Fermi-LAT bound from dwarf spheroidal galaxies appears to
be the dominant one for m, mass above 200 — 300 GeV. This is mainly due to the fact
that, in our model, the dominant annihilation channel is Zh, which produces a large
photon flux thanks to EW corrections. We expect that, in a leptophilic model in which
DM annihilates copiously into 7 and p pairs, energetic neutrinos produced in their decay
would make IceCube bounds the dominant ones.

We notice that the bounds shown in Fig. 9.8 fall in the region where the DM is
underabundantly produced via the freeze-out mechanism (compare with Fig. 9.2). The
difference between the two values of A goes up to one order of magnitude for large m,,.

An important remark about IceCube results is that they are almost independent of
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myz and I'z (together with gz/, gy, as stressed in Sec. 9.3.5). There are two reasons
for this: first, as explained previously, when the equilibrium between annihilation and
capture in the Sun is reached, neutrino fluxes at Earth only depend on branching ratios,
which are not modified dramatically by the resonance except for a very narrow region
around it. Electroweak corrections further dilute the difference, and as a result IceCube
bounds for different values of my are almost superimposed (except for a small bump
around the resonant point, whose width is ~ I'z/).

Previous studies of the constraints coming from the IceCube experiment were done
in Refs. [519,520]. In these works, the authors examined simplified models without
considering the mixing of Z and Z’ imposed by the Higgs boson charge under U(1)’, and
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therefore they do not include annihilation channels which turn out to be the dominant
ones. Moreover, they weight the nominal IceCube benchmarks (which assume 100%
annihilation into one channel) by the annihilation cross sections into different channels
computed in their model, and they do not take into account EW corrections. In our
work, we compute the BR’s into various SM channels in a complete and consistent
model, and we compute the neutrino fluxes including the EW corrections with the help
of PPPC4DM ID. We infer the exclusion bounds with a recast of IceCube limits, as
explained in Sec. 9.3.4, using the full shape of the neutrino fluxes to obtain the new
bound.

9.5 Conclusions

While the spin-independent WIMP scenario has been probed experimentally to
very high precision and direct detection experiments basically disfavor this possibility,
the bounds on SD DM are much milder. WIMP-strength interactions between spin-
dependent DM and baryonic matter are still perfectly allowed. Moreover, often the
strongest bounds on SD DM do not come from direct detection experiments, but rather
from LHC searches (direct or indirect) and Fermi-LAT. The IceCube experiment also
produces interesting bounds, which are typically stronger than the direct detection ones
above a few hundred GeV.

In this chapter we analyzed and compared these constraints, coming from different
experiments. In order to be concrete, we concentrated on a particular set of spin-
dependent DM models, in which the DM-baryon interaction is mediated by a heavy
gauge Z'. If we restrict ourself to the models without spectators at the EW scale,
the parameter space of gauge Z’ models can be conveniently parametrized by three
quantities: the mass of the heavy Z’, the gauge coupling and the mixing angle § between
the hypercharge and U(1)p_1, generators.

Although this study is not completely generic, as it does not cover all possible con-
sistent models of SD DM, there are good reasons to believe that these models capture
important phenomenological features that are generic to WIMP-like SD DM. We iden-
tified the region of parameter space favored by the observed thermal relic abundance
and we have reanalyzed the existing LHC constraints, both direct (from the monojet
searches) and indirect, on the Z’ mass and coupling.

More importantly, we fully analyzed the low-temperature annihilation branching
ratios of the Z’-mediated DM, which is crucial to derive IceCube constraints. In order
to properly understand the expected neutrino fluxes from DM annihilation in the Sun’s
core, one has to know the annihilation channels of the DM in the Sun. Simply assuming
that the dominant expected source of neutrinos is the WW or bb channel (as is done in the
IceCube papers) is clearly insufficient. We found that, depending on the DM mass, one
can divide the parameter space into three different regions. Below the Zh mass threshold
(very light DM) the annihilations are indeed dominated by the bb channel, yielding very
soft neutrino fluxes, although even in this case the IceCube constraints are dominated
by small branching ratio to 777~. Above this threshold Zh is a dominant annihilation
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channel and the dominant source of neutrinos almost in the entire parameter space. The
third region is just above the ¢t mass threshold. If the DM mass sits in this “island",
one usually gets comparable annihilations into Zh and tt, and both should be taken
into account for the neutrino flux calculations. The W+W ™ channel can also become
important, or even the leading channel, if the U(1)" extension is very close to being
U(1)p—r. In this work we have properly recast the existing IceCube bounds including
electroweak corrections, in order to derive reliable exclusion bounds on the secondary
neutrinos coming from all annihilation channels.

We find that currently the strongest bounds on the SD Z’-mediated DM are imposed
by LHC searches (for mpy < 400 GeV) and by IceCube for heavier DM candidates,
which are favored by thermal relic considerations. We also find that the best direct
detection bounds come mostly from LUX (PICO becomes dominant only for very light
~ 20 GeV DM particles). These bounds are subdominant with respect to LHC ones
in the case of light DM, but can be comparable to IC bounds for heavy DM if U(1)
is close to being a U(1)p_r extension. We have also computed the values that yield
the observed DM abundance through the freeze out mechanism, and we found that
experimental exclusion limits fall in the slightly underabundant region.

Finally we notice that it would be interesting to see similar works for other SD DM
candidates. It would be also useful to have bounds on the DM, annihilating into Zh
reported directly by the IC and Fermi collaborations. We stress that this channel im-
mediately arises when considering a consistent anomaly-free model for a U (1)’ extension
which is not a pure U(1)p_z. This important feature is not captured by the use of
simplified DM models if these issues are not considered.



Chapter 10

A 750 GeV pseudo-scalar
mediator

10.1 Introduction

The ATLAS and CMS collaborations have recently announced [521,522] (for a more
recent update see Refs. [523,524]) the observation of an excess of events in the search
for two photons in the final state. The shape of the excess suggests the detection of
a resonance at an invariant mass of approximately 750 GeV, and preliminary analyses
suggest a rather large value for the width of the resonance, around 45 GeV (equivalent
to 6% of its mass). A huge number of possible explanations were proposed: for a review
see [525].

The statistical significance of this observation is still far from conclusive. The ATLAS
collaboration, with 3.2fb~! of data, claims a statistical significance of 3.9¢ (or 2.30
by taking into account the look-elsewhere effect) with an excess of about 14 events,
corresponding to a cross section of about 10 + 3 fb. The CMS collaboration partially
supports this observation, with a weaker statistical significance (local significance of
2.90) due to a smaller integrated luminosity of 2.6fb™!, and with an estimated cross
section of 6 & 3 fb.

If the excess were confirmed by the data collected in the continuation of the Run-
2 of the LHC experiments, this discovery would represent a historical cornerstone in
the investigation of fundamental interactions beyond the Standard Model (SM). At the
moment of finishing this thesis, no official statement has been released by the ATLAS and
CMS collaborations yet. It can well be that the resonance was just due to a statistical
fluctuation (as it was suggested in [526] by reanalizing early ATLAS data with a different
background modelling) or other spurious effects. If this turns out to be the case, the
lesson of [6] reported in this chapter will still have an importance, as it shows how WIMP
searches put complementary bounds in the case of a pseudo-scalar mediator, where the
non relativistic operators involved in direct detection and solar neutrinos bounds are
different from those of the Z’ model discussed in chapter 9.

It is tempting, although speculative, to try to relate this hypothetical new particle,
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which we denote by P, to DM. If the indication on the total width I'p of the resonance
persists, then the possibility of a coupling of this new resonance to DM with a sizeable
branching ratio (BR) would gain stronger support, because it would be easier to obtain
such a large width in a simple, weakly coupled model. In that case, a natural scenario
would be that P acts as a portal between the SM and DM [527-545,545-548]. Given that
the mass scale of the resonance is above the electroweak scale, it is reasonable to write
an effective theory describing the interaction between P and the photon in an SU(2)y,
invariant way. In this case, an interaction of P with photons automatically implies the
existence of the vertices PZZ and PZ~, with fixed couplings (see Ref. [549] for a Run-2
ATLAS analysis analysis of Z~ final states). This very general statement has important
implications for phenomenology, first of all at LHC but also in DM searches, if indeed
P acts as a portal into the DM sector.

The observed decay channel into two photons already constrains the spin of the
resonance by virtue of the Landau-Yang theorem [550,551], forcing its spin to be either
0 or 2.' In this chapter, we focus on the possibility that P is a particle of spin zero,
which interacts with a DM particle charged under a Zo symmetry that prevents it from
decaying and makes it a viable DM candidate. We consider the two cases of a Dirac
fermion x and of a complex scalar ¢. The discussion of the DM phenomenology of this
model is strongly affected by the assumption on the CP properties of P. At the energy
scales involved at the LHC, the production cross section of P is basically independent of
whether P is a scalar or a pseudoscalar particle, whereas at low energies the two options
bring to different non-relativistic effective operators.

In the scalar case, the effective operator for the interaction between DM and nuclei is
spin independent (SI), yielding strong bounds from direct detection (DD) experiments.
If however P is a pseudoscalar particle, then the low energy effective interaction between
DM and a nucleus is spin dependent (SD). In this case, the exclusion reach of DD is
much weaker and has to be complemented with the constraints coming from indirect
detection (ID), because the DM annihilation at low velocities occurs through an s-wave
for the pseudoscalar case (while in the scalar case it occurs through a p-wave process).

In our analysis we assume that the particle P is a pseudoscalar”? and assess the
constraints coming from the IceCube (IC) experiment [512].

The following features make particularly interesting the study of the 750 GeV reso-
nance with the IC experiment, if the pseudoscalar P acts like a portal to DM:

e The decay of P into ZZ and Z~, granted by the assumption of SU(2); invari-
ance, ensures the presence of at least two annihilation channels for DM that yield
energetic neutrinos which can be observed by IC.

e Given the assumption of equilibrium inside the Sun, neutrino fluxes at Earth de-

1. Consequences of the Landau-Yang theorem can be evaded in scenarios in which a vectorial res-
onance decays via a cascade into a final state of three photons, two of which are too collimated to be
discriminated in the detector (see e.g. Ref. [552]). For a discussion about the fate of Landau-Yang
theorem in non-Abelian gauge theories, see [553].

2. See Refs. [554-556] for a discussion of a pseudoscalar field coupled to BB asa heavy hypercharge
axion.
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pend only on the BR’s of DM annihilating into SM primary products. In the
expression of the BR'’s, interesting simplifications occur and the bound from IC
turns out to be independent of the total width I'p, of the coupling of P to the DM
particle, and of the mass mp of the resonance. Furthermore, the expressions of
BR’s can be rewritten as functions of the partial decay widths of P, which are the
quantities that can be directly measured via a resonant production at LHC.

e IC constraints reach the highest exclusion power for DM masses of order 107! to 1
TeV [557]. Indeed, for DM masses higher than a TeV, the DM number density in
the Sun is reduced and this, together with the fact that primary neutrinos from DM
annihilations hardly escape without interacting within the Sun and losing much of
their energy, deteriorates the limit. At lower DM masses, the angular resolution
of IC is poorer because of the lower number of Cherenkov photons produced by
muons at these energies.

Interestingly, this mass window coincides with the order of magnitude mp. Thus,

if the DM particle has a mass close to mp, IC might give the strongest bounds on
DM.

This chapter is structured as follows. Sec. 10.2 describes the different models we consider,
and the benchmarks we choose for the couplings of P to SM particles which are consistent
with LHC observations. Sec. 10.3 describes the recast in our models of bounds from
FERMI and HESS gamma ray searches. The physics that links the observations of
IceCube and DM annihilations, was already discussed in chapter 3, while our recasting
procedure for IC bounds was introduced in 9.3.4. Sec. 10.4 contains the results for
the constraints from IceCube, DD and 7-rays observations (Fermi-LAT, HESS) on the
benchmark models we consider. Finally, in Sec. 10.5 we summarise our results.

