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Zusammenfassung

In dieser Doktorarbeit wird die indirekte Detektion von Dunkler Materie mittels Neutri-
nos untersucht. Wir fiihren eine detaillierte Berechnung der Neutrino-Spektren durch,
die von Annihilationen Dunkler Materie innerhalb der Sonne und der Erde herriihren,
wobei wir alle Prozesse mit einbeziehen, die wahrend der Propagation auftreten kénnen:
Oszillationen und Wechselwirkung mit Materie. Wir analysieren systematisch alle
Moglichkeiten der direkten Vernichtung von Dunkler Materie in Neutrinos fiir die bei-
den Fille von skalarer und fermionischer Dunkler Materie. Auflerdem berechnen wir
die Vernichtungs-Querschnitte fiir Diagramme verschiedener Topologien. Hierbei iden-
tifizieren wir die vielversprechendsten Szenarien, flir welche auch das Verhalten des
Wirkungsquerschnittes angegeben wird. Danach beschreiben wir die Phanomenologie
der leptophilen Dunklen Materie und zeigen auf, wie die experimentellen Limits an den
von Annihilationsprozessen in der Sonne herrithrenden Neutrinofluss dieses Modell als
Erklarung der Ergebnisse des DAMA-Experiments in Bedréngnis bringen. Schliellich
wird eine detaillierte Analyse des erwarteten Neutrino-Flusses stammend von Neutralino-
Annihilationsprozessen innerhalb der Sonne und der Erde présentiert. Hierbei beriick-
sichtigen wir sowohl teilchenphysikalische als auch astrophysikalische Unsicherheiten und
unterteilen den Fluss in durchgehende und stoppende Myonen.

Abstract

In this doctoral thesis, we discuss indirect Dark Matter detection with neutrinos. We
perform a detailed calculation of the neutrino spectra coming from Dark Matter annihi-
lations inside the Sun and the Earth, taking into account all the possible processes that
could occur during propagation: oscillation and interaction with matter. We examine
in a systematic way the possibilities of Dark Matter annihilation directly into neutri-
nos, considering the case of scalar and fermionic Dark Matter. We explicitly calculate
the annihilation cross section for different typologies of diagrams. We identify the most
favourable scenarios, for which the behaviour of the cross section is given. We then
describe the phenomenology of the leptophilic Dark Matter and show how experimen-
tal bounds on the neutrino flux coming from annihilations inside the Sun disfavour this
model as explanation of the DAMA results. Finally, a carefull analysis of the neutrino
flux expected from neutralino annihilations inside the Sun and the Earth is presented.
We consider uncertainties coming from both particle physics and astrophysics and we
divide the fluxes in through-going and stopping muons.
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Introduction

The roots of our current knowledge and understanding of the Universe can be traced
back to the 1929, when the Hubble’s law was presented for the first time [1]. Edwin
Hubble and Milton Humason proposed a linear proportionality between the redshifted
light emitted from galaxies and their distances. If the redshift is interpreted as Doppler
effect, related to the recession velocity of galaxies, the conclusion that the Universe
is expanding will be reached. After this discovery, the idea of a static Universe has
gradually been abandoned and the cosmological models of Big Bang began to take over.
Nowadays, after the recent data from type-la supernovae [2], we know that the expansion
of the Universe is accelerating.

Results from many different observations, carried out in the past decades, have pro-
vided a precise understanding of the composition of our Universe, bringing cosmology
to face its “golden age”. In particular, a lot of different experimental evidences point
towards the existence of a form of non-luminous matter, baptized with the name “Dark
Matter”, which should account for almost 23% of the total mass-energy of the Universe
and for almost 84% of its mass. Thus, by far most of the Universe is made of a kind of
matter different from ordinary one.

One of the most exciting and difficult challenges of particle physics is to understand
the real nature of Dark Matter (DM). A rich zoo of candidates for DM is present in
the literature. All these particles arise in theories beyond the Standard Model (SM) of
particle physics. However, depending on the model, the characteristics of the DM particle
can be rather different and the values of the mass and the scattering cross section can
vary within several orders of magnitude.

This ignorance might be partially attenuated by the investigation of physics at the
electroweak (EW) scale, that will be provided by the Large Hadron Collider (LHC) at
CERN. Since the end of November 2009, the LHC is operating again and its forthcoming
results will hopefully be fundamental to test the physics beyond the SM. At the same
time, it will be able to restrict the viable DM candidates among those with masses around
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the EW scale.

Despite that, even with the detection of a new particle that could successfully act as
DM, the accelerator experiments cannot directly prove that the same particle is present
in the galactic halo. For this reason, direct detection experiments that search for scat-
tering of DM particles off atomic nuclei inside a detector are fundamental. There are
several experiments now running and taking data, which use different materials and
detection techniques. Among them, only the DAMA experiment has searched for a
model-independent DM signature: an annual modulation in the count rate due to the
Earth’s motion with respect to the Sun. In April 2008, the DAMA collaboration has
released new data [3], where a modulated signal is detected at 8.2 0 confidence level.
These new results have received particular attention from the theoretical particle physics
community, in the attempt of reconciling them with the negative results from the other
direct detection experiments. So far, the DAMA experiment is the only one that has
claimed a detection of DM.

Another possibility to detect DM is to search for its annihilation products (such as ~-
rays, antimatter and neutrinos) in the Milky Way galactic center and in the galactic halo,
in dwarf spheroidal galaxies and in celestial bodies, like the Earth or the Sun. Recently,
there arose an increased interest in this field, in particular due to the cosmic ray anomaly
revealed at the end of October 2008 by the satellite experiment PAMELA [4]. An excess
in the positron flux has been detected, while no excess has been found for antiprotons.
This anomaly could be caused by DM annihilation in the galactic halo or by astrophysical
objects such as pulsars.

The annihilation of DM particles can produce also high-energy neutrinos, which can
be detected through water Cherenkov detectors, like Super-Kamiokande [5], or through
neutrino telescopes, like IceCube [6], ANTARES [7] and its future extension KM3Net [8].
Being neutral, neutrinos are not deflected by magnetic fields and have only weak inter-
actions, so they can travel unperturbed through the interstellar medium.

The role of neutrinos in physics is often compared to the one of X-rays in diagnostic
radiography, since with their detection we are able to get an “image” of regions of space
or of celestial bodies that are accessible only partially with other methods, if at all. A
remarkable example is given by the measurements of the solar neutrino flux, through
which the Standard Solar Model has been confirmed and important information on neu-
trinos has been derived, i.e., the resonant oscillation in matter. Now that we gained
a good knowledge of the neutrino physics and of the neutrino oscillation parameters,
it is possible to make precise predictions regarding the neutrino flux coming from DM
annihilation.

It has been shown in several papers, see e.g. Refs.[9, 10, 11, 12], that this method
represents a promising tool to detect DM, since neutrinos conserve directionality and
are the only particle that can escape from celestial bodies with energies high enough to
be detected. The common hope is that the solar neutrino example could be repeated
and that now, through the analysis of the high-energy neutrino flux, we could obtain
important information on DM properties, like branching ratios and the mass. No excess
in the neutrino flux has been detected so far, with respect to the expected background.



However, the Super-Kamiokande limits, derived from analyses of the data collected from
May 1996 to July 2001 [13], are able to put stringent bounds on the DM scattering
and annihilation cross section. New future data will be able to restrict the allowed DM
configurations even more or, maybe, to detect an important signal.

In this thesis, the indirect DM detection through the neutrino portal is considered. In
Chapter 2, a brief review on the physics of DM is given. We report the main evidences
and observations for DM and their main astrophysical uncertainty: the density profile
of the DM in the halo. We also discuss the DM velocity distribution and the different
detection methods. Finally, a summary of the most common candidates present in the
literature will be given.

Chapter 3 focuses on the indirect search for DM using neutrinos. We explain how to
calculate the neutrino flux from the Sun and the Earth, considering in particular the
capture rate and the neutrino propagation aspects. Also the case of the galactic center
is analyzed. We finally discuss the neutrino-muon conversion and the main present and
future detectors.

In Chapter 4, a model-independent detailed analysis of the DM annihilation directly
into neutrinos is given. We initially review the theory of massive neutrinos and the most
common neutrino mass models. For each of these scenarios, we analyze the implications
on the annihilation cross section, considering separately a scalar or a fermionic DM
particle. We then identify the generically unsuppressed cases. For the most promising
ones, we explicitly show the behaviour of the annihilation cross sections and the bounds
coming from various experiments.

In Chapter 5, the indirect detection with neutrinos is compared with the results from
direct detection experiments. In the first part, we present the phenomenology of the
leptophilic DM and we reanalyze in this context the Super-Kamiokande bounds on the
muon flux coming from the Sun. The obtained constraints are then confronted with
the DAMA annual modulation region and with the limits from other direct detection
experiments. In the second part, we consider the light neutralino as DM candidate, in
the framework of an effective MSSM model. We derive the flux of stopping and through-
going muons expected from all the allowed supersymmetric configurations and from those
compatible with the DAMA results.

Finally, Chapter 6 contains a summary and the conclusions of our work.

The work presented in this thesis has been partially already published in Refs. [14, 15].
During my Ph.D., I have been involved also in other projects, on topics different from
the ones contained in this thesis, see Refs. [16, 17, 18] for more details.
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Figure 1.1: Schematic mechanism for indirect Dark Matter detection with neutrinos,
in the case of annihilation inside the Sun.



The Dark Matter

In this Chapter, we review the physics of DM. In Sec.2.1 we report the main cosmo-
logical evidences that point towards the DM postulation and in Sec. 2.2 we discuss the
DM density profile in the galactic halo and its velocity distribution. The experimental
methods to detect DM are presented in Sec. 2.3, while Sec. 2.4 contains a summary of
the most important DM candidates. Exhaustive reviews on the DM topic are given in
Refs. [19, 20, 21, 22].

2.1 Evidence and observations

To find the first origin of the DM idea, we have to go back to the 1933. Studying the
Coma cluster, F. Zwicky found a discrepancy of two orders of magnitude between the
mass inferred by dispersion velocity measurements of the galaxies in the cluster and the
one expected by the analysis of the luminous components [23]. In 1936, S. Smith also
arrived at a similar conclusion with an analysis of the Virgo cluster [24]. The subsequent
evidences for DM arrived only after more than thirty years. V. Rubin and K. Ford
measured in 1970 the velocity rotation curve of the Andromeda Nebula [25] and found
a flat behaviour at large radii. Three years later, M. Roberts and A. Rots extended the
analysis to different galaxy types [26]. A systematic study of the velocity dispersions
in spiral galaxies was presented in 1980 by V. Rubin, K. Ford and N. Thonnard [27].
These last results blew away skepticisms and conviced the astronomy community that
the presence of DM would be necessary to explain the rotation curves, if Newtonian
dynamics was valid at the scale of galaxies and galaxy clusters. Indeed, applying the
Newton’s law of gravity, the rotational velocity as a function of the distance r is given
by
G M(r)

Vot (1) = s (2.1)
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with G being Newton’s gravitational constant and M (r) the mass contained within a
distance r from the center. The observation of flat rotation curves implies that the mass
increases linearly with the distance from the center, in contrast to the distribution of
luminous matter. Thus, we can picture galaxies and clusters as surrounded by a DM
halo that is spherically distributed.

The analysis of rotation curves has been extended more recently to a large number
of spiral galaxies, see for instance Ref.[28]. These observations represent one of the
strongest hints for DM at the level of galaxies.

At the scale of clusters, compelling evidences for DM arise from gravitational lensing
techniques. Einstein’s theory of general relativity predicts that a massive object deforms
the space-time curvature. Since the light rays follow geodesics, they are deflected by
strong gravitational fields. The deviation from a straight-line path is proportional to the
mass of the object, that acts like an optical lens. Usually, quasars are used as sources,
since they are distant and very bright.

Two different types of gravitational lensing are manly used in DM searches: strong
and weak lensing. In the first case, the bend in the light path is clearly detected by the
presence of multiple images of the same object, arcs and Einstein rings. Studying these
effects, it is possible to infer that DM is needed also at the scale of galaxy clusters [29].
In the case of weak lensing, instead, the deformations are much smaller and cannot be
identified using only one source, since multiple images are not present. Therefore, a
large number of galaxies is usually considered and a statistical analysis is done to reveal
possible correlated distortions and elongations. From the shapes and orientations of the
galaxies, the mass of the lens can be reconstruct. It has been shown in Ref.[30] that
weak lensing represents a powerful tool to measure the presence of DM.

Two recent outstanding applications of the gravitational lensing methods are given by
the so-called “Bullet Cluster” [31] and “Baby Bullet” [32] observations. They represent
examples of collisions between two clusters of galaxies. During this process, the stars of
the galaxies and the DM halos behave as collisionless components, since they interact only
through gravity. Electromagnetic interactions, instead, affect strongly the intergalactic
gas distributions that, as result, become separated from the galaxies. This can be seen by
comparing the “image” of the colliding clusters in visible light, obtained by the Hubble
telescope, and the one in X-rays, observed by Chandra. The DM distribution is then
gathered from gravitational lensing methods and it is found to follow the luminous one.
Since the hot gas represents most of the baryonic matter presents in the clusters, the
result from gravitational lensing can be interpreted as a clear evidence for the presence
of DM. Moreover, these observations are not only a success of the DM model, but also a
robust disproval of MOND (Modified Newtonian dynamics) theories at the scale of galaxy
clusters. Indeed, if a modification of Newton’s law of gravity would be the explanation of
the flat rotational curves, the lensing would follow the distribution of the hot interstellar
medium, this being the major source of baryonic matter.

At cosmological scales, the most convincing evidence of dark matter arises from the
analysis of the Cosmic Microwave Background (CMB). This electromagnetic radiation
was first predicted by G. Gamow in 1946 [33] and later on discovered by A. Penzias
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and R. Wilson in 1965 [34]. The CMB consists of relic photons that decoupled from
the matter in the early Universe. The detection of this radiation is the most convincing
confirmation of the Big Bang Model. For a review of the CMB physics, see Ref. [35].

The COBE satellite revealed that the CMB radiation follows a thermal black body
spectrum with temperature 7' = 2.728 £0.004 K (95% C.L.) [36]. It also detected for the
first time some small fluctuations in the CMB temperature [37]. The anisotropies 67'/T
were measured with precision by the WMAP satellites to be at the 107> level [38].

The measurements performed by WMAP have been fundamental to determine the
geometry and composition of the Universe. They are considered as milestone for the
actual model of cosmology. After WMAP, our Universe appears as flat and dominated
by an unknown form of energy, called “Dark Energy”, which is usually denoted by the
Greek letter “A”. The CMB observations are also a key ingredient to obtain with good
accuracy the actual amount of DM, which amounts to about 23% of the total mass-energy
of the Universe.

To define the content of the Universe, the density parameter Q; = p;/p. is usually
introduced. The critical density p. is the density at which the Universe has a vanishing

spatial curvature:
Pe = % ~1.9x 1072 A% gem ™3, (2.2)
811G
where Hj is the Hubble constant at the present time, which is commonly rewritten as
Hy =100~ km Mpc~! s7!. From the five-years WMAP data, the following parameters

at 1o confidence level are found [39]:

Qy = 0.74240.030, (2.3)

h = 0.71975:0% (2.4)
Qpuh? = 0.1099 +0.0062 (2.5)
Oh? = 0.02273 + 0.00062, (2.6)

where with €, we have denoted the density fraction of baryons present in the Universe.
It is remarkable that the value of ,h? obtained with WMAP is in good agreement with
the one obtained through Big Bang Nucleosynthesis [40]. The current dominance of Dark
Energy (DE) has also been confirmed by observations of type-Ia supernovae [2]. The data
from galaxy clusters, CMB and supernovae are combined all together to derive with high
precision the matter and energy contents of the Universe. The complementarity of these
observations is clearly visible in the left panel of Fig.2.1.

The presence of DM is fundamental to explain the formation processes of stars, galaxies
and clusters. After recombination, the baryons collapse in structure, because they fall
in the gravitational potential wells created by the DM. Depending on the type of DM,
different structure formation scenarios are present. The DM is divided in two main
categories: Hot Dark Matter (HDM), if the particles are relativistic when they decouple
from the primordial plasma, and Cold Dark Matter (CDM), if they are non-relativistic.
The first case will lead to a “top-down” structure formation, in which only clusters and
superclusters of galaxies can initially form. All the structures at small scales are indeed
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Figure 2.1: Concordance model of the Universe (left panel) and evidences for DM at
different astrophysical scales (right panel).

washed out by the pressure of Hot Dark Matter. In the second case, instead, a “bottom-
up” formation can be realized. Small structures collapse first and then merge together
to form larger objects.

The Sloan Digital Sky Survey (SDSS) [41] and the 2dF Galaxy Redshift Survey (2dF-
GRS) [42] are two galaxy surveys that are mapping portions of the sky. They have
detected, respectively, over 800 000 and over 200 000 galaxies at different redshift. This
information has allowed to study the large-scale structure of the Universe, revealing the
presence of voids, filaments and walls.

The N-body computer simulations show that the hierarchical model of structure for-
mation, driven by CDM, can reproduce the observed structure present in the Universe.
These results are robust evidences that most of the DM should be present in the form of
CDM.

We wish to recall that the bottom-up formation model is also supported by observations
of the so-called Lyman-a Forest. This is a collection of Lyman-a absorption lines, caused
by the presence of intergalactic gas, in high redshift (z ~ 2 —4) spectra of quasars. This
set of data provides information on the distribution of neutral hydrogen, which is then
compared to numerical simulations. The outcome is that the presence of CDM is essential
to correctly reproduce the observed distributions, see e.g. Ref. [43].

All the observations described have been crucial to test the DM hypothesis at different
astrophysical scales. A summary of all these evidences is given in the right panel of
Fig.2.1. The concordance between the different measurements has led to consider as the
Standard Model of Big Bang Cosmology the one in which the Universe is constituted by
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manly DE and CDM. This is commonly referred as “ACDM model”.

2.2 Density and velocity distributions

The presence of DM at different astrophysical scales is confirmed by many observations,
which we have summarized in the previous Section. On the other hand, the actual DM
density distribution in the galaxies is still not known precisely. From the measurements
of rotational curves, we know that the DM profile should decrease as p, oc r=2, at
large radii from the galactic center, but information on the innermost part is difficult to
obtain from the data. For this reason, the N-body simulations represent the common
tool used to derive DM profiles. This numerical method suffers, however, from numerous
complications. Most notably, the fact that baryons are not included in the simulations
makes it difficult to explore the very central region (r < 1 kpc) of the galaxies.

Moreover, the presence of a Supermassive Black Hole (SBH) in the inner part of a
galaxy could change the DM distribution at very small scales. The models of adiabatic
growth of a SBH predict the presence of a spike around the SBH [44]. In this case, the
DM mass distribution would follow a power-law and the annihilation signals from the
galactic center would be significantly increased.

However, it was pointed out in Ref. [45] that the merger history of the galaxy and the
SBH can also influence the presence of the spike and that core scouring effects of merging
black holes can actually reduced the DM density in the central region of the galaxies,
see also Ref. [46].

Using N-body simulations results, the DM density profile p(r) is usually parameterized

as follows:
o= () ()

where the “scale radius” r, is the distance at which p oc 772, 79 = 8.5 kpc is the distance
of the Solar System from the galactic center and pg is the local DM density. The values
of the parameters a, 3, 7, rs for the Isothermal [47], Navarro-Frenk-White [48] and
Moore [49] profiles are reported in Tab.2.1. Recent numerical simulations prefer the

Einasto profile [50]: )
p(r) = ps exp H (() - 1)] , (28)

with «, ps and 74 fixed to the values in Tab.2.1. In Fig. 2.2 the different behaviours of
the density profiles in the central region is clearly visible. We explicitly show also the
extrapolation to the very small scale r» < 1 kpec.

Beyond the density profiles described before, other scenarios are possible. In Ref. [51]
these possibilities have been analyzed extensively. The DM density distributions were
classified into the following categories: spherically symmetric matter density p with
isotropic velocity dispersion, spherically symmetric matter density with non-isotropic ve-
locity dispersion, axisymmetric models and triaxial models. For each model, the allowed
ranges for the local DM density pg are derived. Assuming maximal or minimal non-halo
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Halo model a Ié] 0% rs[kpc]
Isothermal 2 2 0 5)
NFW 1 3 1 20
Moore 1.5 3 1.5 28
Halo model a ps|GeV /em?] - rs[kpc]
Einasto 0.17 0.06 - 20

Table 2.1: Parameters for the Isothermal, NFW, Moore and Einasto Dark Matter den-
sity profiles.

Moore

10°. NFW. ro=85 [kpc]
Einasto po= 0.3 [GeV/cmP]

plGeV/cm®)
=
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oL
10 Isothermal
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Figure 2.2: The different DM density profiles, as predicted by N-body simulations.
The local DM density pg has been fixed to the default value of 0.3 GeV cm™3.

components in the Galaxy, the intervals are determined using constraints on the local ro-
tational velocity vg from the galactic rotational curve: 170 km s~! < vy < 270 km s+ [52]
at 90 % C.L.. A standard value of py, commonly used in the literature, is 0.3 GeV cm 3.

If the density profile is an essential quantity for the estimation of the DM annihilation
signal, the velocity distribution function fg.(v) of DM particles at the Earth’s location
enters the calculation of even rates in direct detection experiments.

Once the density distribution p and the gravitational potential ¢ are fixed, the six-
dimensional phase-space distribution function Fg,(r,v) can be determined using the
method of Eddington. The velocity distribution function fe,1(v) is then given by Fya(ro, v),
where ro = (79, 0,0) is the Earth’s location in the Galaxy, with ro ~ 8.5 kpc.

For spherically symmetric models with isotropic velocity dispersion, the local velocity
distribution can be approximated by a Maxwell-Boltzmann distribution, which is usually
truncated at a maximal escape velocity vesc, since DM particles with high kinetic energy

10
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can escape the gravitational field of the Galaxy:
feal(v) = N (e_"z/vg - e_vgsc/”g) ,  forv < vege s (2.9)

with N being a normalization factor. The common default values, compatible with
rotational data, are vy = 220 km s™! [52] and vese = 650 km s71 [51]. The root mean
square velocity of the DM is thus given by v = \/ﬁvo ~ 270 km s~ '.

The DM velocity distribution in the Earth’s reference frame f(v) is obtained from the
halo distribution function fg, through a Galilean velocity transformation:

(V) = fea(v + wo(t)), (2.10)

where wg (t) is the velocity of the Earth in the galactic reference frame, whose modulus
is given by
wg(t) = ve + vg cosy cos [w(t — to)] , (2.11)

where vg >~ (2204 12) km s is the Sun’s velocity with respect to the galactic frame, in-
cluding the local Keplerian velocity as well as the Sun’s peculiar velocity, and v, ~ 30 km s
is the velocity of the Earth relative to the Sun. The angle v ~ 7/3 is the inclination
of the ecliptic with respect to the galactic plane, w = 27 /7T with T = 1 year and
to ~ 2" of June is the time of the year when the Earth’s and Sun’s velocities are aligned
in the same direction. As we will discuss in Sect.2.3.1, the motion of the Earth with
respect to the Sun gives rise to a modulated even rate with a phase of 1 year, which can
be revealed by direct detection experiments.

2.3 Dark Matter searches

In this Section we discuss the different DM searches. Sect.2.3.1 is devoted to direct
detection techniques, while in Sect. 2.3.2 the indirect detection methods are summarized.
Finally, in Sect.2.3.3, we present the actual limits provided by collider experiments. A
review on DM searches is given in Ref. [53].