10.2 The 750 GeV resonance as a portal to DM: the models

The observation of P in final states with two photons forces P to be coupled at least
to the photon field strength. According to our assumption, P is a pseudoscalar and
the effective vertex for its interactions with photons must be of the form PFM,,E“, in
order not to introduce a source of CP violation, where F, v = %SWWF P9 is the dual field
strength.

Since the theory must have a cut-off at least higher than mp = 750 GeV, it is more
than reasonable to write down an explicitly SU(2)-invariant Lagrangian. Given the
current lack of excess in WW, ZZ and Z~ searches, the coupling of P to BB is favoured
with respect to a coupling to Wit (where i = 1,2, 3 is the SU(2)r, index). Thus, for
minimality, we set to zero the coefficient of the vertex PWiWi.3

The absence of anomalies in the diphoton searches of Run-1 at LHC strongly favours
the hypothesis that P couples also to gluons* and/or quarks, because the parton distri-

3. This can be easily realised in a UV completion where the effective vertex between P and the vector
bosons arises via a fermion loop with fermions charged under U(1)y and singlets under SU(2)r.
4. See also Ref. [558] for a discussion about a DM candidate coupling to both photons and gluons
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bution function (PDF') for photons changes only mildly from 8 TeV to 13 TeV, whereas
the experimental results of Run 1 and 2 can be consistent if P is produced mainly by
gluon fusion or from heavy quarks (see for instance Ref. [527]). We ignore the coupling
of P to leptons, since this is irrelevant for diphoton production and has a minor impact
for IC and DD. We consider therefore the following Lagrangian density

1 1 ~ ~
L =Lou + =(0,P)(0"P) — -mbP? + 92 pGa Gom C%B P B, B"

2 2 A
3
i=1

+ LpMm

where A is the dimensionful scale of the effective theory, a = 1,..., 8 is the gluon SU(3),
index, 7 is the family index, H is the Higgs doublet and H® = iooH™ is its conjugate,
Qi 1 is the quark weak doublet, and cyq, cBB, YqpP, yyp are real coefficients.

As for the DM Lagrangian we envisage two possible (and mutually excluding) cases:
either the DM is a Dirac fermion x (the results being analogous in case of a self-conjugate
DM particle)

Lpm = X(i@ — mpm)x + YxP Pxiv°x, (10.2)

or it is a scalar particle ¢ with CP-conserving Lagrangian
Loy = (0u67)(0"0) — mg [8]° + ApP |6 + cppos P*|6I” + crimos [ H* |0, (10.3)

where Ap has to be thought of as a spurion field which changes sign upon CP (for
example it might be the vacuum expectation value of some heavy parity-odd field).

Notice that in both cases the DM could be identified with one of those particles in
the fermion or scalar multiplets coupled to the resonance and which, upon integrating
them out, give rise to the effective interaction between P and photons and gluons. If so,
the DM must be of course a singlet under the SM gauge group.

The couplings cppgy and cyrge of Eq. (10.3) are not currently constrained by the
observation of the decay of P into two photons, thus they cannot be linked to the
quantities measured by the experimental collaborations. Furthermore, the term P?|¢|?
does not alter quantitatively the branching ratios of the annihilation of ¢¢ to SM particles
relevant for the bounds derived from IceCube (see also footnote 8). Since we want
to exploit the information collected by the experimental collaborations on the allowed
partial decay widths of P, and we do not want to introduce too many free parameters in
the benchmark choices we are going to illustrate, we decided to set cppggy = crmgs = 0 5,

In order to explain the diphoton excess and ensure that it can be consistent with
Run-1, we need at least cgp and one among cyy and y,p to be different from zero.
In the benchmark scenarios that we illustrate below we always assume a coupling of P

via loop interactions.
5. If these parameters are not vanishing, one should correspondingly include them in the computation
of the relic abundance.
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both to gluons and to light quarks. These allow respectively to improve the compatibility
between Run-1 and Run-2 of LHC (given the stronger increase of gluon PDF with energy
with respect to valence quarks), and to increase the elastic cross section between proton
and DM, in order to achieve more easily the equilibrium of DM number density in the
Sun.

The coupling of P to BB induces partial decay widths of P to the final states vy, Zy
and ZZ, proportional respectively to cos* Oy, 4 cos? Oy sin? Oy, sin Oy, where 6y is the
Weinberg angle. We stress again that the compulsory coupling of P to vy automatically
implies, when requiring SU(2), invariance, a coupling of P to ZZ and Z~ that can give
a relevant signal for IC, given the typical hard spectrum of v from Z decay.

We identify then three benchmark scenarios, where we always assume a coupling of
P to DM, gluons, photons (and hence ZZ and Z7), a light quark (for simplicity we
assume that only y,p # 0, but the result would not differ much if also y4p and ysp were
present), and possibly a heavy quark (top or bottom).

We choose the couplings cpp, ¢4g, Yupr, YopP, ytp, and the coupling to DM in such a
way to satisfy three requirements: 1) the corresponding partial decay widths of P satisfy
the present collider bounds from Run-1 and explain the Run-2 diphoton excess [527],
2) the capture rate of DM in the Sun due to elastic scattering with the proton is high
enough so that the DM number density in the Sun has reached equilibrium today, and
3) we obtain a reasonable compatibility between vy searches in Run-1 and Run-2°.

The preliminary indication on the total decay width I'p = 0.06 mp is included in
most of the bounds shown in Ref. [527]. As we have already discussed, the IC bounds
depend only on the BR’s of Xx (or ¢¢) into SM particles. With the use of Eqs. (D.13)
and (D.14) (or (D.15) in the scalar DM case) one can rewrite the BR into, say, 77, as
follows, if P couples for example to BB, gg and wu:

-1
BR(DMDM—>77):<1+FZ7—|—FZZ+FQQ+FW> . (10.4)
Loy Ty Ty Ty
As stressed in appendix D, the dependence on I'p and on the coupling of P to DM
disappears rendering the IC flux predictions independent from both.

Even more importantly, the ratios of partial widths appearing in Eq. (10.4) are the
quantity directly constrained by LHC observations. Furthermore, the allowed ranges for
these ratios do not alter significantly if one drops out the assumption I'p = 0.06 mp (see
for example Figs. 1 and 2 of Ref. [527]).

We now illustrate the three benchmark scenarios we have chosen .

¢ Scenario A: P couples to B, g, u, x- We choose the coefficients of the model
leading to the partial decay widths of P into SM particles listed in table 10.1.

6. We quantify this latter requirement by means of the gain factors defined as the ratio r, between
the cross section for the process pp — P — ~+ at 13 and 8 TeV, computed assuming that the resonance
is produced from a single parton p. Compatibility between Run-1 and Run-2 is achieved for r, ~ 5,
which favours p = g, b, s, c and disfavours p = u, d, .

7. For the rest of this section, for simplicity of notation we denote the DM particle by x, but the
discussion is identical for the case of scalar DM.
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The production of P at LHC at 13 TeV occurs mainly from gluons, while at low
energies the elastic scattering with protons is mediated mainly by u. The resulting
BR’s for the annihilation of Xy into SM channels as a function of mpy are shown
in Fig. 10.1.°

The relevant channels for the production of hard neutrinos are ZZ and Z~.

Scenario B: P couples to B, g, u, x and b. The chosen partial decay widths of P
are listed in table 10.2. The coupling of P to b quarks improves the compatibility
between Run-1 and Run-2, although the coupling to photons is quite larger than
the one to gluons. As far as LHC is concerned, the production of P occurs mainly
from b partons. The resulting BR’s for the annihilation of X into SM channels
are shown in Fig. 10.2.

The bb channel yields soft neutrinos for IceCube, for which the main channels
remain ZZ and Z~.

Scenario C: P couples to B, g, u, x and t. The chosen partial decay widths of
P are listed in table 10.3. We choose the coupling to ¢t to be the main one. This
channel does not contribute to the production at LHC, and amplifies the signal for
IC. The production at LHC occurs via gluon fusion. The corresponding BR for
XX into SM channels are plotted in Fig. 10.3.

Given its large BR, tt is the only important channel for IceCube.

8. We do not show the BR for the process Xx — PP, where X is exchanged in the t-channel, because
the result in terms of SM final particles stays identical: the decay products of PP have the same identical
BR’s as the ones of Yy into two-body SM final states.
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Ly /mp 2.7-1074
Lyg/mp 22-1071
Dz /mp 1.1-107%
Ly /mp 0
Iz /mp 0

Table 10.1 — Partial decay widths
of P into SM channels for scenario
A.

Ly, /mp 6.1-1074
Lgg/mp 2.3-107°
Lwz/mp 1.2-107°
Ly/mp 48-1073
Iz /mp 0

Table 10.2 — Partial decay widths
of P into SM channels for scenario
B.

Ly /mp 2.7-107*
Lgg/mp 22-1074
Iz /mp 5.8-1076
Pbg/mp 0

Lyg/mp 2.6-1072

Table 10.3 — Partial decay widths
of P into SM channels for scenario

C.
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Figure 10.1 — Branching ratios for the annihilation of xx into
SM channels as a function of mpwm for scenario A.
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Figure 10.2 — Branching ratios for the annihilation of yx into
SM channels as a function of mpnm for scenario B.
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Figure 10.3 — Branching ratios for the annihilation of Yy into
SM channels as a function of mpwm for scenario C.
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10.3 Constraints from observations of y-rays

10.3.1 Search for v-ray spectral lines from the centre of the Milky Way

In this section we provide further details about the procedure we adopted in order
to recast the exclusion bounds on DM annihilations coming from the search for ~y-ray
spectral lines from the centre of the Milky Way.

The annihilation of two DM particles” y and ¥ into 7y, in the limit vpy — O,
provides two photons of energy E, = mpy. The process xx — Z7 gives only one

2
my

photon, with an energy E, = mpwm <1 — > The constraints provided by Fermi

Amp
and HESS on (ov) however are derived from searches for monochromatic spectral lines.
Nevertheless for mpy larger than 100 GeV, the relative separation in the energies of
~s from the two processes is smaller than the energy resolution of the instrument and
consequently, constraints can be derived using the following method. For mpy; smaller
than 100 GeV, the second term in the LHS of Eq. (10.5) is ignored to obtain a conservative
bound.

The fluxes of photons obtained in our model for a DM mass mpy, to be compared
with the exclusion limit (crv)lvi?t provided by Fermi-LAT or HESS which assume that
only xX — 7y occurs, is given by

(00)y(mpM) + % (o) 7z (; (mDM + /mdy + m%)) < <cw>5$it(mDM) ,  (10.5)

where the arguments of (ov) inside brackets refer to the DM mass to be inserted into
Egs. (D.17), (D.18).

The Fermi-LAT analysis, performed with the data collected over 6 years by the Large
Area Telescope hosted by the satellite Fermi [320], identifies different signal regions
depending on the DM density profile under consideration. They select the region R16 (a
cone with an opening angle § = 16° around the centre of the Milky Way) for the profile
Einasto, and the region R90 (corresponding to # = 90°, i. e. half of the sky around
the centre) for the profile Isothermal. We want to recast the limits assuming the DM
profile Burkert, characterised by a lower DM density in the centre of the galaxy. Thus
we compute the integral of the J-factors in the region # < 90° with the tables provided
by [199] (to which we refer for the definitions of the DM density profiles and of the
J-factors), and we use it to rescale the bound computed by Fermi-LAT assuming the
Isothermal profile.

The sensitivity of LAT to 7-rays of energies up to ~ 300 GeV is complemented by the
sensitivity of the telescope HESS, located in Namibia, which provides important bounds
on the annihilation of DM into ~ rays for mpy 2 500 GeV [559]. HESS observes a cone
of 1° around the centre of the Milky Way, and recasts the exclusion limits assuming the
Einasto profile. Analogously to what we did in the previous case, in order to get the

9. For simplicity of notation, we will consider throughout this appendix a Dirac fermion x as DM
particle.
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corresponding limits with a Burkert profile we rescale them by computing the ratio of
the integrated J-factors.