2.3.1 Direct detection

The presence of DM particles in the galactic halo could be incontrovertibly proved by
the observation of their scatterings with the nuclei of a target material. To reveal the
rare DM interactions, detectors must have high target mass, a precise control of the
background and a low energy threshold. The nuclear recoil due to DM scattering off
a nucleus can induce different signals inside a detector: heat deposition, ionization and
scintillation. Most of the existing experiments are hybrid detectors that profit from the
simultaneous measurement of two signals. We report in Tab.2.2 the most important
ones, divided according to their detection techniques.

11
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H Techniques Experiments H
Scintillation DAMA, KIMS, ANAIS
Scintillation & Heat CRESST
Scintillation & Ionization | ZEPLIN, XENON, WARP, ArDM
Tonization & Heat CDMS, EDELWEISS
Bubble chamber COUPP, PICASSO

Table 2.2: Direct detection experiments divided with respect to their detection tech-
niques.

The differential event rate dR/dEg for DM scattering, in units of counts per energy
per kg detector mass per day, is given by the following expression:

dR n Py 3 don
QEn ~ pa iy /U>vmin d°vf(v)v iEr (v,ER), (2.12)
where Er = B, — E;( is the recoil energy, i.e. the energy deposited in the detector, 7 is
the number density of target particles, pqe is the mass density of the detector, p, is the
local density of the DM particle x and m, is its mass. The astrophysical uncertainties
are contained in the local DM velocity distribution in the rest frame of the detector
f(v). We have denoted by vy, the minimal DM velocity that can lead to a recoil energy
ER (note that v = |v|). For example, in the case of elastic scattering YN — xN,
Vmin = [myEr/(2u%)]Y?, with puy = mymy /(my +my) being the DM-nucleus reduced
mass. Note that, if the target contains different elements (like in the case of Nal crystals),
the sum over the corresponding counting rates is implied.

The differential cross section doy /dER encodes all particle and nuclear physics factors
and is given by the sum of the spin-independent (SI) and the spin-dependent (SD) cross
sections. Using the assumption of isotropy, the differential cross section can be rewritten
at low energy as [54]

don 1 ST 2 sp S(ER)
— (v, Ep) = F*(FE 2.13
where U]%I’SD is the zero momentum DM-nucleus effective cross-section and ER* is the

maximum recoil energy that, for elastic scattering, is equal to 2u%v?/my. The func-
tions F'(FEr) and S(ER) are, respectively, the ST and SD nuclear form factors. Different
parameterizations for the SI form factor are used in the literature. The simplest one is
given by an exponential function,

F(ER) = exp(—=Er/(2qo)) , (2.14)
with gy = 3h2/(2m, R3) and Ry being the nuclear radius

Ro = [0.91 (mn/GeV)? +0.3] x 107 m. (2.15)

12
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Another common parameterization is represented by the Helm form factor, defined as

29 sin(kr) — kr cos(kr)
(kr)? ’

with k = 2mpy Eg, s = 1 fm, r = VR2 — 552 and R = 1.2 fm A'/3.

The SD form factor is instead cast in the form:

F(ER) =3e s

(2.16)

S(ER) = (ap + CLn)ZS()()(ER) + (CLp — an)ZSn(ER) + (ap + an)(ap - an)S(n (ER) , (2.17)

with a, and a,, being the DM couplings to protons and neutrons. The functions Spg and
S11 are, respectively, the isoscalar and isovector spin-dependent form factors and Sp; is
the interference term.

The cross section on protons and neutrons, a,‘i {I’SD, are then related to the ones on
. SISD . .
nuclei, oy "”", by the simple relations

Zfp+ (A= 2)fn)? p3

O_]%I _ [Zfp+ ( . ) fnl M%U;i{w (2.18)
fom Hp

s _ Ay J(J+1)@ 5D (2.19)

O-N - 3 p,n ILL% Jpvn ) :

where i, is the reduced DM-proton mass, A is the atomic mass number, Z is the atomic
number and f,,, are the couplings of the DM to protons and neutrons. We have denoted
by J the total angular momentum of the nucleus and

ap(Sp) + an{Sn)

apn J

Apn = , (2.20)
with (Sp) and (S,) being the averaged spin expectaction values of the proton and the
neutron inside the nucleus.

Note that, from the experimental measurements of the even rates dR/dER, it is possible
to derive information on the quantity pXO'SI AP only, for a fixed velocity distribution
function f(v). Indeed, in general, the DM could consist of different components, with
densities much smaller than the standard value 0.3 GeV cm™3.

Since the velocity distribution function f(v) is a function of time, as discussed in
Sect. 2.2, also the DM rate is expected to vary during the year, due to the motion of the
Earth around the Sun. Therefore, in each energy bin k, the number of signal events is

given by
dR

Sy = / dEr —— =~ Sy i, + Sy cos [w(t*to)] s (2.21)
E, dER ’ ’

where Sy, is the average signal, S, ) is the modulation amplitude, w = 27/T" with
T = 1 year, and t; = 152.5 days (corresponding to the 2" of June). The function S, x
can be approximated as

1

dR dR
Sk = = / dEr —— (June2 —/ dEr —— December2> . 2.22
weeg (] amn g tmez) - [ amy g ) 2.22)

13



CHAPTER 2 THE DARK MATTER

Ul e T DAMA/NA (o‘rzgtonxyr)f*; ; 1 <DAMA/LIBRA (0.53itonxyr)>
0.08 & ! (targetma$v873kg) Co ! 3(targetma$ 2328kg)

S50 %&m&ﬁA%M
- T{“%\W

—0.02 i‘%

Residuals (cpd/kg/keV)

-0.04 £ F% } {H
~0.06 [ o
—0.08 B bbb n b e e
o B bbb
500 1000 1500 2000 2500 3000 3500 4000 4500
Time (day)

Figure 2.3: The time-dependent residual rate in the DAMA/Nal and in the
DAMA /LIBRA annual modulation experiments. Figure taken from Ref. [3].

A seasonal effect in the count rate is identified as being due to the DM scatterings, in
case the following requirements are fullfilled: it is modulated as a cosine function with a
period of one year, a peak around the 2 of June is present and a modulation amplitude
< 7% is observed. Moreover, since the modulation is due to DM induced recoils, it must
be present only in the low energy bins and only in the single hit events. It is really
difficult that systematic effects can fulfil all these requirements.

The investigation of the annual modulation signature has been carried out by the
DAMA collaboration, with the use of scintillation light from Nal(T1) crystals as detection
technique. They have collected data with the DAMA /Nal detector [53], over 7 annual
cycles, and with the DAMA /LIBRA detector [3], over 4 annual cycles, corresponding to
a total exposure of 0.82 tons yr. The combined results show a modulation signal with
8.2 o significance, as can be clearly seen in Fig. 2.3.

The interpretation of this seasonal variation as caused by DM elastic scatterings on
nuclei is tightly constrained by bounds coming from other direct detection experiments.
In particular, in the case of the spin-independent cross section, only a light DM particle
with mass of the order m,, < 10 GeV might be marginally compatible with the limits from
CDMS [55] and XENON10 [56], see Refs. [57, 58, 59, 60, 61, 62, 63, 64| for recent works.
In the case of the spin-dependent cross section, instead, the DAMA annual modulation
region is not in conflict with CDMS and XENON10 limits, but strong constraints from
the COUPP [65], KIMS [66] and PICASSO [67] experiments apply [63]. Note that here
and in the following we use the acronym “DAMA” to denote the combined DAMA /Nal
and DAMA /LIBRA data.

An important and still not completely clarified aspect of the direct detection search
is represented by the channeling effect [68]. The scattered nucleus loses its energy by
electromagnetic and nuclear interactions, but only the first kind of interaction leads to
a scintillation signal in the detector. Therefore, in general, just a fraction ¢ of the total
nuclear recoil energy Er is measured. The event energy is measured in equivalent electron
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energy (in keVee), defined by ¢ x ER for the total nuclear recoil energy Er in keV. The
parameter ¢ si called “quenching factor” and for the nuclei in the DAMA detector, one
has that gy, ~ 0.3 and gr ~ 0.085. In Refs. [68, 69] it has been pointed out that particles
travelling along crystal planes lose all their energy electronically and thus ¢ ~ 1. These
are called “channeled events”. So far this effect has not been confirmed experimentally
in the relevant energy range [70]. However, if present, the channeling effect could play an
important role in the analysis of the DAMA data, since it could sizably shift the annual
modulation region [68].

If more complicated scenarios than elastic scattering are considered, the formulae for
the event rates might change and the partial discrepancy between the DAMA result and
other experiments might be attenuated. For example, this is the case for inelastic DM
scattering off nuclei, see Sect. 2.4.2 for more details. In this scenario, the expression for
Umin 1s modified and the DAMA allowed region, derived for a spin-dependent interaction,
would be in agreement with all the experimental data [71]. A lot of other models have
been proposed to reconcile all the results of direct detection experiments. These include
mirror world DM [72], DM with electric or magnetic dipole moments [73] and leptophilic
DM [14].

The CDMS collaboration has recently released new results [74], in which two events
survive after background reduction. These could be due to DM interactions inside the
detector at 90% confidence level.

Finally, we want to remember that the velocity distribution function of DM particles
can influence the DM event rate in direct detection experiments. This effect has been
recently analyzed in Ref. [75].

2.3.2 Indirect detection

In this Section we summarize the main indirect DM searches. A detailed review on this
topic is given in Ref. [76].

Monochromatic photons with energy E, ~ m, would represent a clear DM signature.
Unfortunately, they can only be produced at one-loop level, since the DM particle is
electrically neutral. Thus, the branching ratio for this channel is usually suppressed.
There are, however, four other processes through which ~-rays can be produced by DM
annihilation: i) bremsstrahlung emission by charged particles; ii) decays of hadrons, like
70, coming from quark hadronization; iii) annihilation into three-body final states, one
of which is a photon; iv) synchrotron radiation due to e* propagation in the galactic
magnetic field. Searches for v-rays from DM annihilation in the galactic center, in the
galactic ridge and in dwarf spheroidal satellite galaxies are carried out by the HESS
telescope [77] and by the Fermi space satellite [78].

The PAMELA (Payload for Anti-Matter Exploration and Light-nuclei) satellite [4] and
the balloon experiments ATIC [79] and PPB-BETS [80] have recently obtained important
results on positron and antiproton searches.

The PAMELA satellite revealed an excess in the positron fraction, starting from ener-
gies of 10 GeV, while no excess with respect to the background estimation was reported
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in the antiproton flux, see the upper panel of Fig.2.4. In Ref. [81], the authors have sys-
tematically studied the possibilities to fit these experimental data under the hypothesis
that the PAMELA anomaly in the cosmic ray flux is due to DM annihilations. They
identified two different scenarios in which a satisfactory fit could be obtained: i) the
DM particle annihilates predominantly into leptons and has a mass above a few hundred
GeV; ii) the DM particle annihilates into W, Z or Higgses and has a mass greater than
10 TeV. These characteristics are rather exotic, since most of the theoretical models
predicts a DM particle with a mass lower than O(TeV) and with a negligible branching
ratio into leptons. A possibility to explain the PAMELA data with DM is represented
by a leptophilic DM, that we will briefly discuss in Sect. 2.4.3.

The DM framework is not the only possibility to explain the PAMELA anomaly.
Indeed, an astrophysical nearby electron source, like a pulsar or a supernova remnant,
could account for the excess in the positron fraction [82]. Moreover, the claim of DM
evidence from these data is, to some extend, model-dependent, since the estimation of
the astrophysical background flux suffers from big uncertainties [83].

A rise in the total flux of positrons and electrons has been measured for the first time by
the PPB-BETS experiment. More recently, the ATIC balloon has detected the presence
of an abrupt peak at energies of about 400-500 GeV. This last result has catalyzed a
lot of attention, since for its particular spectral feature it could be interpreted as a DM
annihilation signal. However, the HESS [84] and Fermi [85] data do not confirm the
presence of this peak. They, instead, report a more smooth behaviour, but an excess
is still present respect to the conventional expected background. These experimental
results are reported in the lower panel of Fig. 2.4.

Severe constraints on the DM interpretation of the PAMELA /Fermi anomaly arise
from the analysis of the photon flux produced by charged particles. While propagating
in the Galaxy, the et can undergo inverse Compton scattering with the photons of
the starlight, of the infrared light or of the CMB. The production of ~-rays through
this mechanism should not exceed the existing limits provided by HESS and FERMI.
Moreover, the synchrotron radiation bounds coming from radio observations represent
another strong constraint on the DM annihilation scenario. Both ~-rays and synchrotron
emission prefer a cored isothermal DM density profile. Indeed, a steep DM density
profiles, like NE'W, Moore and Einasto, would easily violate the experimental bounds,
see e.g. Ref. [86].

The DM particles could also be indirectly detected by two other annihilation prod-
ucts: antideuterons and neutrinos. The GAPS [87] and AMS-02 [88] experiments search
for antideuterons D from DM annihilations in the galactic center and in the galactic
halo. The indirect detection technique through neutrinos, will be presented in detail in
Chapter 3.

2.3.3 Collider experiments

The bound from the Z-boson decay width is one of the strongest constraints imposed by
collider experiments on a light DM particle x. From the analysis of the data from the
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Figure 2.4: Data from the PAMELA satellite on the positron fraction and on the
antiproton flux (upper panel), figures taken from Ref. [4]. The spectrum of electron plus
positron, provided by the Fermi satellite (lower panel), figure taken from Ref. [85].
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eTe™ collider experiment LEP2, the decay width I'z_,,, is required to be less than 4.2
MeV [89].

Existing limits on the mass of DM candidates are, unfortunately, strictly dependent
on the specific model considered. Indeed, experimental bounds have usually been placed
on new electrically charged particles. From LEP2 data, their masses are now forced to
be greater than 100 GeV. Once a particular model is fixed, these limits can be translated
to limits on the DM mass. The most common example is represented by supersymmetric
models with gaugino mass unification at the GUT scale (we refer to Sect. 2.4.1 for more
details on Supersymmetry and its DM candidates). In this specific framework, the mass
of the lightest neutralino is set to be equal to half the mass of the charginos. Thus, in
this case, the allowed range on the chargino mass, My 2 103 GeV, implies a lower limit
of about 50 GeV on the lightest neutralino. However, we want to stress that no bound
on the lightest neutralino mass is predicted by collider experiments, in the case that no
gaugino mass unification is assumed.

Important constraints on new particles and on new physics models are provided by
electroweak precision measurements, carried on by the LEP2 and Tevatron experiments.
The precision data are commonly expressed using the Peskin-Takeuchi parameters: S,
T and U. The best-fit value on the S parameter disfavours new chiral fermions beyond
the SM ones, while the T" parameter sets a limit on the vacuum expectaction value
of new non-singlet scalars [89]. The U parameter, instead, is defined as (Sw — Sz),
with Sy (Sz) given by the difference between the W-boson (Z-boson) self-energy at
Q% = MZ, (M%) and Q? = 0. Other robust limits can be inferred from the following
experimental searches: measurements of the b — s 4+ v decay process, with an actual
limit of 2.89 < B(b — s+ ) x 1074 < 4.21 [90]; measurements of the muon anomalous
magnetic moment a, = (g, —2)/2, whose deviation Aa, from the theoretical evaluation
within the SM is equal to (—98 < Aaq, x 10! < 565) [91]; the upper bound on the
branching ratio BR(B? — =+ ut), that is set to BR(B? — p~+put) < 1.2x 1077 [92].
All these constraints have to be taken into account when a specific DM candidate is
considered. For an exhaustive explanation of the different experimental searches at
colliders, regarding Supersymmetry and New Physics in general, we refer to Ref. [89].

Through the future LHC proton-proton collisions at 14 TeV center-of-mass energy, new
important results on physics beyond the SM can be achieved. These will provide further
strong hints for a specific DM candidate. However, in most of the models present in the
literature, the DM particle can, in general, be produced at colliders only after a long decay
chain, which makes the extrapolation of its properties rather involved. For instance, in
the case of supersymmetric models, we could have § — Y9q — l~lq — YVllg, where we have
denoted the lightest neutralino by . The precise value of its mass could be extracted by
an analysis of the mass distribution endpoints or “edges”. For a dedicated description
of this method, we refer to Ref.[93]. Moreover, to disentangle different models with
DM candidates, for example Supersymmetry and Extra Dimensions, it is fundamentally
important to measure the spin of the lightest neutral particle produced in the decay
chain. This possibility has been vastly analyzed in Ref. [94].
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Figure 2.5: Summary of the most common Dark Matter particles as a function of their
masses and cross sections, taken from Ref. [97].

2.4 Dark Matter candidates

Astrophysics provides us with compelling evidences of DM. Unfortunately, on the parti-
cle physics side, several models predict candidates with rather different characteristics:
the DM mass can range from about 107!% GeV to 10'® GeV and the scattering cross
section can span several order of magnitude, from around 1073° pb to 1 pb. The vari-
ous possibilities for DM candidates fulfill, however, some common properties: the DM
particle is stable or at least very long-lived and neutral under electric charge and colour
charge.

In Sect.2.4.1, we focus on Weakly Interacting Massive Particles (WIMPs) as DM
candidates, while in Sect. 2.4.2, we summarize the more common non-WIMP candidates.
The different characteristics for each model can be seen in Fig.2.5. In Sect.2.4.3, we
also report examples of DM particles with more exotic interactions. For recent reviews
on DM candidates we refer to Refs. [95, 96].

2.4.1 WIMP candidates

The WIMPs are the more common DM candidates considered in the literature. These
are particles created thermally in the Early Universe, with a weak cross section and with
a mass around the EW scale. The main motivation for the WIMP hypothesis is that
its characteristics are sufficient to obtain a relic density in agreement with the WMAP
data, reported in Eq. (2.5). This prediction is the so-called “WIMP miracle”.

The complete relic abundance calculation for a thermal relic x is reported in Ref. [98],
to which we refer for more details. Here, we just report the final expression that can be
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cast as
zy 3.3 x107% cm?

913{2 (Tf) <Uannv>int

2
Qh” = (2.23)
In the previous formula, we have defined the variable x as m, /T, with m, being the mass
of the thermal relic and 7' the temperature of the Universe. Its value at the freeze-out
temperature Ty is denoted with z;. The function g, encodes the number of relativistic
degrees of freedom:

Ges= Y. Gi <§>3+; > @)3 (2.24)

i=bosons i=fermions

where the factor 7/8 for fermions arises from Fermi-Dirac statistics, on the contrary to
the Bose-Einstein one. Finally, (0ann®)int is the thermally-averaged annihilation cross
section, integrated with weight 1/22 from the freeze-out till today:

& 1 b
<Uannv>int = dx ﬁ <0'annv>x ~a+ g y (225)
zf f
where we have used the low velocity expansion (Gannv), ~ a + b/z, for the DM being a
non-relativistic particle.
The approximate freeze-out temperature can be found using the following equation [98]:

(2.26)

1 Oann?)x
wf+§ln(xfg*(Tf)):ln (9><10109 X < Je > ;

100GeV 5 x 10737 cm?2

where ¢ is the number of degrees of freedom of the DM particle and

4 4
9o = Z gi <?> +; Z gi <?> : (2.27)
i=bosons i=fermions
Considering m, ~ 100 GeV, g = 2 and <aannv>mf ~ 5 x 10737 cm?, Eq. (2.26) leads to
xy ~ 20 and, correspondingly, g.(Ty) ~ 80. Using these values with Eq. (2.23), we find
Qxh2 ~ (.15, in agreement with the 1o range allowed by WMAP data.

The main WIMP candidates arise from New Physics models at the EW scale. These
proposed high-energy theories attempt to solve some of the problems of the SM, in
particular the one-loop quadratically divergent quantum corrections to scalar masses,
also called the “hierarchy problem” [99].

In the following, we briefly discuss the WIMP candidates present in three extensions
of the SM: Supersymmetry, Extra Dimensions and Little Higgs theories. In each of these
different models, the WIMP candidate is stable, because it is protected by a conserved
quantum number: R-parity, K-parity and T-parity, respectively.

Supersymmetric particles

Supersymmetric theories are based on a symmetry between fermions and bosons [99, 100].
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Minimal Supersymmetric Standard Model
Interaction eigenstates | Mass Eigenstates
qr,qr squark q1, G2
l7,lR slepton l,1s
UL, sneutrino vy,
g gluino J
W wino )ZfQ
H* higgsino charginos
B bino
w3 wino )2[1),2,3,4
.F~IS higgsino neutralinos
Hg higgsino

Table 2.3: Particle content of the MSSM. We report explicitly the interaction and mass
eigenstates.

The Minimal Supersymmetric Standard Model (MSSM) is the minimally supersymmetric
version of the SM, in which to each fermion of the SM there is an associated spin-0 particle
and to each Higgs or gauge boson there is a spin-1/2 particle. We wish to recall that
two Higgs doublets are necessary in the MSSM to avoid gauge anomalies. In Table 2.3
we list all the particles present in the MSSM and their corresponding names.

No experimental observations have been found so far for the existence of superpartners.
These particles, if they exist, are thus forced to be heavier than their SM companions
and Supersymmetry (SUSY) is expected to be a broken symmetry. The simplest way to
break SUSY is through the introduction of “soft terms” in the MSSM Lagrangian [99].
These are terms that explicitly break SUSY, without introducing ultraviolet divergences.

If we wrote in the superpotential W all the possible gauge invariant and renormalizable
terms, we would obtain a theory that violates both baryon number B and lepton number
L. This would lead to extremely fast proton decay, in contrast to the experimental data
that set the proton lifetime to be O(> 1033) years. This problem is easily overcome with
the postulation of a Zy symmetry called “R-parity”, defined as

Pg = (—1)*B-0+2s, (2.28)

where s is the spin of the particle. For all the SM particles R = 1, while for the
superpartners R = —1. If R-parity is conserved, the interaction terms that lead to proton
decay are forbidden. Moreover, the lightest supersymmetric particle (LSP) represents a
well motivated DM candidate, in case it is neutral. Indeed, the LSP has to be stable,
since it cannot decay to SM particles without violating R-parity. A review on SUSY DM
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is given in Ref. [101] and its collider, direct and indirect detection has been analyzed in
Ref. [102].

In most of the SUSY models, the LSP is the lightest one of the neutralinos x{. Neu-
tralinos are four mass eigenstates, given by linear combinations of the bino B, the neutral
wino W3 and of the two Higgsino states flg, flg :

V=d"B+ad"W3+aVH) +aVHY  (i=1,2,3,4). (2.29)

u

These states are eigenstates of the following mass matrix:

M, 0 —Mmyz Cg Soy, Mz Sg Soy,
0 Mo mgz c3 Cy —mgz sg Co
Mo = 7w Pl (2.30)
—Mz Cg Soy, mz Cg Coy, 0 — K
mz Sg Soy, —MZ S8 Coy —u 0

where we have used the notation ¢, = cosa and s, = sina. The angle (§ is related to
the ratio of the Higgs vacuum expectaction values v, = (H{)) and vy = (H9):

tan 8 = v, /vg, (2.31)

with v2 + v?l ~ (174GeV)2. The angle 6y is the Weinberg angle, whose value at the
Z-boson mass scale is sin® Oy ~ 0.23120.