10.3.2 Observation of the 7-ray continuum from Dwarf Spheroidal
Galaxies

Very stringent limits on the total DM annihilation cross section in our model come
from the analysis of the y-ray spectrum coming from 15 dSphs, performed by Fermi-
LAT [224]. In order to recast Fermi nominal bounds in our model, we adopted the same
approximate procedure that we described in Sec. 9.3.3: we identify, for each range of
mpwM, the leading annihilation channel providing secondary photons (for example, in
scenario B we consider only the annihilation channels XYy — bb for mpy < 1.5 TeV
and Yx — Zv for mpy > 1.5 TeV, see Fig. 10.2). The exclusion limits are recast
by [224] as limits on the thermally averaged annihilation cross section into some specific
channels, assuming in every case that they are the only annihilation channels of DM.
These include ua, which provides basically the same spectrum as gg, and W+W ~, which
yields analogous fluxes as ZZ, tt, bb, and the double of the flux of Zvy [199]. These
considerations allow us to perform the recast of Fermi-LAT observations by imposing
that our main annihilation channel (for a given scenario and range of mpy) equates the
exclusion limit of [224].

10.4 Results and discussions

Having set our benchmark models describing the interactions of the pseudoscalar P
with the SM particles, we now proceed to present our results in the cases in which the
DM is a fermion and a scalar.

10.4.1 The case of fermionic DM

Figure 10.4 illustrates the limits on 'y, for the scenarios discussed above, as well as
for the IC benchmark cases, obtained adopting the same procedure that was introduced
in Sec. 9.3.4. We notice that the exclusion bounds reported in Fig. 10.4 are not affected
by the thresholds for the opening of new annihilation channels, such as mpy ~ Mgop in
scenario C for example. The reason is that the assumption of equilibrium in the DM
number density in the Sun implies that IC constrains the DM capture rate in the Sun,
rather than its annihilation rate. This is the reason why also the corresponding bounds
in Fig. 10.6 and 10.7 do not display bumps in correspondence of kinematic thresholds.

Using the solar capture rates evaluated in Ref. [518], the bounds on I'yy, can be
interpreted as a bound on oy, for the operator OF® = (3, - ¢)(5x - ¢). This operator
originates in the non-relativistic limit in the case in which the DM is a Dirac fermion Y.

In comparison to direct detection, bounds from solar DM searches are generally more
stringent in the scenario where the DM-nucleon scattering depends on the spin of the
nucleus, since the Sun consists of mostly protons, in contrast to the target nuclei used in
direct detection experiments which usually have no spin. Bounds on oy, for the operator
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Figure 10.4 — Upper limits on the DM annihilation rate in the Sun for the IceCube benchmark channels,
as well as the three scenarios discussed above. The benchmark limits shown and used for rescaling
conservatively correspond to the upper edge of the systematics band in [560] and are derived using the
online flux conversion tool provided by the authors of WimpSim [561].

(8x - @)(8N - @) are significantly weaker than for the common spin dependent operator
due to the double velocity suppression.

The bounds from DD are obtained with the use of the software made available by
the authors of Ref. [138], which allows to derive easily the bounds on a combination
of non-relativistic operators for the interaction between DM and nucleons. We show in
Fig. 10.5 the upper bounds on the scattering cross section between proton and DM for
the six experiments included in the software of [138], for the case of fermion and scalar
DM. In the final comparison plots (Figs. 10.6, 10.7) we show only the convolution of
these exclusion limits, corresponding to a combination of the bounds from LUX and
XENON-100.

Together with the current IC bounds obtained using the procedure explained above,
we show a forecast for the bound that could be obtained by a similar neutrino telescope
with 300 times the exposure. The sensitivity will scale with the square root of exposure
[512]. While the exposure scales linearly with time and an improvement of ~ 300 is
unlikely for IceCube, future proposed neutrino telescopes such as KM3Net/ARCA [562]
may achieve a similar improvement in sensitivity faster, using larger volumes, better
angular resolutions or improved analysis techniques. However, it is not clear if future
neutrino detectors will target the sub TeV energy range in primary neutrinos that is
crucial for Solar DM searches.

We now consider the bounds from the observations of «-rays in the sky. We recast the
constraints from the searches for spectral lines in the spectrum of v-rays from the centre
of the Milky Way from Fermi-LAT [320] and HESS [559]. As benchmark choices for the
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Figure 10.5 — Upper limits on the scattering cross section between proton and DM from direct detection
experiments, for fermionic (left) and scalar DM (right).

DM density profile we select the Einasto and Burkert profiles [335], which present a high
and a low density in the centre of the Galaxy, respectively. The two experiments are
sensitive to different energy ranges, thus constraining complementary intervals in mps.
We show them with the same colour code in Figs. 10.6 and 10.7. We also examine the
exclusion bounds from the y-ray continuum searches from a set of 15 Dwarf Spheroidal
Galaxies (dSph) performed by Fermi-LAT [224].

We also show, as a tentative reference point, the expected o0y, for a value of y, p = 1,
from Eq. (D.3) and the lines corresponding to the points of the parameter space where
the relic energy density of the DM candidate through the freeze-out mechanism turns
out to be Qpyh? = 0.1196 + 0.0031 [563].

Our results are summarized in Fig. 10.6.

The conclusion we draw from Fig. 10.6 is that the double velocity suppression arising
in the case of fermion DM and pseudoscalar mediator dramatically reduces the experi-
mental exclusion reach of DD and IC. Stronger constraints from ~-ray observations turn
out to fall in the region favoured by the calculation of DM relic density. This outcome
further motivates us to investigate the case of scalar DM.

10.4.2 The case of scalar DM

In this case the non-relativistic operator for the interaction between the DM particle
¢ and nucleon is O} = i(3y - ¢), which is SD and suppressed by one power of DM
velocity, instead of two as in the fermion DM case. This behaviour alters significantly
the experimental bounds, as apparent from Fig. 10.7.

As a reference point, we show the predicted cross section for the value Ap = 1 TeV of
the dimensionful coupling Ap introduced in Eq. (10.3). The cross section 0,4, reported
in Eq. ((D.5)), is proportional to A%. We conclude that, in the case in which the DM is
a scalar particle, IC experimental bounds are important for two reasons: first, for masses
of the DM larger than O(300) GeV, IC constraints are stronger than the bounds coming
from DD experiments and, secondly, they bound Ap to be not larger than a few TeV.
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Figure 10.6 — Upper bounds on o, from Direct Detection, IceCube and Indirect Detection experiments,
for fermionic DM. The convolution of DD constraints is shown with a golden solid line. All the other
constraints depend on the chosen scenario, which is identified by a specific dashing style. IC constraints
are plotted with thick blue lines, and forecasts for a neutrino telescope with 300 times the exposure of
IceCube are shown with a light blue band. With green and orange lines we show respectively the upper
bounds from v-ray lines and «-ray continuum observations. To improve the readability, we use the same
colour code for Fermi-LAT and HESS constraints on ~-ray lines which apply to different ranges of mpu,
and we do not show the constraint for scenario C, being similar to the other two. The red lines show
the prediction obtained by imposing that the relic density of x and X equals the observed one. We show
also the expected signal for y,p = 1 (thin grey lines).

Forecasts for a possible future neutrino telescope lower this bound to around 1 TeV in
the region (mg ~ 0.1+1) TeV, improving significantly the bounds from DD experiments
in the mass region close to mp. The reach of the exclusion limits from the observation of
~-ray lines is affected by astrophysical uncertainties, mainly the DM density profile. In
the region my 2 500 GeV, HESS yields are comparable or weaker to IC for DM profiles
such as Burkert or Isothermal, and stronger for steeper profiles as Einasto. Upper limits
from the observations of dSph, on the other hand, fall above IC ones.

10.5 Conclusions

Should future data collected by the LHC collaborations ATLAS and CMS confirm
the existence of a new resonant state with a mass of around 750 GeV, the era of physics
beyond the SM would start. Following this wishful route, one can imagine that the
resonance acts a portal into the DM sector. By identifying three benchmark models,
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Figure 10.7 — The same as in figure 10.6, for the case of scalar DM.
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we have investigated the possibility that the resonance is caused by a pseudoscalar
particle which also couples to either fermionic or scalar DM. Motivated by the fact that
the bounds from solar DM searches are generally more stringent than DD experiments
when the DM-nucleon scattering depends on the spin of the nucleus, we have analyzed
the bounds coming from the search for neutrinos originated from DM annihilations in
the Sun performed by the IC collaboration, and we have compared them with Direct
Detection experiments and +-ray observations. Our findings indicate that the IC data
provide constraints stronger than the DD experiments for DM masses larger than a few
hundred GeV. Furthermore, if the DM is a scalar particle, the IC data limit the cross
section between the DM and the proton to values close to the predicted ones for natural

values of the parameters.
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Chapter 11

Conclusions

The quest for Dark Matter is living extremely exciting times. As we have seen, the
problem is one of the most long-standing ones in physics, the first hints dating back to the
beginning of the XX century. After having realized, back in the ’70s, that the solution
to the puzzle probably lies in a new species of stable particles, a huge experimental effort
has been developed in the last decades to unveil the nature of this new particle.

We have started this thesis by reviewing, in 1.1, the principal observational evidences
for the existence of DM. We then turned our attention, in 1.2 and 1.3, to the many ways
in which the present DM abundance could have been attained in the early universe and
to the plethora of models that provide viable DM candidates. It would probably be
impossible to write down a complete list, and we limited ourselves to the most studied
cases, which, even if it is not guaranteed that any of them represent the correct solution,
represent a good set of benchmarks spanning a wide variety of scenarios.

In the following chapters we focussed our attention to WIMP searches. The WIMP
paradigm has been the leading one for many years, mostly due to two reasons: firstly, the
fact that WIMP-like DM candidates arise naturally in Supersymmetric models, which
have lead the field of beyond the Standard Model physics for decades providing an
elegant solution to the SM Higgs hierarchy problem. Secondly, WIMPs can be strongly
constrained by present experiments, as we discussed in this thesis.

In chapter 2 the status of direct WIMP searches was summarized. In this kind of ex-
periment, a large bag of target material is observed in underground laboratories, looking
for the scattering of WIMPs of the galactic halo with target nuclei (or, in some cases,
electrons). We briefly discussed how experiments are protected against cosmic ray con-
tamination and the radioactive background, and most importantly how next generation
experiments will face the so-called “ultimate” background of solar and cosmological neu-
trinos. Direct searches are now entering a transition phase. New ton scale experiments
will soon start to produce results, reaching the sensitivity to exclude most of the parame-
ter space of MSSM and extra dimensions DM and, at the same time, becoming sensitive
to neutrino-nucleus interactions. A null result from these probes (which is somehow
expected, given the lack of new physics signals so far at the LHC) will be the starting of
a new generation of experiments, which will both lower the energy threshold compared
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to present ones in order to probe the sub-GeV range, and introduce new experimental
techniques in order to overcome the threat posed by the neutrino background, possibly
by exploiting the directional information.

Indirect WIMP searches were discussed in chapter 3. A flux of stable SM particles
and their anti-particles (positrons, antiprotons, anti-deuterium, photons and neutrinos)
can be produced in DM annihilations/decays in the galactic halo, and a search of an
excess over the astrophysical background can lead to constraints on the properties of
the DM particles. The three key ingredients in the determination of these fluxes are
the DM annihilation cross section (which depends exclusively on the particle physics
nature of DM), its distribution in the halo and the properties of cosmic rays propagation
in the galaxy (the latter two informations, being astrophysical in nature, are the ones
that dominate the uncertainties connected to these searches). The present status of
indirect searches can be described in one word as confused. An excess in the positron
fraction was detected by the PAMELA and AMS-02 collaborations, but after a great
initial excitement a DM explanation is now disfavoured. A similar result was claimed
by the AMS-02 collaboration in the antiproton channel, but careful reanalysis of the
astrophysical background points towards the absence of any significant excess. Gamma
rays searches are in a somehow similar situation. An excess was detected in FERMI data,
compatible with an interpretation in terms of annihilations of a 30 —50 GeV thermal relic
DM particle, annihilating dominantly into a bb pair. While its statistical significance is,
after a long debate, seemingly established, astrophysical explanations of the effect are
still possible. In parallel, there exist claims of the detection of gamma ray lines from
DM annihilations, which are still under an intense discussion in the literature.