The p parameter in the neutralino mass matrix comes from the Higgs mixing mass
term present in the superpotential of the MSSM:

Watssut D p(Hu)a(Ha)ge™® = p(H Hy — HOHY) (2.32)

where we have denoted by H, = (H,,H{) and Hy = (HJ, H;) the chiral superfields
and with «, f = 1,2 the weak isospin indices. The parameters M; and My come from
the bino B and winos W# mass terms present in the soft SUSY breaking Lagrangian:

DI -
L3in D —5 (MBB + MaWiW' + My + c.c.) (2.33)

where, for completeness, we have also reported the gluino g soft breaking mass term.

The gaugino mass parameters M; (i = 1,2,3) are in principle free parameters, but
they are usually assumed to unify to a common value called my/, at the Grand Unified
(GUT) scale Mgyt ~ 2 x 10'6 GeV, where the gauge couplings of the MSSM unify [99].
Using the renormalization group equations, it is possible to derive the following relation
between M7 and Mo:

5
M, = g tan? Ow My | (2.34)
valid at each energy scale. In particular, at the EW scale, the following relation holds:
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If the gaugino soft breaking parameters, M; and Ms, and the Higgs mixing parameter
v are much greater than the electroweak scale, i.e. My, Ms, u > my, the neutralino
eigenstates assume the following approximate compositions:

1 1

0 IS
S~ {B, W~
XA NG NG

(Hg — Hy), —=(Hg + H})}, (2.36)

with mass values given by
mgo = { My, My, |pl, |pl} - (2.37)

From the previous expressions, we can trace the two asymptotic behaviours of the lightest
neutralino. For large values of the soft breaking parameters M and Ma, X! is “higgsino-
like”, with a mass determined mainly by the u value: Mg = fi; on the contrary, for large
values of p, the lightest neutralino is “bino-like”, with mgo My ~ 0.5 Ms.

The LEP2 experiment has searched for charginos through the channel eTe™ — ﬁrf(l_,
where )Z{E denotes the lightest chargino. The experimental lower bound of My > 103 GeV
can be considered as a lower bound also on the My and p parameters (M, p 2 103 GeV),
since the chargino mass matrix in the basis (W, H}f, W~ ﬁ;) assumes the form

0 Xx7T
M.+ = X 0 , (2.38)
with
M V2my 83 Coyy
X = 2.39
ﬂmz C3 Coyy H ( )

Therefore, the bound on the gaugino mass parameter M, implies a bound on the lightest
neutralino of about 50 GeV. We want, however, to stress that mgo might be smaller
than this value, in an effective MSSM model in which the gaugino mass unification of
Eq. (2.35) does not hold [58, 103]. In this case, the lowest possible values of the lightest
neutralino mass are determined by the M; parameter and Y} ~ B. A theoretical model
with M} = R My and 0.01 < R < 0.5 will be employed in Chapter 5 to analyze the muon
fluxes expected by the neutralino configurations compatible with the DAMA annual
modulation region.

The neutralino couplings to the Z-boson are proportional to (a3 — a}), with ag and
a4 the two higgsino fractions. Remember, indeed, that trilinear couplings between the
Z-boson and two W3-bosons or two B-bosons do not exist in the SM. Therefore, the cou-
plings between the Z-boson and two winos W? or binos B are absent in the MSSM. Very
light neutralinos, with mgo < mgz /2, are almost in a pure bino configuration (a1 ~ 1).
Therefore, most of the light neutralino configurations will survived to the constraints
imposed by Z-boson decay width. The ¥} can have a sizable mixing with ﬁg only for
small p values.

Besides the neutralino, also the sneutrino o, the supersymmetric partner of the SM
neutrino, can be a viable LSP. In the framework of the simple MSSM, in which only the
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left-handed neutrinos exists, the sneutrino has been tightly constrainted by direct DM
detection experiments [104], since its large coupling to the Z-boson induces a scattering
cross section off nucleons higher than the experimental limits. Because of the same
coupling, also the annihilation cross section results really large, implying a very small
sneutrino relic density [105].

Sneutrinos have been reanalyzed in extended model in which right-handed neutrinos
are added to the MSSM and lepton-number violating terms are included [106]. They
have also been studied in the framework of the Next-to-Minimal Supersymmetric Model
in which, beyond the right-handed neutrinos, also a singlet scalar is added [107]. In these
non-minimal models the sneutrino turns out to still be a viable DM candidate.

Another SUSY DM candidate is represented by the gravitino, the superpartners of
the graviton. This particle does, however, not belong to the WIMP category, having
a cross section that is much lower than the standard weak interaction one, as can be
seen from Fig.2.5. The gravitino may or may not be thermally produced and it is
usually assumed to decay, as otherwise its relic density would be much higher than the
one derived from the WMAP data. Strong constraints on this type of DM come from
Big Bang Nucleosynthesis, since the gravitino decay products could alter the primordial
abundances of light elements. This is also known as “cosmological gravitino problem”. A
working scenario in which the gravitino represents a viable DM candidate, in agreement
with cosmological data, is represented by a SUSY model with small R-parity violating
terms [108]. Unfortunately, it is extremely difficult to detect the gravitinos, since they
have only gravitational interactions.

Kaluza-Klein particles

Kaluza-Klein particles are a kind of excitations of the SM fields. They appear in Extra
Dimensional models, in which space-time is considered to have more dimensions than the
standard four. To reconcile these theories with the observed four-dimensional Universe,
the Extra Dimensions are compactified. It is possible that standing waves are present
in the extra compactified dimensions. Their existence would predict an infinite number
of states, the so-called “Kaluza-Klein tower”, with energy values given by £ = nhc¢/R,
where R is the radius of the extra dimension, n is an integer, h is the Planck’s constant
and c is the speed of light. This prediction is a peculiar characteristic of this type of
models.

In models of Universal Extra Dimensions [109], a discrete symmetry arises from mo-
mentum conservation in the Extra Dimension. This is called “K-parity” and, in analogy
to R-parity, it ensures that the lightest Kaluza-Klein particle (LKP) is stable and thus
a good DM candidate [110]. In many Extra Dimensions models, the LKP results to be
the first Kaluza-Klein excitation of the photon. The DM particle in this case is a boson,
in contrast to the SUSY neutralino.

Little Higgs particles

Little Higgs models have been proposed as a solution of the hierarchy problem, alterna-
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tively to Supersymmetry and Extra Dimensions. In these models, the Higgs boson is a
pseudo-Nambu-Goldstone boson arising from a global symmetry, broken spontaneously
at the TeV scale. As a consequence, the Higgs mass is stable, with respect to one-loop
corrections up to an energy of about 10 TeV. More details on Little Higgs models and
on their phenomenology can be found in Ref. [111].

The Little Higgs models can provide a good DM candidate if a discrete symmetry,
called “T-parity”, is implemented. The SM particles are even under this symmetry,
while all the heavy particles predicted by the model are odd. The lightest T-odd particle
(LTP) is stable and in most of the models it is the heavy photon [112].

2.4.2 Non-WIMP candidates

In this Section we summarize some of the most common non-WIMP DM candidates:
neutrinos, axions and axinos, and wimpzilla particles.

Neutrinos

The SM neutrinos have been considered in the past as possible DM candidates. The Big
Bang model, indeed, predicts the existence of a cosmic neutrino background, with a relic
density given by

2 DM
0, h? = S (2.40)

where we have denoted by m; the i-th neutrino mass. Considering the limit on the
electron neutrino mass from the tritium f-decay experiments [89], the sum of the neutrino
masses can be at most equal to 6 eV, implying that Q,h? < 0.06. Therefore, SM
neutrinos can only be a subdominant DM component.

More stringent constraints on the contribution of SM neutrinos to the DM come from
the analysis of the WMAP data on CMB anisotropies, combined with supernovae and
large scale structure observations [113]. We wish to recall that neutrinos would act
as HDM and would induce a top-down scenario in structure formation, which is not
supported by data from the SDSS and the 2dFGRS. The limit at 95% C.L. on the sum
of the neutrino masses is about 0.67 eV, which translates into 2, h? < 0.007.

Hypothetical neutrinos without SM interactions, besides mixing with SM neutrinos,
could also behave as DM particles. They are called “sterile neutrinos” and they usually
act as Warm Dark Matter, i.e. a type of DM with intermediate characteristics between
CDM and HDM. Their mass range is tightly constrained by X-ray bounds and constraints
on the DM relic abundance. The actual allowed region depends on the sterile neutrino
production mechanism: for non-resonant production, a lower bound of 1.8 keV and an
upper bound of 4 keV is set, while for resonant production the corresponding bounds are
weaker, with a lower bound of 1 keV and an upper bound of 50 keV, see Ref. [114] for a
review.

In principle, other SU(2), doublets, containing heavy neutrinos, could be added to the
SM. Currently, the mass of heavy neutrinos is constrained to be heavier than 45 GeV,
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from data on the invisible Z-boson decay width. An upper bound on the mass is set
to 300 GeV, a value above which the heavy neutrinos would overclose the Universe.
The allowed mass window for heavy neutrinos could be reduced even more, in case an
asymmetry between neutrinos and anti-neutrinos is present, see e.g. Ref. [115].

Axions and axinos

The Peccei-Quinn theory [116], which aims to solve the strong-CP problem of QCD,
predicts the existence of a neutral particle, called “axion”, that could form the DM.
Direct searches and astrophysical constraints, from globular clusters and from the super-
nova 1987A, restrict the axion to have an extremely small mass, between 1076 eV and
1073 eV, and a very low cross section with the SM particles.

The CERN Axion Solar Telescope (CAST) is a strong magnet pointing towards the
Sun, searching for axions. If these particles exist, they could be produced in the Sun by
photon scatterings with protons and electrons, in the presence of strong electric fields.
The CAST experiment, using an intense magnetic field, would then convert the axions
back to X-ray photons. By now, no experiment has detected axions. The only evidence
was reported by the PVLAS collaboration in 2005 [117], but this result has been ruled
out by new data, obtained after an upgrade of the experiment [118].

In SUSY models, also the fermionic partner of the axion, the axino, could be a good
DM candidate [119].

Wimpzilla particles

Superheavy DM particles with a mass m, > 100 GeV are usually called “wimpzillas”.
These particles are no thermal relics of the early Universe, but arise from non-thermal
processes like, for example, gravitational production at the end of inflation [120]. They
can play an important role also in astrophysics, since they could explain the observed
cosmic rays, at energies above the GZK cutoff, as due to annihilations or decays of
wimpzilla particles [121].

2.4.3 Non-standard Dark Matter interactions

In Sect.2.3.1, we presented the physics of DM direct detection, assuming that the DM
particle scatters elastically off nuclei inside a detector. However, different models beyond
this common scenario have been proposed as well. In this Section we briefly discuss two

models in which the DM has “non-standard interactions”: inelastic DM and leptophilic
DM.

Inelastic Dark Matter

The inelastic Dark Matter (iDM) scenario has first been proposed in Ref. [122] to explain
the results obtained by the DAMA /Nal experiment. Recently, this model has been recon-
sidered in several papers, see for instance Ref. [123], in the light of the DAMA /LIBRA an-
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nual modulation data. The two main hypotheses of iDM are: i) the existence of an excited
state x* of the DM particle x with a small mass splitting 6 = mJ, —m, ~ 100 keV, i) a
suppressed elastic scattering YN — x IV, with respect to the inelastic process YN — x*N.

In this framework, the minimal DM velocity necessary to deposit an energy Eg in the

detector is

1 mNER
e +45) . 2.41
Vinin m( iy > (2.41)

The different kinematics of iDM leads to several consequences: scattering on heavy nuclei
is favoured over that on light ones, as can be deduced from the expression of vy, the
annual modulation signal is enhanced and the low-energy events are suppressed [124].

The analyses reported in Ref. [123] have shown that iDM with spin-independent cross
section is a viable DM candidate, consistent at the same time with the DAMA data
and with the limits from the CDMS [55], XENON10 [56], KIMS [66], ZEPLIN [125]
and CRESST [126] experiments. The iDM with dominantly spin-dependent cross sec-
tion has been studied in Ref.[71]. This scenario is able to explain the DAMA results
and to fulfill the strong constraints on spin-dependent cross sections coming from the
COUPP [65], KIMS [66] and PICASSO [67] experiments. Theoretical models for iDM
have been presented, for example, in Refs. [124, 127].

Leptophilic Dark Matter

In leptophilic models, the DM particle couples mainly to leptons rather than to quarks.
They have been introduced for two main reasons. First, they could explain the excess
in cosmic rays, detected by PAMELA and ATIC (see Sect.2.3.2), in terms of a DM
scenario. Second, they could reconcile the DAMA results with the other direct detection
experiments. Indeed, electronic events can contribute to the scintillation light signal in
the DAMA detector, but are rejected by most of the other DM experiments, like CDMS
and XENONT10.

A simple model of leptophilic DM has been presented in Ref.[128]. In this constext,
a Dark Sector (DS) is added to the SM and the DM x is a Dirac fermion charged under
a new Abelian gauge symmetry U(1)pg. All the SM particles are odd under a discrete
DS-parity, while the DM is even.

The Lagrangian of the DS is given by

1 _ _
Lps = _ZFEI/ + X7V Dyux + | Dpo > — Myxx — Vps(¢), (2.42)

where ¢ is a scalar Higgs field that breaks the gauge group U(1)pg and F” is the field
strength of the new gauge boson U. The latter is supposed to be leptophilic and to
mediate the coupling between the SM and the DS (at least some of the SM leptons
must be charged under the new gauge group). Tight constraints from measurements of
lepton magnetic dipole moments and from different low-energy leptonic cross sections
force the U boson to have a small coupling to the electron and the muon [128]. The
correct annihilation cross section to explain the PAMELA/ATIC data is provided by
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the Sommerfeld enhancement [129] for a DM mass of O(800 GeV) and for a U boson of
mass 1-10 GeV. Moreover, within this model, the authors identify a region of the allowed
parameter space, where the DAMA results are consistent with the lack of detection by
the other experiments.

In Chapter 5 we will analysis the lepthophilic DM scenario using a model independent
formalism and, in particular, we will show how constraints coming from indirect detection
with neutrinos can provide strong bounds.
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Indirect detection with neutrinos

In this Chapter, the method of indirect DM detection with neutrinos is presented in
detail. The basic ingredients for the calculation of the neutrino flux coming from celestial
bodies, like the Sun and the Earth, are given in Sect.3.1. In Sect. 3.2, instead, the
neutrino flux from the galactic center is considered. The calculation of the muon flux is
presented in Sect. 3.3.

3.1 Neutrino flux from the Sun and the Earth

In Sect. 3.1.1, we summarize the main formulae which we employed to evaluate the cap-
ture rates of DM particles by celestial bodies. The process of neutrino production is
discussed in Sect. 3.1.2, while the neutrino propagation aspects are treated in Sect. 3.1.3.

3.1.1 Capture and annihilation rates

If DM particles exist in the galactic halo, they have a finite probability to scatter with
the nuclei present in the Sun or the Earth. Through subsequent scatterings, they lose
energy and once their velocity is less than the escape velocity of the body, they become
gravitationally bound. Being captured, the DM particles will continue to cross the celes-
tial body and scatter with its nuclei. In this way, their velocities will gradually decrease
and they will sink into the central part of the body, where they accumulate. In Ref. [130],
the authors found that this process always occurs for the standard WIMP cross section.

The calculation of the DM capture by the Sun and the Earth has been firstly carried
on by Gould, in Ref.[131]. Considering a spherically symmetric shell of material, the
DM capture rate per unit shell volume may be written as

ac [~ flv)
dV_/o dvTuQ(u), (3.1)
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where v is the velocity of the DM at infinity (far from the gravitational potential of
the body), while u = /v? 4+ uZ,, is the one at the DM-nucleus interaction point and
Uesc 1s the escape velocity at that particular point of the celestial body. The velocity
distribution f(v) is defined as

1

flv) = 1)227r/ dcosf f(v), (3.2)
~1

where f(v) is the Maxwell-Boltzmann distribution of the DM particles, as seen by an

observer that moves with a velocity vs relative to the DM halo,

) = iy e (LY (33)

(7”’8) )

with n, = p,/m, being the local Dark Matter number density that we fixed to the
standard value of 0.3 GeV cm™3. For the calculation of the capture rate, we assume
Ve = vo = 220 km s7L.

The function (u) denotes the rate of DM scatterings from a velocity v to a velocity
less that uesc. If the DM elastic scattering cross section oy is isotropic and velocity
independent, and if the temperature of the shell can be neglected, the following simple
relation holds [131]:

Qu) =onnyuP, (3.4)

where ny is the number density of nuclei with mass my in the celestial body and P is
the probability that the DM scatters at a velocity less than e,

1 9 v?
P = 2 + ugsc (uesc - ,3_> 0 (\/ B Uesc — U) ) (3.5)
with B = dmymy/(my — my)>

If the DM particles scatter on elements heavier than hydrogen, the differential cross
section should also contain a form factor, see Eq. (2.13). Using the exponential parame-
terization given in Eq. (2.14), the expression of the scattering probability P is modified

to Emax
R

B 1 Er
P = dERW exp <_QO) 6?(\/6_ uesc—v> , (3.6)

myv? /2
where Ep = m, Au?/2, with Au? = u? — ufc, us being the DM velocity after the scatter-
ing. The quantity E3** is equal to 2;@\, u?/my.
The total capture rate C' is then obtained by integrating Eq. (3.1) over the radius of
the body and by summing over the different elements ¢ present in the body. The final
expression can be cast in the form [131, 132]

c:;(;)m o 200] [ 2] B ] eepsi, )

X

30



3.1 NEUTRINO FLUX FROM THE SUN AND THE EARTH

where @2, is the escape velocity at the surface of the body (%2, ~ 618 km s~! for the

Sun and @2, ~ 11.2 km s~! for the Earth), M; is the total mass of the element i in the
body and {(¢); is the reduced gravitational potential, ¢(r) = u2,.(r)/u2,., averaged over
the mass distribution of the element i. The factor £(oco) ~ 0.75 is a suppression factor
due to the motion of the solar system with respect to the halo. The function 5; takes
into account the kinematical properties occurring in the DM-nucleus interactions. Its
analytic expression can be found in Ref. [131].

In Fig. 3.1, we present the capture rate for some of the most abundant elements present
in the Sun. The solar composition is taken from the solar model BS2005-AGS,0OP [133]
for light elements, up to 190, and from Ref.[134] for the heavier elements. We neglect
the effect of DM evaporation [135], that can be important only for DM masses lower
than 10 GeV, and the gravitational effects from planets like Jupiter, recently studied in
Refs. [130, 136]. In the left panel of Fig. 3.2, instead, the capture rate of the Earth is dis-
played. The different peakes are due to resonant capture of DM on oxygen, magnesium,
silicon and iron.

The DM particles could be capture by celestial bodies also through inelastic scatterings
on nuclei and through elastic scatterings on electrons. For the analysis of the former case,
we refer to Ref. [137], while we describe in the following the scenario of DM capture by
the Sun, due to interactions with electrons. This possibility will then be applied to the
study of leptophilic DM, carried out in Chapter 5.

In the calculation of the capture rate that we have described above, the DM particles
are assumed to interact with material at zero temperature, neglecting the solar temper-
ature of about 1.5 x 107 K in the center and 8.1 x 10* K at the surface. Although this
is a reasonable assumption for DM candidates interacting with hydrogen and the other
nuclei, it fails for the case of DM scattering on the free electrons in the Sun. Indeed, the
effect of a non-zero temperature on the capture rate depends on the ratio of the thermal
velocity of the target to the DM velocity. The thermal kinetic energy kg7 is independent
of the mass, but the thermal velocity is larger by a factor \/m,/m. ~ 45 for electrons
compared to hydrogen.

We calculate the rate for DM capture by a body at finite temperature following
Ref. [131] and considering the temperature distribution for the electrons inside the Sun
as predicted by the solar model BS2005-AGS,OP [133]. In the right panel of Fig. 3.2, we
show the effect of the non-zero temperature on the capture rate for electrons, hydrogen
and all other nuclei in the Sun. We find that the capture rate on electrons is enhanced
by about one order of magnitude, while the effect is hardly visible at the scale of the plot
for hydrogen. The temperature effect can be neglected for scattering off heavier nuclei.

The annihilation rate I" is expressed in terms of the capture rate by the formula [138]

r = Ctanh? <t> , (3.8)

2 TA

where ¢ is the age of the macroscopic body (¢t = 4.5 Gyr for Sun and Earth), 74 =
(CC4)~'/2, and C4 depends on the DM annihilation cross section and on the effective
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Figure 3.1: Capture rate Cg in the Sun as a function of the Dark Matter mass,
assuming scattering off the different nuclei inside the Sun, with a scattering cross section
of 10736 cm?.
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Figure 3.2: Left panel: capture rate Cg in the Earth as a function of the Dark Matter
mass, assuming a scattering cross section of 10736 cm?. Right panel: capture rate Cg
in the Sun as a function of the Dark Matter mass, assuming scattering off electrons,
hydrogen, and all other nuclei in the Sun, with a scattering cross section of 10736 cm?.
The solid curves correspond to scattering off particles at zero temperature, whereas the
dotted curves show the effect of the actual temperature distribution inside the Sun for

electrons and hydrogen.
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volume Vj of the confining region in which the DM particles are trapped:

B (Tann?) My 3/2
Ca = Vo (20 GeV) : (3.9)

We denote by (0annv) the thermally averaged total annihilation cross section times the
relative velocity, at the present time. The volume of the confining region is explicitly

given by
sm2, T \*?
_ 1
Yo (2/) x (10 GeV)) ’ (3.10)

where T and p are the central temperature and the central density of the celestial body.
For the Earth V) = 2.3 x 10%° cm? (T = 6000 K, p = 13 g cm™?) and for the Sun
Vo =6.6x10% cm?® (T =14 x 10" K, p =150 g cm ™).

We recall that, according to Eq.(3.8), in a given macroscopic body the equilibrium
between capture and annihilation (i.e. I' ~ C'/2) will be established only if ¢ > 74.

The expression for the annihilation rate given above refers to a macroscopic body as
a whole. This is certainly enough for the Sun which appears to us as a point source. On
the contrary, in the case of the Earth, one also has to define an annihilation rate referred
to a unit volume at point r from the Earth center:

I'(r) = %<Jannv>n2(7‘), (3.11)

where n(r) is the DM spatial density, which may be written as [138]
n(r) =nge ™" (3.12)

Here, & = 2nGp/(3T) and ng is a normalization such that

= %(oannv) / Brn2(r). (3.13)

Concerning the annihilation into neutrinos, more exotic scenarios has been studied as
well, in which for example high energy electrons resulting from DM annihilations in the
Sun could escape the Sun in case the DM annihilates into long-lived states [139]. For
our study we will neglect this situation.

3.1.2 Neutrino production

Once the DM particles are accumulated in the center of the Sun or the Earth, they can
annihilate, producing directly neutrinos with energies F, ~ m,, where m, is the DM
mass. In the framework of the SUSY neutralino, the branching ratio for this annihilation
channel is proportional to the neutrino mass, and thus negligible. However, depending on
the nature of the DM particle and on the particular channel through which the annihila-
tion occurs, there might be cases where the direct neutrino production is unsuppressed.
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In Chapter4 we will systematically classify all the different possibilities, reporting for
each of them the associate annihilation cross sections.