In chapter 4 we focussed on the antiprotons channel, questioning the capability of
AMS-02 to distinguish between a DM interpretation and an astrophysical one for a
hypothetical excess in the p/p flux. We showed that a signal of this kind can not be
distinguished from an astrophysical one in which secondary antiparticles are produces
by spallation in the shock region of Supernova remnants and then accelerated.

=

DM searches at the LHC were introduced in chapter 5. We started by reviewing
the basic tools and the relevant signatures of WIMP particles at the collider setup.
Then, the prototypical DM search at the LHC, namely the mono-jet one, was described
in some details. Finally, we discussed the issue of what theoretical model should be
assumed when constraining the properties of DM at colliders. Three scenarios can be
distinguished: in the first, the DM particle is considered as a part of a broader BSM
theory, such as the MSSM, which was built as a solution to the Higgs hierarchy problem
of the SM model and contains a good DM candidate quite as an accident. A number of
different models exists, and even more are the possible searches. From the point of view
of DM, this variety is partly a disadvantage, since it makes it harder to outline model
independent conclusions on the DM properties from the results of these searches.

The second possibility is that of describing the DM interaction with quarks and
gluons by means of a set of effective operators. This can be seen as the most economical
and model independent approach, since, once the set of all operators of a given dimension
has been written down, every DM model reduces to a combination of these operators,
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provided that the scale of the interaction (typically the mass of a mediator) is much
larger than the DM mass and of the energy of the incoming partons. This condition
enforces strong limitations on the validity of the EFT approach at the LHC, as it is
described in details in chapter 6. Intuitively the reason is clear: the EFT is expected to
fail if its associated energy scale is not larger than the energy at which the interaction
takes place, which is of the order of a few TeV at the LHC. Limits of hundreds of GeV on
the effective scale fall in the region where the EFT is not valid, and should be considered
with a grain of salt. In order to make sense of these limits, a recasting procedure has to
be adopted, as described in chapter 6.

There is then a third way, which is that of simplified models, described in chapter 7.
From a bottom-up viewpoint, the idea is to expand the effective operators including
mediator particles in the description, thus avoiding the energy limitations of the EFT
approach and adding a richer phenomenology, new search channels, etc. In a top-down
framework instead, simplified models can be seen as a way to simplify the phenomenology
of complex new physics models in such a way to restrict to the phenomena related to
DM. It is important that simplified models are not oversimplified, in the sense that
in many cases new particles have to be added and constraints have to be enforced on
the couplings in order to avoid violations of perturbative unitarity and, consequently,
unphysical predictions. Because of the enlarged parameter space of simplified models
with respect to the EFT approach, very important questions arise on which is the best
way of presenting results and on which are the most promising regions for a possible
detection of DM, since these are the ones that should have the priority in the future
LHC searches. A possible guidance in assigning priorities can be given by the relic
abundance information, as discussed in chapter 8.

The question of which of these frameworks is the most suitable one for DM searches
is not well posed, since its answer depends on the experiment and on which kind of DM
particle one has in mind. Each of the three should be pursued, and it is important that
experimental collaborations present their results in such a way that they can be easily
recast for any other DM model.

In chapters 9 and 10 we considered two example simplified models and the bounds
which can be set on them by a number of different searches. The first model was
a Z' extension of the SM, in which the gauge group is enlarged by a new U(1) and
the couplings are chosen in such a way to respect gauge invariance and cancel gauge
anomalies. The second one was inspired by the resonance at 750 GeV seen last year in
the di-photon channel by the ATLAS collaboration. We assumed that the signal was
due to a pseudoscalar particle coupled, among the others, to DM, and considered what
other experiments could help in constraining the coupling of the putative new scalar
to DM. In both cases, we showed that stringent constraints can be derived on the spin
dependent DM-nucleon cross section by the LHC, direct detection experiments and by
indirect detection ones. For the latter, the knowledge of the couplings of the mediator
to all SM particles is needed, and a comparison with LHC and direct detection can only
be performed on a model dependent basis.

The quest for WIMP dark matter is now living an exciting phase. A huge experi-
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mental effort is being devoted to measure WIMPs’ properties through their scattering
with SM particles, their production at the LHC and their annihilations or decays in the
galactic halo or in celestial bodies. Many models have already been already excluded
by data, and the next years will see a huge improvement both in terms of new anal-
ysis and of technological developments. While many theorists are starting considering
alternatives to the standard WIMP scenario more and more seriously, it is time to anal-
yse in depth the theoretical tools used in WIMP searches, in order to fully exploit the
discovery potential that present day experiments provide: this thesis was intended as a
contribution in this direction.
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Appendix A

Mono-jet Cross Sections in the
EFT limit

A.1 Generalities

In this Appendix we show the details of the calculations of the tree-level cross sections
for the hard scattering process f(p1)+ f(p2) — x(p3) + x(ps) + g(k), where f is either a
quark (operators D1-D10 and DT1) or a gluon (D11-D14), and the final gluon is emitted
from the initial state. For the ¢t-channel operator DT1, we also computed the analytic
cross section for the process with (anti-)quark emission, q(p1) + g(p2) = x(p3) + x(p4) +

q(k).
The differential cross section is generically given by
L DM
do = =——dos, Al
i p ™ A

where the three-body phase space is

dp; dpy dk
(2m)32p] (2m)72p] (2m)P2k0

d®s = (2m)*6W (p1 +po — p3 — ps — k) (A.2)

A.2 DMatrix Elements

The matrix elements at the parton level are given by the sum of the Feynman dia-
grams in Fig. 6.1 for the operators D1-D14 and in Fig. 6.2 for the operator DT1.

In the limit of massless light quarks, they have definite helicity and it makes no
difference for the cross sections whether there is ¢ or 4°¢ in the operator. Therefore the
following identifications between pairs of operators hold:

D1 < D3/, D2 « D4, D5 « D7, D6 + D8, D9 + D10, (A.3)

while the “primed” and “unprimed” operators are related as in Eq. (6.28). For definite-
ness, we choose to work with D1’, D4’, D5, D8, D9 and D11 — D14.
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The amplitudes are given by

o [) (L = T u(pr)  0(p)yH T (Pa — K)u(pr) |
Mpr = ~i9s 35 (k) [ (1 = k)2 - (p2 — B2 ] u(p3)v(PA)4)
N R (g1 — K)yH T YT (
Mpy = —lgspfu (k) [ pa)y (}?;1 _%;){32 a ) A= (pfi k)fj)V ]
xt(ps)y*v(pa) (A.5)
o varis [0(D2)Y (P1 — K)y T npa( u
Mps = —ig. 2260 | (p2) (;(712191 _12)72 (p1) _ 0(p2)y (pfi k)lj)v pl)]
xt(p3)y v(pa) , (A.6)
B G varpn [002)777° (1 = K)VTou(pr)  6(p2)y" T (p2 — K)v" 7 u(ps)
MDS = ZQSTSEM (k') i = (pll — k,)g - (p2 — /{)2 ]
xt(p3)y* v (pa) , (A7)
_ ;95 Gupvo sagyy | DP2)0M (P =K Tu(pr)  0(p2)y T (po — K)o u(p1)
./\/lDQ = 16 A2 €a (k) (p1 _ k)2 - (p2 _ k)2 ]
XU(pz)U” v(pa), (A.8)
Mpn = U A13 fave€p(p1)ew(p2) €, (k)u(ps)v(ps)
(g“"(?pl k)? + g7 (2k — p1)* — g"P(k + p1)?)((p1 — k)"P2o — (P1 — k) - P2gy)
(p1 — k)?
(9" (2p2 — k)P + g7 (2k — p2)” — g"P(k + p2)7)((p2 — k)10 — (P2 — k) - p15)
(p2 — k)?
(9" (1 = p2)7 + g7 (p1 + 2p2)* — g7 (2p1 + p2)”) ((P1 + p2)’hkc — K - (p1 + p2)gh)
(p1 + p2)?
+g" (p1 — p2)? + 9" (p2 + k)" — g"* (k + p1)"] (A.9)
3
Moy = %5 Fupeeu(pr)en (p2)es (e o(pa)
(9" (2p1 — k) + g7 (2k — p1)* — " (k + p1)7)((P1 = k)"P2o — (p1 = k) - pagy)
(p1 — k)2
(977 @2p2 = k)P + 977 (2k — p2)” — ¢ (K + p2)7) (P2 = K)"P1s = (P2 = F) - P1g5)
(p2 — k)?
_(¢"(p1 —p2)7 + "7 (p1 + 2p2)* — g7 (2p1 + p2)”)((P1 + p2)Pkie — K - (P1 + P2)g5)
(p1 + p2)?
+g" (p1 — p2)? + 9" (p2 + k)" — g"*(k +p1)"] (A.10)
3
Mot =~ fae(pr)en )y (R)lps)o(pa)
(95(2p1 — k)7 + g5 (2k — p1)** — g"*(k + p1)o) (€7 p2y (p1 — K)y))

(p1 — k)?
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(95 (2p2 — k)P + g8 (2k — p2)” — g"P(k 4 p2)o ) (€7F X p1y(p2 — k) )

+
(p2 — k)?
n (9" (p1 — p2)o + gy (p1 + 2p2)" — g (2p1 + p2)”) (P77 Xky (p1 + P2)y)
(p1+ p2)?
—e"P7(p1 4+ p2 — K)ol (A.11)
3
Mpis = —i% 2 funceu(pr)en (p2)eg ()n(ps)v(pa)
(95 (2p1 — K)° + 95 (2k — pU)" — g"(k + p1)o) (€7 X2y (p1 — k)))
(o1 — P
(95 (2p2 = k)" + g5(2k — p2)” — g"*(k + p2)o ) (€7 p1n (P2 — F)y)
- (p2 — k)?
n (" (p1 — p2)o + gy (p1 + 2p2)* — g#(2p1 + p2)”) (17X (p1 + P2)y)
(p1+ p2)?
—e"P7 (p1 4+ p2 — k)o) - (A.12)

where p1,po are the initial momenta, k the momenta of the gluon, and ps, ps the mo-
menta of the DM particle/antiparticle, g is the SU(3) gauge coupling and T are the
SU(3) generators in the fundamental representation, i.e. the standard QCD Gell-Mann
matrices. The matrix elements with the operator DT1 are instead

MY . g gs T
DT1 M2 u ij
" { u(p3) Pr(p1 — pa)v"ulp1)v(p2) Pro(pa)  ulps) Pru(p1)v(pe2) Pry* (P2 —Jf)v(m)}
(p1 — k)? (p2 — k)?
Mbr = i\/[ggs%Ta
" {U(k)PRv(ps)ﬂ(m)PL(m + gy ulpr)  u(k)y*(pe —%)PRU(IJB)@(M)PLU(M)}
(p1 + p2)? (po — k)2
M%Tl = gng; MTZ
N { (k) Pru(ps)v(pa) Pr(p1 + po)v'v(p1)  0(k)v" (2 — K) Pru(ps)v(pa) Pro(py X}
(p1 + p2)? (p2 — k)? -

for the gluon, quark and anti-quark emission processes respectively. Here we denote the
gluon polarization vector by €, and the left and right projectors (1—s5)/2 and (14+7s)/2
with P;, and Pg respectively. The anti-quark matrix element is simply obtained from
the quark one by exchanging quarks with anti-quarks and left with right projectors. The
parton level cross sections for the two processes are thus the same, so here we only show
the explicit derivation of the quark one.

The corresponding squared amplitudes, averaged over initial states (colour and spin)
and summed over the final states are

= 16 g2 [(p3-pa) — my] [(k - (p1 +p2))? — 2(p1 - p2)(k - p1 4+ k- pa — p1 - p2)]
Z‘MDMZ o9 - (k- p1)(k - p2) 7
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(A.14)
ZW = Eg*% [(p3 - pa) + M [(E - (p1 +p2))* — 2(p1 .)p2)(k “p1+k-p2—p1-p2)]
9 A (k-p1)(k-p :
o (A.15)
Zm = —:;21‘@ [(k -p1) [(k-p1) + (’féél‘%pl) 3(p1 - p2) — mbyy]
L (kep2) (k1) + (k(ﬁ)l)— 3rpo) —mby]
_2m [(k‘ -p3) ((p1 - p3) + (P2 - p3)) + (P1 - P2) (szM + (p1 'Pz))

—2(p1 - p3)(p2 - p3)]

49 (k- p3)(p1 - p3) — (p2 - p3)(p1 - p3) + (p2 - p3)* + 2(p1 - p2)? + My (p1 - p2)

(k- p2)
+2(7€ p3)(p2 - p3) — (p1-p3) (P2 - p3) + (p1 - p3)* + 2(p1 - p2)? + M\ (p1 'pQ)]
(k- p1) ’
(A.16)
—_ 3292 | (k- k- k-p2) —3(p1 - m2 2(ps -
STMoP = 2% l( 1) [(k-p1) + (k- p2) - .;1:1) p2) + ming +2(ps - pa)]

L (k-p2) [(k-p1) + (k- p2) (—1{23211) “p2) +mdy + 203 pa)] —
+2m {(Pl *p2) (2(103 “pa) + szM) + (k- p3) ((p1-p3) + (p2-p3))

+2(p1 - p3)(p2 - p3) — (p1 ‘p2)2]
+2(p1 -p3) [—(k - p3) + (p2 - p3)] — (p2 - p3)* + (p1 - p2) [2(p1 - p2) — My — 2(p3 - p4)]

(k- p2)
+2(P2 -p3) [—(k - p3) + (p1 - p3)] — (p1 - p3)? + (p1 - p2) [2(p1 - p2) — My — 2(p3 - pa)]
(k- p1)
(A.17)
S TV = 138 ii oy — (k- py)) + P [Z (k) + ((1;1.-;;,)) — (p2-p3) + min]
o (P1-p2) [Z2(k - p3) + (p1-p3) + (P2 - p3) + mp]
(k- p2)
Mk p3) = (P2 p3)] [(p1 - p3) — (P2 - p3)]
(k- p2)
+(k -p2) [—(k - p3) + (p2 - p3) — (p1 - p3) + miyy]

(k- p1)
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> [Mpu? =

> [Mpia? =

o p1-p2) [—2(K - p3) + (1 - p3) + (p2 - p3) + My

(k- p1)
[k -p3) = (p1 - p3)] [(p2 - p3) — (p1 - p3)]
(k- p1)
_o1-p2)[(k-p3) — (p1-ps) — (p2 - p3)] [2(k - ps) + (p1 - p2)]

(k- p1)(k - p2)

(p1 - p2) [—4(p1 - p3)(p2 - p3) + mby(p1 - p2)]
+2 G p)(E o) ] , (A.18)
3 g?[< pa) — m? }{ (k- p1)? (k- p2)? (p1 - )’
3272 A6 [P PV T IOM Gp Ny ) T (R p)(pr - pa) | (k- pr) (k- pa)

(k-p1)(k - p2) . (k-p1)(p1-p2) — (k-p1)? . (k- p2)(p1 - p2) — (k- p2)?
(p1-p2) (k- p2) (k-p1)
(k= - p1)(k-p2)? (k- - pa)(k-p1)?

(k-k_)(k-p1)(p1-p2) (k- k_)(k-p2)(p1-p2)
(k- -p1) 2 2
U k) ‘pz)[(k-m) + (k- p1)(k - p2) — (k- p2)7]
(k_ - p2)
(k- k-)(p1-p2)
(k_-p1)
(k- k=) (k- p1)
(k_ - p2)
(k- k=) (k- p2)

+2m[(p1 'p2) + (k-p1) = 2(k - p2)]

+3

+

+ [(k - p2)* + (k- p1)(k - p2) — (k- p1)?]

+2 [(k - p2)® = (p1 - p2)(k - p2)]

+2 [(k-p1)* = (p1-p2)(k - p1)]

S22 1) + )~ 2]

+(k-p1) + (k-p2) +6(p1-p2)} (A.19)

+2

3 90, 2 (k- p1)® (k- p2)? (p1 - p2)’*
Tt As |7 PO+ DM}{(k'pQ)(pl‘pﬂ (k-p1)(pi-p2) (k- p1)(k-p2)

(k-p1)(k - p2) . (k-p1)(p1-p2) — (k- p1)? . (k- p2)(p1 - p2) — (k- p2)?

+3

(p1 - p2) (k- p2) (k- p1)
 (ke—p)(Eep2)® (k= p2)(k-p1)?
(k-k_)(k-p1)(p1-p2) (k- k_)(k-p2)(p1-p2)
(k= - p1)
+(k? . kf)(pf'pz) [(k 'p1)2 + (k pl)(k p2) - (k 'p2)2]
B P) g ) (ke pa) — (k1))

(k- k-)(p1-p2)
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(k- - p1)
G
(k— - p2)
K )0k )
O 1) + ) - 2k
2 ) + k) - 2k )]

+(k-p1) + (k-p2) +6(p1-p2)} (A.20)

+2 [(k - p2)? — (p1 - p2)(k - p2)]

[(k - p1)* = (p1 - p2)(k - p1)]

+2
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(b p)(kepe)® (k- p2)(k-p)®
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2 G = (1))

2 G = (1))

+zm[<pl p2) + (k- p1) = 20k - p2)]

28 Pnpa) + (k- pa) — 200 )

~3(k-p1) = 3(k - p2) +2(p1 - p2)} - (A.22)
S IMb P = ;ﬁmx

{pr w00 p) e p2) = D)1 p) = (- )1 po)] +
+p2 - pa[(k - p3)(k - p2) = (k- ps)(p1 - p2) — (k- p1)(p2 - p3)] +

+(p1 - p3)(p2 - pa) [2291 ‘p2—k-p1—k -pz]} (A.23)

_ 1gS 1
Z’M T1| - 6A4 k- pl)(k p2) X

where the polarization 4-vector in Egs. (A.19)-(A.22) is defined as k_ = P(k")/\/k* - P(ky),
where P is the parity operation.

A.3 Cross sections

Now, the next step is to compute the cross sections in the lab frame. To this end
we proceed by first evaluating the matrix elements and the phase space density in the
centre-of-mass frame and then boosting the result to the lab frame. In the centre-of-mass
(c.o.m) frame, let us parametrize the four-momenta inolved in the process as

NG

p = xf(l,0,0,l), pgzaj\ég(l,(),(),—l), k:x7(z0,zol%), (A.25)
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NE

S N A
p3 = xi(l—ym (1—y0)* — a®ps3), p4=l’f(1+yo—20,\/(1+y0—20)2—a2p4),

2 2

where the two colliding partons carry equal momentum fractions x1 = zo = x of the
incoming protons, a = 2mpy/(x+/s) < 1, k= (0, sin 0y, cos by), and 6 is the polar angle
of k with respect to the beam line, in the c.o.m. frame. With the subscript ¢ we will
refer to quantities evaluated in the c.o.m. frame. The polarization 4-vector k_ in the
c.o.m. frame simply reads k_ = (1/4/2)(1,0, — sin 6, — cos 6p).

The conservation of three-momentum sets the angle 6p3; between ps and k as:
cosfps; = (p3 — k* — p3)/2k||ps|. Integration over the azimuthal angle ¢y of the
outgoing jet simply gives a factor of 27w, while the matrix element does depend in the
t-channel case on the azimuthal angle of the three-momentum p3 with respect to E, ®03;,
and so it can not be integrated over at this stage, contrary to the s-channel case. Taking
all of this into account, the phase space density simplifies to

1 1 2%s
dq)g = (47)3dE3 dk d cos 90 == WTdZO dyo d cos 00 . (A26)
do —#dE d]E|dcow9 do ~—$728d dzg d cos 0y dog 3; (A.27)
3= 8(2r ) 3 Sbo dPo3j = 32(27 )4 Yo dzo 0 40 3;- .

in the s and ¢-channel respectively. The kinematical domains of yg, 29 and ¢q3; are

20 1—29—a? 20 1— 29— a?
— |1l — | < < =11 _ A.28
2( T p— )— 0 —2(+\/ 1— 2 (4.28)

0< 2z <1-d° (A.29)
0< ¢o3 <27 (A.30)

The variables yo and ¢q3j refer to the momentum p3 of an invisible DM particle; they
are therefore not measurable, and we integrate over them. In the ¢-channel case, finding
the total integrated cross section is useless, since these variables enter our definition of
the momentum transfer @, and the condition Q¢ < A which we used to define the
ratio Ry.

For the doubly-differential cross sections with respect to the energy and angle of the
emitted gluon, in the c.o.m. frame, we obtain

m2DM 3/2
Cde | e B g
dzodcostly |, 36m2 A4 NI 2osin?60y '
1/2
_ _ Am
s | e[
dzodcosbo |, 3672 A4 V1— 2 2 sin? 6
2 2
d%s as x?sy\/1—z0— 4?2]381\4 (1 -2+ 27:2‘38““ )(8 — 820 + (3 + cos 26p)23)

dzod cos D5 T 10872 A% V1—2z 20 sin? O

(A.31)

(A.32)

(A.33)
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2
d26 L ais 1— 20— %]3/2 8 — 820 + (3 + cos 20p) 23 (A34)
dzod cos 6 Ds 10872 A4 1— 2 20 sin? O ’ '
d%s g a?sy -2 - 4’"DM (1— 20+ 2 DM)(4 — 820 + 623 — (1 + cos 20p)23)
dzod cos 6 Do To27r2 A4 1- z0]3/2 20 sin2 6, ’
(A.35)
3/2
Am?2
126 303452 {1—Zo—7;ziM]
_— = 128 — 128(1 26
dzod cos Oy DL 3276872A6  zo/1 — 2o sin? 6, [128 8(1 4 cos260)20
+(304 + 64 cos 20y + 16 cos 40g) 23 — 128(1 + cos 20p) 25
+(79 + 44 cos 20y + 5 cos 490)z6"} , (A.36)
2
425 3a3rts2 1_2_4mDM T = 2
Y7 N 1 % % 128 — 128(1 + cos 260p) 2
dzod cosblo |, 3276812 A6 2p sin? Oy
+(304 + 64 cos 26y + 16 cos 40g) 22 — 128(1 + cos 26p) 25
+(79 + 44 cos 20y + 5 cos 490),23} ) (A.37)
3/2
4 2
d%s 3adris? {1 TR TQ]?SM]
_— = B 128 — 128(1 20
dzodcosty |, 32768m2A6  z94/T — zgsin? 6, [ (14 cos 200)20
+(240 + 128 cos 20 + 16 cos 46g) 25 — 16(11 + 4 cos 26y + cos 46p) 25
+(79 + 44 cos 26y + 5 cos 460)23} , (A.38)
4% Sadats? 11—z — b T= 5 195 - 195(1 + cos2)
— - $2600)2
dzod cos Op D4 3276872 A6 20 sm2 0o 070
4(240 + 128 cos 26 + 16 cos 46) 25 — 16(11 + 4 cos 26y + cos 46p) 25
+(79 + 44.005 200 + 5 cos 409) 23 | - (A.39)
d's ! 1 g21-2
dZ(] d cos 90 dyo d¢0 3j DT1 46087T4 A4 Zé

{433(2 — 2p) csc B cos ¢g 35(cos O (20 — 2y0) + ZO)\/S (sz?yo(z0 — 1)(yo — 20) — m¥\,23)

—8m2DMz(2) cos? $o3j + st((zo —2)zp + 2) (s.ec2 (00/2) yg + csc? (60/2) (yo — zo)z)
—2s2%y3 (20 — 6)20 + 6) + 4sz®yo (20 — 1)(yo — 20) cos(2¢p3;)

+2522y0((20 — 6)20 + 6)20 — s2°23 ((20 — 2)20 + 2)}, (A.40)
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d*s
dzp d cos gy dyo deo 3

1 g2 1—-2
9830474 A 23 cos? %0

DT1

{813\/5 |:ZO(Z[) — Yo — 1) — (Zg - (1 + yo)Z(] + 2y0) COS 90} COS gf)ogj sin 90 X

x \/81‘21,10(20 = y0)(1 — 20) — M7
—2(1 — cos(260))m 28 + 4[3:1:2y0(20 —40)(1 — 20) — m%Mzg} cos(2¢g3;) sin? Oy
5221120 — (6 + 22y0) 4 + (1193 + 8yo + 3)23 — 2u0(1 + y0) %0 + 247

+sz° {zé —2(1 4+ y0)2z8 + (v + 8yo + 1)28 — 6yo(1 + yo)20 + 6y8} cos(26p)

—453:220 [ZS’ -2(1+ yo)zg + (yg +4yo + 1)z0 — 2yo(1 + yo)} cos 90}.
(A.41)

Eq. (A.31)-(A.34) agree with the findings in Refs. [405,406], up to the factor of 1/9, as
we are considering coloured colliding particles.