The DM particles can annihilate also into charged leptons, quarks, gauge and Higgs
bosons, which can then decay or hadronize producing neutrinos. In Ref.[140], the au-
thors have used a PYTHIA Monte Carlo simulation to calculate the spectra of neutrinos,
coming from DM annihilation in the Sun and in the Earth, for the following channels:
bb, 77, c¢, qq, gg (with ¢ = u, d, s quarks). Three main differences and improvements
have been implemented in Ref. [140] with respect to previous calculations. The first one
is the prediction of the neutrino spectra for the different neutrino flavours: v., v, and v,
(not only v, like in previous works). The second main improvement consists of an appro-
priate implementation of the energy loss that hadrons and leptons can experience before
decaying. Finally, the third difference is represented by the calculation of the neutrino
spectra for light quarks u, d, s, that were usually neglected in previous calculations.

We will use the initial neutrino spectra of Ref. [140] for the analyses of the leptophilic
and the light neutralino DM, reported in Chapter 5.

3.1.3 Neutrino propagation

For a precise estimate of the neutrino flux at the detector site, it is important to take
into account the main processes that can occur during the neutrino propagation: the
oscillation and the incoherent interaction with matter. These effects have been vastly
analyzed in Refs. [140, 141], and have then been applied to specific model-dependent
studies, see e.g. Refs. [142, 143].
The equations that describe the evolution of the neutrino spectra can be formally
written using the density matrix formalism:
dp dp

dr il ’p]+dr

dp

No  dr

. (3.14)
cc
The first term describes the oscillations of neutrinos in matter, with the total Hamiltonian
given by the sum of the vacuum one and of the Wolfenstein potential:

M :

Hy =0 & V2Gr N, diag(1,0,0), (3.15)
where G = 1.66 x 107° GeV~2 is the Fermi constant and N, is the matter electron den-
sity. The minus (plus) sign holds for (anti-)neutrinos and M,, = Udiag(m?, m3, m2)UT
is the mass matrix in the weak basis (v, v, V7). The matrix U is the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix, often parameterized as

C12C13 $12€13 s13 etdcp
: [1e% 7 5 s
U = diag(1, €', eP). [ —s12c03 — c12513503 €9P 19693 — 512513593 €00P c13523 |
6 i
512523 — €12513C23 €'9CP —C12523 — 512513C23 €7 13023
(3.16)
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where ¢;; = cost);; and s;; = sinf;;. The parameter § is the Dirac CP-violating phase,
while a and ( are the two Majorana phases, absent in the case of Dirac neutrinos. The
Majorana phases do not appear in the oscillation probability formulae for neutrinos and,
therefore, oscillation experiments do not provide any information on their values. The
possibility of distinguishing Dirac from Majorana neutrinos is given by other kinds of
experiments, like neutrinoless-double-3 decay.

In Ref. [144], the authors made a three flavours global fit for the neutrino oscillation
parameters, using data from solar, atmospheric, reactor (KamLAND and CHOOZ) and
accelerator (K2K and MINOS) experiments. They found the following best-fit values,
with 1o errors, for the mixing angle parameters:

sin 012 = 0.304750%2
sinfo3 = 0.50700% (3.17)
sin613 = 0.017059,

and for the mass squared differences

Am3, = 7.657033 x 1077 eV?,

2 40.12 -3 12 (3.18)
|Amz| = 2407577 x 1077eV*~.

The sign of Am3; is still unknown. It can be positive for normal mass ordering (m; <

mgy < mg) or negative for inverted mass ordering (ms < m; < mgz). No experimental

information on the value of dcp is present at the moment.

In our study, the neutrino mixing angles 612 and 3 and the squared mass differences
are fixed to their best-fit values reported in Egs. (3.17)-(3.18). We consider the case
of normal mass ordering and we set the oscillation parameter 613 to zero. A different
choice of #13 would marginally affect the prediction on the neutrino flux, as reported in
Refs. [140, 141].

The second term in Eq. (3.14) takes into account the neutrino energy loss and their
reinjection due to neutral current interactions. The last term, instead, represents the
neutrino absorption and the v, regeneration through charged current interactions. The
explicit expressions of these terms are reported in Appendix A.

For DM annihilation inside the Sun, the integro-differential equation (3.14) for the
density matrix has been solved numerically by a Fortran program. In Fig.3.3 and
Fig. 3.4 we report our results for the propagated neutrino spectra at one astronomical
unit, in the case of the vv and of the 77 annihilation channel. These spectra will be used
in Chapter 5 in the context of a leptophilic DM candidate. Our results of Fig.3.3 and
Fig. 3.4 match very well with the ones given in Refs.[140, 141]. Notice how the effects
of incoherent neutrino interactions are clearly visible from the propagated spectra of the
vv annihilation channel.

In the case of annihilations inside the Earth’s core, the calculation of the neutrino
spectra can be further simplified. Indeed, the interactions with matter can be neglected,
since the mean free paths of neutrinos, in the core and in the mantle, are much bigger
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than the Earth’s radius Rg for E, < 10 TeV (for anti-neutrinos, the mean free paths are
almost a factor two greater, due to the difference in the cross-sections):

1 R 1 R
Aore — _ © 36 1047@ )\mantle = ~902 104769 .
o, INeore B, JGeV) 0, Nmantle “ B JGeV)
(3.19)

Therefore, for the propagation inside the Earth, only the oscillation effects can be taken
into account. Moreover, for E,, 2 1 GeV, the dependence on the “solar” parameters Am%l
and 615 is extremely weak and can be neglected. Since in our analyses we are considering
vanishing 03, Earth’s matter effects are negligible and neutrino oscillations are driven by
the “atmospheric” parameters Am%l and 623. In this case, the main oscillation channel
is v, < v, and the value of the oscillation and the survival probability P,z is simply

given by the vacuum two-flavors formula:

. . Am?2, /eV?)(r/km
Pog(r, E,) = dup — €apsin®(26) sin? (1.27 ( ?EU/V/G&/)/ )> , (3.20)
where the parameter e,z is equal to 1 (—1) for o = § (o # 3).
In the case of the Earth, the differential muon-neutrino flux at the detector, from the
annihilation channel f and as a function of the zenith angle 6., can be written as:

d, r N3, /
b _ To BR; (GW(HZ,EV)“—FGM(HZ,EV) dNT) : (3.21)

dE,dcosf, 47nge dFE, dFE,

where the function Gog(0., E,) encodes the dependence on the oscillation probability
and on the DM distribution inside the Earth. Using Eq. (3.12), we find the following
expression:

2(2m, 3)3/?

Coplbz Bu) = T1/2 R,

y
/ dr exp [-2my & (r* + R —1y)] Pap(r,E,), (3.22)
0

with y = 2 Rg cost,, 0, = 7 — 0, and B = dRé. The differential muon anti-neutrino
flux at the detector can be obtained by a formula analogous to Eq. (3.21). In Fig. 3.5 we
report our results for the neutrino spectra at the detector site, in the case of the bb and
of the 77 annihilation channel. We will use these spectra in Chapter 5, considering the
light neutralino as DM particle. The spectra of Fig. 3.5 have been compared with the
ones of Refs. [140, 141], finding a very good agreement. Note the oscillatory behaviour
of the spectra due to the neutrino propagation along the radius of the Earth.

The neutrino flux at the detector, from the annihilation channel f with branching ratio
BRy, is given by
dol, ap. L ANy
dE, ~ " Haxd? dE,

(3.23)

with dN,f /dE, being the neutrino spectrum after propagation and d being the distance
between the source and the detector (the Sun-Earth distance or the Earth’s radius).
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Figure 3.4: Spectra of muon (anti-)neutrinos at 1 AU, for DM pair-annihilation inside
the Sun into 77.
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Figure 3.5: Spectra of muon neutrinos at Rg, for DM pair-annihilation inside the Earth
into bb (left panel) and 77 (right panel). The spectra of anti-neutrinos are equivalent.
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3.2 NEUTRINO FLUX FROM THE GALACTIC CENTER

3.2 Neutrino flux from the galactic center

The galactic center (GC) region represents another site to look for neutrino signal coming
from DM annihilations. The great advantage of the GC signal, with respect to signals
in neutrinos coming from celestial bodies (like the Earth and the Sun), is represented by
its direct proportionality to the DM annihilation cross section. Indeed, no dependence
on the scattering cross section is present.

Suppose that a pair of DM particles with mass m, annihilates near the center of the
Milky Way into v,v/g, with o and 8 flavour indices. The flux of muon neutrinos, arriving
at the Earth from a solid angle AQ will be then given by (see e.g. Ref. [145])

doy,  JAQ ropd

dE, T in 2m2 (7annv)

dN,,
b UE,

PVa — V), (3.24)

where o,,,v is the annihilation cross section times the relative velocity between the two
DM particles, g is the distance of the Earth from the center of the Galaxy and py is the
local DM density. The oscillation probability P(v, — v,) is given by Y, [Uni|*|Uil?,
with U being the neutrino mixing matrix of Eq. (3.16). The function J is defined as [146]

ds p*( /27r / /Smax ds p*(
= d siny d , 3.25
7= 20 /¢ /10er 2 A, Wl El po (3:25)

with p(r) being the DM density profile and r = \/s2 + rZ — 2rgs cos1. The upper limit

of the integration is given by Smax = \/ (rﬁal — sin? 1/17’8) + ro cos 1, where g, 2 tens
of kpc is the size of the DM halo. An equation analogous to Eq.(3.24) can be written
for the antineutrino flux.

It has been shown in Refs. [147, 148, 149, 150] that the neutrino signal coming from
the GC can be used to set a limit on the total DM annihilation cross section. However,
as we have discussed in Sect. 2.2, the DM density profile is not well known close to the
center of the Milky Way, since the presence of the baryons, that constitute the dominant
matter component in the central region of the Galaxy, is not included in the numerical
N-body simulations. For this reason, the neutrino flux coming from a small angular
region around the GC can suffer from large astrophysical uncertainties, which can be
partially reduced if a large angular region is considered, for definiteness a cone-half angle
of about 30° around the GC. In any case, to be conservative, it is always preferable to
calculate the neutrino flux from the GC considering the DM density profile that provides
the smallest signal, i.e. the isothermal profile, for which we report the values of JAS in
Table 3.1. For comparison, also the values in the case of a NF'W profile are given.

We also want to add that the presence of a Supermassive Black Hole, in the center of
the Milky Way, could influence the central part of the DM density profile and alter the
slope of the extrapolated profiles of Fig.2.2. In particular, a spike or a trough toward
the GC could be present, depending on the merging history of the Galaxy.

It has been recently shown in Refs. [151, 152] that the neutrino flux from the GC can
be clearly observable at neutrino telescopes if the DM particles annihilate mainly into
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| JAQ [ 5° [ 10° | 20° [ 30° |
Isothermal | 0.3 | 1.2 | 41 | 7.3
NFW  [5.9]105]17.2[219

Table 3.1: Values of the angular factor JAQ in the case of an isothermal and a NFW
DM density profile.

neutrinos and if the annihilation cross section is roughly two orders of magnitude greater
that the one expected from a standard WIMP: oannv >~ 6 X 10~2% ¢cm? s—1. For smaller
cross sections, instead, the atmospheric neutrino background dominates over the DM
signal.

3.3 Muon flux

The neutrinos coming from DM annihilations can undergo charge current interactions
with the nucleons present in the rock or in the ice below the detector. Among the charged
leptons produced, muons can be easily detected by their Cherenkov light emission. In
Sect. 3.3.1, the neutrino-muon conversion process is summarized. The background to the
DM annihilation signal in neutrinos is discussed in Sect. 3.3.2, while in Sect. 3.3.3 the
main muon detectors are described.