To get the cross sections in the lab frame we perform a boost in the 2 axis, accounting
for the generic parton momentum fractions x1, 9. The velocity of the c.o.m. of the
colliding particles with respect to the lab frame is given by

1 — T2

, (A.42)
T+ X2

Bc.o.m. =

so that the relations between the quantities zg, 6y and the analogous ones z, 6 in the lab
frame are

(w1 + 22)% + (23 — 22) cos 92
4$1$2
4ryx
.92 142 .92
Oy = 0. A4
S [(z1 + 22) + (w2 — 1) cosf2 (4.43)

20 —

The Jacobian factor to transform dzgd cos 8y — dz d cos 8 is simply obtained using equa-
tions (A.43); the cross section in the lab frame is then

d'e B T1 + 2o d*s
dzd cos 6 dyo deo 3 xy a9+ (21 — x2) cos§ dzodcos by dyg doo 3| 20— z0(2)
B0 — 6o(0)
(A.44)
Expressing the energy of the emitted gluon or (anti-)quark in terms of the transverse
momentum and rapidity, k% = p cosh ), one finds

4pt coshn

= cos = tanh A.45
(1 + x2)/s 1 ( )
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which allows us to express the differential cross sections with respect to the transverse
momentum and pseudo-rapidity of the emitted jet:

d%6 4 d%s
7 _ 7 (A.46)
dprdn (21 + 22)/scoshn dzdcosfdyg| =— z(pr,n)
0 — 0(pr,n)
4 A 4 A
d*6 _ 4 d*e (A.4T)
dprdndyodgos;  (z1+ x2)y/scoshn dzdcosfdyodeosi| = — z(pr.n)
0 — 6(p,n)

This way we get the translation of Eqs. (A.31)-(A.35) into the lab frame:

d26

dprdn

D1/
d26

dprdn

D4

426

dprdn

D5
A6

dprdn

D8

d?6

dprdn

D9

d%s

dprdn

D11

d%6

dprdn

D12

d%6

dprdn

D13

3/2
g Amby 2
Olg 3;'1;[;23i |: f I1£E28:| [1 + (1 f) } (A 48)
3672 AY pr -7 ; .
1/2
as w1wes/1— f 4m3 )
3672 AT pr [1 s L+a-p7], (A.49)
4m? 2m?2 2 p2
Qg X1T2S 1- f - 95191]:)21\;[ |:1 o f + 271;;1\;[:| [1 + (1 B f) - 2m1ngs:| A50
2772 Al Vi-7f o7 ) (A.50)
4m? 2
o wimys [L— f =SP4 (1= )° - 2505 (A51)
27m2 A4 m pr ) .
m2 2m2 4 2
s ygs Y1~ 1~ (= 1+ 558 (- 90+ 0= 17) + 52K
2772 AL 1 — f]3/2 pr ’
(A.52)

2 2 4
IS S R 0 G 2

4m?2 3/2
3ar?rls? (1-f- W]?;\;) / l16 pﬁf
z

25672 A6 prf2V/1—f 21352 T1T28 T1T28 z2r3s?
P P
+ (-2 48— )P+ (3-4—1 )f42f5+f6] : (A.53)
T1X28 1228
- f - T
3adzirds? sT1T2 16 P N ph f
25672 A6 prf2 222352 T1T28
P P P P
+(1-8—"—+5 222)f2+(—2+87T)f3+(3—4 L)t —2f5 4+ 81,
172 172 172
T1T25 x3w3s T1T2S 1228
(A.54)
4m?2 3/2
sodefals? (-1 RO
256m2AS  prfiV/1—f r3x3s2 T1T28 131382
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2 2
FA-1 P s PE e 2+8—11 )f3 +(3—a-LT)ft—af5 4 £
T1T28 z313s T1T28
(A.55)
24 3,.2,.2 .2 1—f—4m2DM\/1—f 4 2 4
d=o _ 3a3riT5s STy T 16 Py 48 pT 5 D )
dprdn|,,, 2562 A6 pr2 x%x%sQ T1T28 z?13s2
P L P
(1122 5 ) P (24 8 )f3 +(B3-4—— )f4—2f5+f6],
T1T28 x1x2 :L‘1£L'28
(A.56)
where we have defined
pr(x1e™ + z9€™)
,N X1, T2) = . A.57
flormas) = P (A57)

For the emission of a photon, rather than a gluon, from a quark with charge ), one simply
replaces (4/3) oy = Q2 in Egs. (A.48)-(A.52). The cross section for the corresponding
simplified models are simply obtained by replacing

A4 (Qtr med) + FQMr%led
9292

, (A.58)

From these expressions one reproduces the results reported in Egs. (6.17)-(6.25). We do
not report the explicit expressions in the t-channel because they are too cumbersome
and of limited interest.



Appendix B

Annihilation cross section with a
pure vector/axial mediator (as in
chapter 8)

In this Appendix we collect the results of cross sections calculations for the process
of DM annihilation into SM fermions

xXx = ff (B.1)

We performed the calculation at zero temperature in the lab frame where y is at rest, and
. 2 1 .. . .

the centre of mass energy s = 2mgpy, (\/ﬁ + 1). This is equivalent to performing the

calculation in the Moeller frame, and is the correct frame for the relic density calculations

[43].
No() (o) L=mi/mba oo,
(O'U)V = o (M2 — 4mI2DM)2 T 202 [(mf + QmDM) +
v2(11m3% + Qm?cm%M —dmiy Qm]%M(mfc + 2md ) (M? — 4m2DM)D$ %)
2 2 _ 4m?2 )2 + 202 g
2Um2. (1 — (M MpMm
mDM( m2DM)
2 /.2
o — Ne(of)(oin)® /1= m3/mbu )
4T 2 (M2 —amd\ )2 +T2M2 |7
2 2 _ 4m2 )2+F2M2 '
2Um2. (1 — (M MpMm
mDM( m2DM)

In the limit m; — 0 these expressions become

NC(Q}/)2(QSM)2 mQDM
T (M2 —4m, )% + 2M?

_l’_

(o) = 12" (M2 — 4md )2 + T2M2

1402 (_1 27”1231\4(]\42 _4m]2DM) )1

191
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NC(Q?)Q(QSM)Q m2DM o2
6 (M2 —4m2 )2 +2M2

(ov)a =

In the limit mpy << M the effective operator approximation holds:

Nemiy, . m?c [( m2 ) +1}211m;%/m4DM—|-2m?c/m%M—4/13 6
Mpm [ \"DM ’

7
= DM |7 7 40
(ov)y 21 A4 2 7 24(1—m3/mpy)

Ne¢ m?“ 2
(ov)a = 1—[m o
2mA4 m%M f

5 23m;1¢/m12)M - 28m30 + 8m12)M1 (B.7)

24(1 — m?p/m%M)

The widths for the vector mediator decay to a pair of fermions are given by

. Nc(g}/)Q(J\J2 + 2m?),/1 — 4m?%/M? B5)
v 127 M ’ '
No(gf)2M (1 — 4m3 /M?)3/2

r, = . B.9
A 127 (B.9)

(B.4)

(B.5)



Appendix C

Details of the annihilation rate
calculation in the Z’ model

In this appendix we present the calculation of the annihilation cross sections of the
DM into the SM in detail. We also go in detail over the one-loop order annihilation into
the WW. The results of this calculations are summarized on Fig. 9.6

The Feynman diagrams for the possible annihilation channels of yx into the SM
particles are shown on Fig. C.1. For each channel, we consider the leading order (tree
level or one-loop), moreover we always restrict the calculation to the leading order in

the mixing angle between Z and Z’, 1. -

At the tree level the DM annihilates into ff, and if § # 7/2 also to WTW ™~ and
Zh. Egs. (C.1) to (C.6) summarize the annihilation cross sections into all these channels
at the tree level, distinguishing between the polarization of the vector bosons in the
final states through a superscript (7') or (L) for transverse or longitudinal polarization,
respectively.

2 4 4 f — 4m2
_ 939z cos” ¢ N/ | s —4ms _ 9 9
— = —4 + 2 +
alxx — ff) 37rs((s—mz/) +I‘Z,mZ,) 3—4m§< (gf) (s mx)(s mf)

2

(g?)Z( (s = 4m2) + 4m? (m i(?—ﬁﬂ;mﬂjzz/)—s»), (C.1)

A

V(s = (m? +m%))2 —dmim? 1 ‘
((s =m%,)?) +T%m%,)  48msd/?

o(xx = ZPh) = gig%/ cos? 0 cos*

. ((m;‘l@mi +8) — 2mi (s + Qmi)(s +m%) + Zmi(s2 — 10sm% +m%) + s(s + mQZ)Q)

+ leZ/ ( — 6mis(mi — Qm%(mgz + )+ (m2Z — 8)2)>
+ (3m s2(m} —2mi(s +m%) + (s — mQZ)Z))> , (C.2)
" 2 1/2
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X
Xx = W™ (5)]
X v X v
X Z X VA
XX —Z (1) XX — 772 (2)
X Z X Z X Z X s h
A I
/7
X ih X {
7' A ! 7! \\
z' .
X Z X Z X Z X “h
xXx — 27 (1) XX — ZZ (2) xXx — ZZ (3) xx — hh (1)

X shox o X g h X gt
7/ 4
X z! X A
Z' \ VA \
N N AN AN
“h X Mh X ~h X ~h
xx — hh (2) xx — hh (3) xx — hh (4) xx — hh (5)

Figure C.1 — Feynman diagrams for the annihilation of yx into pairs of SM particles that have been
considered in this work. In the fermion loops, the amplitude is summed over all the SM fermions.

olxx — wt By - (L)) = gig‘lz,aw cos? Oy cos® 1/Jsin2 w(s — 4m%v)3/2 (s — 4mi)1/2-
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(mZZ, — m22)2 + (FZ/mZ/ — Fzmz)2 (Qm%,v + 8)2

((s =m%)? —=T%m%)((s —m%,)%2 —=T%m%,)  12mj,s

, (C4)

o(xx — wEMwF (L)) = gig%,aw cos? Oy cos? 1 sin’ ¢(s — 4m%/V)3/2 (s — 4mi)1/2-

(my —m%)? + (Lzmz —Tzmz)? 4

(C.5)

(G —m2)? —T3m) (s — m3,)? — T3,m,) 3md,

olxx — W+ M- (T)) = gig‘lz,aw cos? Oy cos? 1) sin® w(s — 4m%v)3/2 (s - 4mi)1/2~

(m2Z, —mQZ)Q—F(Fz/mZ/ —Fzmz)2 3 (CG)

(s — m3)? — T5m2)((s — m%,)? — T%,m%,) 3s

A few clarifications are in order about the annihilation cross sections of the DM at
tree level.

ff: We denote the number of colours of the fermion f by NS , and its vector and axial
vector couplings to Z' by g}/, g;ﬁ‘ respectively. The values of g}/, g;? are given in
Tab. 9.2 In the zero velocity limit, corresponding to s = 4mi, the cross section
is proportional to mfc, because of the helicity suppression for pairs of annihilating
fermions. In that limit, o o (g?)2 o cos? §, i.e. the a coefficient in the low velocity
expansion ov ~ a + bv? comes from the U(1)y component of the U(1)’ extension.

Zh: The diagram on Fig. C.1 contains the tree level vertex Z'Zh of Eq. (9.9). In the zero
velocity limit, the only contribution comes from the production of a longitudinally

polarized Z, since in Eq. (C.3) the factor (s — 4m§<)1/ 2 vanishes.

WW: We denote ay = g3, /(4m), where gy is the weak coupling constant. The ampli-
tude is the sum of the two diagrams on Fig. C.1: the annihilation occurs via the
mixing of Z and Z’ and the SM trilinear gauge vertex ZWW | see Eq. (9.10). For
each of the final polarization states, the cross section is proportional to (s—4mi)1/ 2,

Given that o(xx — WW)vpm (where vpy is the DM velocity) is suppressed by
sin? ¢ and by vd,; at tree level it is worth checking whether contributions arising at one
loop can become important. The contribution to the amplitude of diagrams 5 and 6
on Fig. C.1 is velocity suppressed because of the same argument reported at the end of
Sec. 9.3.5. Therefore we only considered the contribution to the cross section coming
from the sum of diagrams 3 and 4, also ignoring the interference terms with the other
diagrams.

We also computed the cross sections for the annihilations into ZZ, ~v, vh, vZ
and hh at one loop. It is worth computing these corrections because of the velocity
suppression of some tree level channels, and because in the pure U(1)p_, case the tree
level annihilations into WW and Zh disappear. As for the Zh channel, we computed
the one loop cross section only in the pure U(1)p_j, case (0 = 7/2), in which the tree
level amplitude vanishes, and the only remaining contribution comes from diagrams 2
and 3 in Fig. C.1. The results of the loop calculation are:
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3/2
e i) el,
76873 (I‘QZ,mZ, + (m%, — 8)2> s5y/5 —4m2
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+ 9{ - 5(3 —Am)gEm2, + (my + (s — 2m2 — 2my )ma: + mis +myy, — miis/2)gﬁ}~

2

2 2 2
Mg, My )My +

5 (i = mi) (g (g —mi —miy)—

O i om0 :

uts

3
=(s — 4miy) (gfima — gusmZ)miy+

— gk (m3y = m2 4 mi)) (s — 4y ) Bo(0, i m2) + 3] - 3

1
—l—gﬁi(g(mfp—2(mut+mW)mdL+mul—|—mW—|—mu1mW)s miy (5my:+2(miy, —5m2, )m5 +5may+

+ 5myy, — 4mi¢m%y)) + gk (m%,v (5m% — 2(5m2: + 2miy )m5i + 5mis + 5myy, + 2mZimiy, ) —

2
} (C.7)

We do not report the formula for o(yy — W+ Mw+ (L)) because this channel turns
out to have a = 0 (therefore it is irrelevant for the annihilation process in the Sun) and
the corresponding formula is too cumbersome to be reported here.

1
- g+ oy = 20+ e — 0y )2)s)| By i) |

97 9rag Vs — dma?

62208m3mY, (s — m%,)? + T%,m%,|s(s — 4m,)5/2

o(xx = WHHw= 1) =

Z Né{(élm%/v — s)m¥, (gfi(fllmév + 12m2.m3y, + 2sm3y, — 52 — 6m2 (s — 2miy,))

— gk (—4miy +12m2m, 4 2sm3y, — 5% — 6m? (s—QmW)))
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—3Bo(0,mg:, mi:) (mg —mi:) (4miy —s) (guz (4miy —2smiy +m? (8miy —s) +mG: (s —8miy ) )+
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+ g5 [smS + (4mfy — 2smi, + s(s — 3m2,))m 4+ (=8mSy, + 5smiy +3m?,s
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(R — (eB)?)gY (43 — sﬂ Bo(m3y, m, m3) + [((#)2 ()Y (43— 5)

+ g;ﬁ‘ ((4mfc —4m% + s)(cjf})Q - SC?m?cJI? + (c?)2(4m?c —4m?% + s))} By(s, m3,m?)
2

+4g7m3 ((cf)’mZ + (cf)>m% + cfcf(2m7 — s)) Cds,m%,m%m?,m?,m?)} , (C.9)
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z {4gf (ck)m, — ag(cB)?m, + A(ck)?gY m — 4(cB)2gY md

e P + g (e Pamy — (ch)2gY smiy + (cf o sm

+ % :gf < — (20m% — 6sm% + % + 4mfc(s - 4m22))(c%)2 + 8c?mfc(s - 4m2Z)cJ§
(cf )2 (20mZ 6sm% + s + 4mfc(s — 4m22)))
+ ((c]%)2 — (c}f%)Q)g}/ (20m% — 6sm% + 82)] Bo(mQZ,m?,m?)
— % [g}4 < — (QOm% — 6sm% + 5% + 4m?c(s — 4m22))(cjf?)2 + 8C?m?(s — 4mQZ)CJLc
— (¢})?(20my — 6sm% + s* + 4m7 (s — 4m2Z)))
+ ((c]Lc)2 - (C?)Q)g}/ (20m% — 6sm% + 52)} Bo(s,mfc, m?)
+2 [ — %((CJLC)2 — (c?)Q)g}/( — 2mY 4 2smy + m7 (8my — 6sm% + 32))

1
- 59? ((2m% —2smy + 4m?csm2z - m§s2)(cfp)2 + 20?7’”?‘ (8m% — 6smy, + sz)cf

2

+ (C?)2 (2m6Z — 2smy + 4m§-sm2z — mfcs2) )} Co(s,mQZ,mzz,m?c, m?,m?)} , (C.10)

o(xx — 2P zW0)) = o, (C.11)

(xx — Z(T)h)‘ aw gy 9z )
TAXX o=r/2 " Qi (m%, +T%,m%, — 2sm%, + s?)

\/$ — 4m2\/(m3 —m%)? + 52 — 2s(m3, + m%)

$3/202 ((mp —mz)? — s)° ((myg +mz)? — s)°

> gf myNI(cf + cff):
7

. {C’o(m%{,m%7 s,mfc,m?m?)ss +2(=m% —m% + S)Bo(s,m?, m?)s
— {2Bo(m%1, m%,m}) + (—4m} + 3mi; +m%)Co(mi;, m%, s,m3,m3,m}) — 2} 52
+ [— 2Bo(m2z7mfc,m?)mzz +2(m?% + Zm%)Bo(m%{,m?,m?)
— ((Sm? —3m% +m%)Co(m3, m%, s, m?,mfc, m?) + 4) (m?% + mQZ)} s

— (m% —m%) [ — 2By (m?, m?c, m?c)mzz + 2By (m%, m?, m?)mQZ



2

)

+ ((—4m?« +m% —m%)Co(m?2,m%, s,mfc, m?c,mz) — 2) (m? — mQZ)}}

2.4
anXgZ’

o(xx — Z(L)h)|9=7r/2 = .

34 (T2, m%, +m%, —2m%, s+ s?)

2 A2
my /s —4ms

' 3/2
Vau? (=25 (m3 +m3) + (m} - m)’ + 5?)

> gy miNL(ef +cf)
f

: {m%[ [(_m% + mZZ + S)Co(mila m2Z7 Svmfca m?7m?) - 2B0(m§{7m?7 m?)i|
2

+ (m3; +m% — s)Bo(m%, m%,m3) + (my; —m% + s)Bo(s, m%m?)}

1602, m2y/s(s = m},)?

b = 7) = 3(12 m2 2 2 4 2
7r (FZ,mZ,Jr(mZ/fs)) my, /s —4m2

2

)

S 9 N Q23 Co(0.0,5,m i i) + 1
f

2 4 \/s— 2
CemGy 9z s 4mX

o(xx = vh) = 7y’

6t (0%, m%, +m%, — 2m%, s+ s2) s3/202 (s — m?%,

Zg}/m?NZQf{ - 2$Bo(m%1,mfc,m?c) + 2sBy(s, m?,m})
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(C.12)

(C.13)

(C.14)

(C.15)

f
2
+ (s —m¥) {(Zlcmfc —mi; + 5)Co(m7;, 0, s,m%, m%, m}) + 2} } 7
2 4
o(xx —=vZM) = QemOW 939z |
879 ([(s = m%)? + T I m, 572 (s = m3) | [5 — 4m?
4
m ’
2z (s—4m2) ZNfo{mQZs(g‘fA(c]Lc+c}%)+g}/(c]’?—c§))(BO(mQZ,mﬁ,m})_Bo(S’m?m?))
!

/_/.H

— (s —m%) {mecC’o(mzz, 0, s, mfc, m?, m?)(g?c%m% + g;ﬁlc?mQZ — C%g}/s + c?g}/s)
2

+ 3m>2<(5 —m2)*(s —m%,)?

+m (g ek + ) + g} (o - )] }

Z NZQf{Qg?m?(C? + c?)C’o(mzz,O, s7mfc, m?m?) + g?(cj? + c?) + g}/(c? — cJLc)}
f

B

(C.16)
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2 4 /5 — 2
CemOW Gy g7/ s 4mX

67 ([(s — m%,)2 + T4, m%, | m%s3/2 (s —m%)

o(xx = vZ")) =

ch{ 7(cf +ef) + 95 (cf = ef)) (Bo(m, m§,m}) = Bo(s,m},m3))

s—mZ { meo mZ,O s mf,mf,mf)(gf cfmZ +gf cfmZ cfg}/s—kc?g}/s)
2
., (C.17)

+m (g e + ) + g} (e - )] }

gig%,mi cos*l /s — 4m3
oo = hh) = 204875 213/2
s(s — 4mx)
2

. Bo(mi, mi,m%/) — Bo(s,m%,,m%.) + (me< +m%, —s)Co(m s,m%/,mi,m%,)

2
mX,

(C.18)

In the cross sections involving a fermionic loop, we denoted by }_ a sum over all the
SM fermion species. In the WW cross section, instead, we denoted by >, a sum over
the six fermion families (three families of quarks and three of leptons), with m,:, mg
the upper and lower component of the doublet, respectively, and with gfi, gfi, géj-, gﬁ-
the combinations

A A A 1% A
gh =g — g Ow =0ui 9l 95 =0y — 95 9% =0y +gg (C.19)

The functions Ay, By and Cj are the standard Passarino-Veltman one loop one-, two-
and three-points scalar integrals [564]:

4-D D
) I d“k
_ 2
Ao (mg) inD/ 2~ / k2 —mg’ (20
4-D D
2 2 2 H d”k
_ 21
B (ot ond) = Lo | G s e
4-D b
9 9 2 2 2 oy _ M ak
Co (Pl,PQ»(pl +p2) ’ml’mQ’m3) ~imDP/2p / (k2 —m3) ((k +p1)? —m3) ((k +p1 4+ p2)2 —m3)’
(C.22)
I'“(1 —e)I'(1
= ( l'(1+e) , D=4-2¢, (C.23)

I'(1 —2e¢)
where ~r approaches 1 in the limit € — 0. In these equations, we denoted by v ~ 246 GeV
the vacuum expectation value of the Higgs field, and by cf: , c? the SM coupling of the
Z boson to left- and right-handed fermions respectively (see Tab. C.1).

Let us briefly comment on the one loop cross sections:

WW:: The bosonic loop diagrams 5 and 6 in Fig. C.1 are velocity suppressed as expected.
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SM fermion f cJ’% c?
leptons —1 4sin?6 sin? 6
2 w w
neutrinos % 0
up quarks % — % sin? Oy —% sin? Oy
down quarks —% + % sin? Oy % sin? Oy

Table C.1 — Coupling of the Z boson to SM fermions.

ZZ: The box diagram (number 3 on Fig. C.1) is suppressed at low energies by the two
heavy propagators in the loop, and gives only a minor effect. Therefore we ignored
it in our calculations.

~7: The cross section for annihilation into v+ vanishes on resonance, due to the factor
of (s —m?%,)? in the numerator. This is a consequence of the Landau-Yang theo-
rem [550,551] that states that a spin-1 particle can not decay into two photons,
and is a reassuring cross-check of our results.
Also notice that the vy cross section is proportional to g?, the axial coupling of
the fermions to the Z’, and vanishes in the limit of pure B — L. This is due to the
Dirac structure of the fermion loop in the very same way in which the cross section
for annihilation into A is proportional to the vectorial coupling g}/, and can be
seen as a realization of the Furry theorem [565], which states that any physical
amplitude involving an odd number of photons vanishes (in our case one of the
photons is replaced by the vectorial part of the Z').

hh: The two diagrams with a fermionic loop (diagrams 2 and 3 in Fig. C.1) sum to
zero, while the two box diagrams (numbers 4 and 5) give a contribution at most
comparable to that of the triangular diagram (number 1). Since the cross section
for annihilation into hh including only the triangular diagram is subdominant by
several orders of magnitude, we can safely ignore the contribution of the two box
diagrams.

Results of our calculations show that in the low kinetic energy regime that is relevant
for DM annihilation in the Sun loop channels are usually subdominant. Some of the cross
sections receive a velocity suppression (ov ~ bv?) and precisely vanish in the zero velocity
limit. Those are WMW )z z(L) ~7zL) ~h hh, ZTh and, for 6 = /2, Z(E)h,
We do not explicitly show the analytical expansion around v = 0 because the velocity
appears as an argument of the Passarino-Veltman functions. The only process, which
acquires a relevant contribution at the one-loop level is WE W (L),

All the cross sections we computed, except for hh that has no s-channel exchange of
a Z' boson, vanish around mpy = my in the vpy — 0 limit. Again, this is a cross-
check of the correctness of our calculations. Indeed, close to the resonance the cross
section for xyxy — XX is proportional to the product I'(Z" — xx) - I'(Z' — XX), but
['(Z" — xx) vanishes if mpy = mys /2, which is implied by a resonant production of Z’
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with vpy = 0.



Appendix D

Dark Matter annihilation and
scattering with a 750 GeV
pseudoscalar mediator

We report in this appendix the relevant formulae for the computation of cross sections
for DD, for DM annihilations (which are relevant for IC), and of the relic density of DM.
D.1 Elastic scattering between proton and DM

Fermionic DM

The effective operator for the interaction between y and a nucleon N is (throughout
this section we follow the notation of Ref. [138])

2

YyP CN ,_ —
2O = ’;np (X75x) (Nv5N) (D.1)

where the coefficient y, p is introduced in Eq. (10.2), and we define cy as

MN (N Cgg__ m
CN = Z 7m Af(] ) YqP — %m + Z yqum | (Dz)
q=u,d,s 1 q'=u,d,s q

where m = (m%l + mi + mis)fl, and AgN) are the nucleon spin form factors for the
quark ¢ (see Ref. [138] for a compilation of their numerical values according to various
references).

The cross section for the elastic scattering xN — x N in the low velocity limit turns
out to be (the same result holds for the process YN — YN)

1 m?
ONx = g)\i 1y m[%\l;d vbm + O (vhu) (D.3)
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where vpyr is the DM particle velocity in the centre-of-mass frame (which we assume to
be 220 km/s), and py = ;PPMEA- is the DM-nucleon reduced mass.

We notice that this cross section is suppressed by the fourth power of the velocity of
DM, as a result of the presence of the two pseudoscalar Lorentz bilinears in Eq. (D.1)
which in the non-relativistic limit reduce each to the scalar product of the spin of the

correspondent particle and of ¢.

Scalar DM

The effective operator for the interaction between the DM particle ¢ and a nucleon
is
Apcen

Ap05™ = (¢"¢) (NivysN), (D.4)

mp
where Ap is the parity-odd dimensionful coefficient introduced in Eq. (10.3), and ¢y is
defined in Eq. (D.2). The corresponding cross section in the low velocity limit is

1 1
?)\3} ’u?vmi?v vbm + O (vhb) - (D.5)

O'N¢:8

We point out that in this case opg is suppressed just by the second power of vpw,
accordingly to the fact that (9‘5 N contains only one pseudoscalar Lorentz bilinear.

D.2 Annihilation of DM pairs into SM channels

The squared matrix elements, summed over the polarisations of the final states, for
the two-body decays of P are the following [535] (we denote by 0y the Weinberg angle):

2

2 C 2
| Mp_gql :64ﬁs : (D.6)
9 8sin Oy 2 4m?2
IMp_zz| :TBBSQ 1—TZ ; (D.7)
2
9 4dcos® Oy sin? Oy ¢ m2
(Mpozs|’ = Tl B2 (D.8)
A s
8 cos* Oy c?
|MP—>’W|2:W ? (D.9)
2
[Mpogq|” =6ygps, (D.10)
2
Mpoxal™ = 2uzp s, (D.11)
(Mpz0l” = AP (D.12)

The partial width of P into a final state composed of two particles ¢5 is then given by

m? +m?  (m? —m?)2
1-2-—- J ! J D.13
167 mp s + 52 ’ ( )

2
Ipij = sij 7|MP_H]|
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where s;; is a symmetry factor equal to 1/2 if 4 and j are identical particles, or 1
otherwise.

We can then write the cross section for the annihilation of ¥y into a final state ij at
a centre-of-mass energy s as

2 2 |- gmitm ()
; 5 P |Mp_ij] E 52 (D.14)
X Y321 (s — m%)2 +T'4m?, V1 UL

We highlight with a shade of grey the terms that are common to all final states, and
simplify when computing the branching ratios for the annihilation of DM pairs into SM
channels. These are indeed the relevant quantities for computing the neutrino fluxes for
IC. This interesting simplification makes IC bound independent of the coupling of P to
DM, of mp and of I'p.

The analogue formula to Eq. (D.14) for the case of scalar DM is:

2 2 2 2\2
2 2 _gmitmy | (mi—mj)
. . 1 A% |./leﬁ\ij‘ \/1 2=+ 52
Po—ij Y 64r s (s —m%)2+TLm% '

(D.15)

lm“/

The centre-of-mass energy s, when applying Eq.s (D.3) and (D.5) to DM annihilations
inside the Sun, has to be evaluated with the typical kinetic energy of DM particles in
the Sun. We notice that all the squared matrix elements in Eqgs. (D.6)-(D.12) in the low
velocity expansion have a non vanishing constant term. We assume as a reference kinetic
energy the thermal one inside the core of the Sun, around ~ 1 keV (corresponding to a
velocity 10~* for mpy ~ 100 GeV).

D.3 Relic density of DM via freeze-out

The formalism to compute the relic abundance of DM was already described in
appendix E, to which we refer. We just report here the results for the expansion of
o(Xx — 1j) - vMgl in series of vy, to show that the term of order zero in the velocity
is always non vanishing. Therefore, the final value for the cross section does not depend

strongly on the numerical value assumed for DM velocity.
For the case of fermionic DM, the expanded cross sections read

o (TX = 90) Untor = 32yipcggm4DM 2 16yipcggm%,m4DM(m%3 - 4m2DM + F%)
““Mgl — Mgl
TA2[(mp — dmpy)? +Thmp] M7 1A2[(m2, — 4mdy,)? + Tam3]
(D.16)
A3 pcS My 2 2yxpCiymbmpy(mp —dmby +T)

(XX — YY) UMel = TUMg1 )
TA2[(mp — dmi)? + Tpmp] M wA2 (2, — amdy)? + TEm3]

(D.17)
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_ 2y2 pcg. mi mZ \° mZ \’
o(Xx = 27) - vvtar = TA?[(m? jZmZQ;M)DI\i IZm3 | (1 - 4m2DZM> + o (1 - 4m2DZM>
ry [ S+ ml | Smiyy(mp — dmby)(ambyy —md)] o
STAZ | (mE = Amd P A TPmE | [(md —dmd ) 4 [Bm3] |
) 42 2 m2 \ 32 m2 \ /2
o(Xx = 22) - vntor = TA2[(m3 —XanQDZM)Dl\-/Il- IZm3 | (1 - m%)ZM> + ¥ <1 - mQDZM)
Bt [ by tonbunhnfaink )] 1
2nAZ | (g —Amby )+ TRmE [~ Amdy)? + Tpmd]” |
1/2 _
a(Xx = qq) - vmel = 2 3y>2<Pytsz2DM (1 a ”2L3> * Ul%/[‘z’l <1 - n?) :
2r[(m% — 4m¥ ;)% + T'5m3] MM Mbm
. 3% pYsp My l iy — 2y 1ombyyy (mp — A ) (g — mipa) (D.20)
167 | (m—dmBy ) +T3mE | [(m2 — 4mdy)? + Damd)?

In the case of scalar DM, the results are

4A%c2 m3 , Abci,mi(mp —16m§ +Tom3)

+v
mA2[(m} — 4m?)? + rmp] M A [(m} — 4m3)% + FPmP]2
(D.21)

o(¢pp — gg) - vmal =

A%cgwmfc , AbS mf(mp - 16mf +T'4m3%)

+ VMgl )
2mA2[(m} — 4m3)? + Tpm3) A2 [(m2, — 4m2)? + Fpmp}z

o(dp = ¥7) - vngl =

(D.22)
3 2
B A%c2, m?2 m2 m3
— Z7) - UMgl = xS 1- 2 + 03 1-—%£
o(9¢ 7) - Ostal 4mA2[(m3 — 4m3)? + I%m3 | 4m3 Mol 4m3
A3cy, 2m + m 4mi(mp — dm)(dmj —m7) (D.23)
327A% | (m}p —4m3)? + Tpmp [(m3 — 4m3)? +Fpmp]2 ’ '
3/2 1/2
_ 4A%c2zszc m3 m3
o) —Z7) - vpgl = 1-—%Z + 03 1-—Z
(90 ) 0ol mA2[(m% — 4m3)? + Tpm3 | m3 Mol m;
A3ct, 2m + m3 L6y (mip = dmp)(mj —mz) | oy
16742 | (3, —4mD? +Thm% " [(mh —dm2)2 + 2w |
1/2 -1/2
_ 3A%y2p mg m3
o —qq) - VMgl = 1- —2 + 03 1-—Z
(¢ — ) - VMgl 1677[(m2p — 4mf) n FPmP] m? Mgl m%
3Apqu [ mg L6m (m3 — 4"”‘?)(’”2 - m?) (D.25)
2 - 2 '



Appendix E

General formalism for the
calculation of the relic density

Our technique to compute the abundance and notation follow Refs. [43] and [95].
First we find the freezeout temperature by solving

or _ V B gpormpmMpic(c + 2)(ov)
27r3gi/ 2, /TF

where © = mpy /T and subscript F' denotes the value at freezeout, gpor = 2 is the

number of degrees of freedom of the DM particle, ¢ is a matching constant usually taken

to be 1/2, g, is the number of relativistic degrees of freedom, Mp; = 1/1/Gy is the Planck
mass. Usually, it is safe to expand in powers of the velocity and use the approximation

e

, (E.1)

(ov) = a+b(v?) + O((v*)) ~ a + 6b/zF. (E.2)

However, when the mediator width is small, this approximation can down near the s-
channel resonance in the annihilation rate at M ~ 2mpyy [43,44,47] if the width is small.
Around this point it becomes more accurate to use the full expression,

(ov) = W Am%M dso(s — dmby) Vs K1 Vs x/mpy]. (E.3)

With this information, one can calculate the relic abundance,

2 x 1.04 x 10° GeV~ mpu
Mpl I%;F gi/2<0'1)>dT

Qpmh? = Qh% + Qh? = : (E.4)

where the factor of 2 is for Dirac DM. When the non-relativistic approximation to the
annihilation rate holds, this simplifies to

2 x 1.04 x 10° GeV~lap
971/2 Mp (a + 3b/$F)

Qpuh? = (E.5)
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where g;1/2 is a typical value of gi/ 2(T ) in the range Tp < T < Tr. We have tested
the validity of this approximation and find that there is a negligible difference to the
full relativistic calculation, since the widths we consider are relatively large. If the
physical widths are used, then care should be taken that this approximation still holds
when the width becomes small, especially when the annihilation rate has a larger p-wave

component.
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