3.3.1 Neutrino-Muon conversion

For the calculation of upward-going muons, i.e. muons coming from below the detector,
we follow the formalism described in Refs. [153, 154], which we briefly summarize in this
Section. The double energy differential muon flux is defined as:

d2¢u
dcosO.dE,dE,

—NA/ dX/ dE!, (B, El; X) S(E,, E,), (3.26)

where N4 is Avogadro’s number and

/ doy dal/ / /
S(EZ,,Eu) dcos0.dE, diE/ (EZ,,E )+N (E,,,E ) (3.27)

dE’

is the product of the differential neutrino flux and the differential Charged Current (CC)
cross section, which is mainly due to Deep Inelastic Scattering (DIS) for the energy
E, > 1 GeV. The expressions for the differential cross sections dob" / dE, are given in
AppendixB. The parameters N, and N, are the fractional numbers of protons and
neutrons at the point of muon production. If the interaction can be assumed to occur in
standard rock, like for the Super-Kamiokande detector, we have N, ~ N, ~ 0.5, since
the number of protons is almost equal to the number of neutrons (Z ~ 11, A ~ 22); if
the interaction occurs inside the ice, like for IceCube, we have N, ~ 5/9 and N, ~ 4/9.
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The function g(E,, EL; X) represents the probability that a muon with energy EL will
have an energy E,, after a distance X, due to energy-loss processes. The average rate of
muon energy loss can be written as [155]:

dE

— = a(E) +b(E) E. (3:28)

where a(FE) represents the energy loss due to ionization and b(E) the one due to radiative
effects. For muon energies in the GeV-TeV range, the dependence of the parameters a
and b on the energy can be neglected and the function g(£,, £},; X) can be approximated
by the following analytic expression [153]:

§(X — Xo)
E,E;X)=—~— "2 3.29
g( My o ) a+ bE’u ) ( )
where X is the mean muon range in matter,
1. a+0bE,
Xo(E,,E,) = -In——F 3.30

with EL and F, being, respectively, the initial and the final energy of the muon. Standard
values for the quantities a and b in rock are

a ~ 22x107°GeV/(gem™?) , (3.31)
b ~ 44x107%/(gem™?) . (3.32)

Substituting the expression for g(£,, E}; X), the differential muon flux acquires the form

R 1/mx g, [ e s, B (3.33)
dcos0.dE,, a+bE, Jp, B, TR

with m, being the DM mass.

The total muon flux can then be divided in through-going muons (muons that pass
through the detector) and stopping muons (muons that stop inside the detector) by using
the formula

1 o0 d
37T (cos b, :/ dE, — 228 __ AST(1(E,), 9, 34
n (c0s0:) A(Lunin 02) Jgn© " dcos0.dE, (L(Ew),02) (3:34)

where Ezh is the energy threshold of the detector for upward-going muons, L the mean
muon stopping range in water L(E,) = Xo(E,, my) and Ly, = L(Ezh). The functions
AS’T(L, 0.) represent the detector effective areas for stopping and through-going muons,
while A(Lwin, 6.) is the total effective area of the detector, i.e. the projected area that
corresponds to internal path-lengths longer than L,, for a fixed value of the zenith
angle 6,.
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The classification of upward-going muons into the two subcategories reported above is
strictly detector-dependent, since it depends on the shape and the size of the detector.
For a detector with cylindrical geometry (with radius R and height H), it has been shown
in Ref. [156] that the function A(L,0,) acquires the form:

A(L,6.) = 2RH sinf.\/1 — 2 + 2R?| cos¥.| [cos_1 x—3zy1— 1:2} O(Lmax(6,) — L),
(3.35)
with x = Lsin6,/2R and Lyax(0,) = min [2R/sin6,, H/|cos6,|]. The effective area for
stopping muons A% (L, #.) is given by Eq. (3.35) and the one for through-going muons is
AT(L,0,) = [A(Lmin, 0.) — A(L,0.)].
In the case of contained events (the neutrino-muon conversion takes place inside the
detector volume), the energy differential muon flux is given by [151, 152]

d®, b M dPeont do
—r— [ q dE, B .
dE,, /0 ‘ /E# dzdE, dE,’ (3:36)

where D is the size of the detector and

dPeont do?b do™
- E, E n e
dzdB, ~ "ag, P B+ g

(Ey,E,), (3.37)

where n, and n,, are the number densities of protons and neutrons in the detector:
Npn = NaNpnp, with p being the density of the detector material.

3.3.2 Atmospheric background

For the indirect DM search with neutrinos, the background to a possible signal is rep-
resented by atmospheric neutrinos with GeV-TeV energies. Solar neutrinos, instead, do
not contribute to the background, since they have MeV energies.

The interactions of primary cosmic rays with the nuclei in the Earth’s atmosphere
produce m and K mesons, which then generate atmospheric muons and neutrinos through
the decay chains

T KE St ()

e+ Te(Ve) + Du(vy) -

Atmospheric muons coming from above the detector reach the Earth’s surface before the
decay processes ut — e* + Ue(ve) + ,(v,) can occur. To avoid the big background of
atmospheric muons, the DM search is done looking only for upward-going muons. In this
way, only atmospheric neutrinos will contribute to the background.

In our studies, we will use the atmospheric neutrino fluxes as calculated by Honda et
al. [157]. In the literature, two other commonly used results are the FLUKA fluxes by
Battistoni et al. [158] and the Bartol fluxes by Barr et al. [159]. These different predictions
lead to an uncertainty of order 10% in the flux estimations.
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3.3.3 Muon detection

As mentioned before, the muons are detected using the Cherenkov radiation emitted
when a charged particle moves faster than the speed of light in water. This radiation has
a typical form of a ring and can be recorded using photomultipliers. From the brightness
of the ring, the energy of the charged particle can be inferred and, from measurements
of its shape, it is possible to distinguish muons from electrons. Electrons produce fuzzy
rings, since they generate electromagnetic showers inside the detector. Muons, instead,
do not suffer from multiple scatterings and are more easy to detect and identify, since
they produce rings with sharp edges.

In the following, we discuss the main characteristics of the Super-Kamiokande under-
ground detector and we also briefly present other existing and planned neutrino tele-
scopes, present in the Northern (ANTARES, NEMO, NESTOR, KM3Net) and in the
Southern hemisphere (IceCube).

Super-Kamiokande

The Super-Kamiokande (SK) detector is an underground water Cherenkov detector, lo-
cated in Japan in the city of Hida, that now includes the old Kamioka town. It is a
cylindrical stainless steel tank, with a diameter of 39.3 m and an height of 41.4 m, filled
with 50 000 tons of ultra-pure water. An internal stainless steel structure divide the
detector volume into an outer and inner detector. The latter has a radius of R = 16.9 m
and an height of H = 36.2 m.

This neutrino observatory has been in operation since 1996 and it is expected to
run for another ten years. By measuring the solar neutrino flux, it has provided the
first detection of neutrino oscillations in 1998 [160]. In the same year, it also detected
fundamental evidences for the discovery of atmospheric neutrino oscillations [161]. The
SK detector has also been used to search for proton decay, for supernovae neutrinos and
for neutrinos from DM annihilation.

The SK collaboration classifies the data into three main categories: fully-contained
events (FC), partially contained events (PC) and upward-going muon events. The last
ones are then divided in two subcategories: upward stopping muon events and upward
through-going muon events [13]. Usually, only through-going muons are used for the
analysis of neutrinos coming from DM annihilations, since for m, 2 18 GeV almost 90%
of the muons produced fall in this category [5]. However, for a smaller DM mass, a great
part of the upward-going muon signal would be in stopping muons, rather than through-
going. For this reason, we will consider both subcategories of upward going-muons in
the study of the light neutralino signal, reported in Chapter 5.

The SK detector has an energy threshold Ezh = 1.6 GeV, that corresponds to a path-
length cut Ly, = 7 m applied on upward-going muons, see the left panel of Fig.3.6. In
the right panel of Fig. 3.6 we report the effective area for the SK detector, obtained using
Eq. (3.35) and the size of the inner detector.

The upward-going muons can be divided into through-going and stopping muons,
applying Eq. (3.34). Using the tabulated values of Ref.[163] for the muon energy loss in
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Figure 3.6: Left panel: muon range in water. Right panel: zenith angle dependence
of the effective area for the Super-Kamiokande detector, obtained using the analytic
expression reported in Eq. (3.35). The agreement with the Monte Carlo simulation of
Ref. [162] is excellent.

rock and in water, we calculate the expected muons background coming from atmospheric
neutrinos. Our results, shown in Fig. 3.7, reproduce with great accuracy the zenith angle
distributions as predicted by the SK collaboration.

The limits on the muon fluxes coming from DM annihilations in the Sun and in the
Earth can be defined as [5]

Ny
A(Lmin; (92) x T ’

®,(0.; 90% C.L.) = (3.38)

where Ny is the upper Poissonian limit at 90% C.L., given the measured events and the
muon background from atmospheric neutrinos, and 7" is the detector lifetime. We do not
consider the detector efficiency, since it is almost equal to 100% for upward-going muons.
Using Eq. (3.38) and the SK data collected from May 1996 to July 2001 [13], we find
the following limits on through-going (@Z) and stopping ((I)E ) muons at 90% confidence
level:

Ol g S12x107" em st (3.39)
Yo S05x107 em ™25t (3.40)
) parin S 0.8 x 107 em™?s71, (3.41)
D paren S 0.5 x 107 em 2571 (3.42)

The limits for the Earth are obtained considering a cone half-angle 6 ~ 25° around the
Earth’s center, while the values reported for the Sun are valid for a cone half-angle 6 ~ 20°
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Figure 3.7: Upward stopping and through-going atmospheric muons at the Super-
Kamiokande detector. The solid blue (dashed red) lines represent the expected muon
fluxes without (with) oscillations. The data points are taken from [13]. We report only
the statistical error at 90% confidence level. The agreement with the Monte Carlo sim-
ulations of Ref. [162] is extremely good.

around the direction of the Sun. The values for through-going muons are consistent with
the ones provided by the SK collaboration [5].

Note that in the calculation of the muon flux, we have neglected the kinematical angle
between the neutrino and muon direction, which can be relatively large for muons close
to threshold. In any case, the average deflection angle is at most of the same order of the
angular bin over which we integrate our signal, for the stopping and for the through-going
muons. Considering also the detector resolution, neglecting the kinematical angle does
not affect our results in a relevant way. This is confirmed by the quite good agreement we
obtain in our calculation of the atmospheric neutrino events with the SK evaluation [162].

The values reported in Egs. (3.39)=+(3.42) can be compared with the muon flux induced
by DM annihilations and can be used to set limits on the DM scattering cross section.
We will apply these limits in the study of the muon flux for leptophilic and the light
neutralino DM, see Chapter 5.

In Fig. 3.8, we display the ratios between the muon fluxes at the Super-Kamiokande
detector, arising from DM pair annihilations into bb and 77, and the DM annihilation
rates, in the case of the Sun and the Earth. The muons have been divided into stop-
ping and through-going events. Since the light neutralinos annihilates manly into bb for
my S 30 GeV, it is clear from the plots that the category of stopping muons will provide
the dominant signal for low values of the neutralino mass.
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Figure 3.8: Ratio between the muon flux ®, and the annihilation rate I', for DM
pair-annihilation inside the Sun and the Earth, as a function of the DM mass m,. We
consider the 77 and the bb annihilation channels and we divide between upward stopping
(dashed lines) and through-going muons (solid lines), considering the geometry of the
Super-Kamiokande detector.

Northern hemisphere

The ANTARES detector is a water Cherenkov detector in the deep Mediterranean Sea,
offshore from Toulon in France [7]. It consists of 12 strings, covering an area of 0.1 km?,
with a height of 350 m and is by now the largest neutrino telescope on the Northern
hemisphere.

The construction of two other small neutrino telescopes in the Mediterranean Sea is
ongoing: NEMO in the Sicilian Sea [164] and NESTOR [165] near Pylos, in Greece.
ANTARES, NEMO and NESTOR are three pilot projects for the future construction of
a cubic kilometer telescopes in the Northern hemisphere: the KM3Net project [8]. This
future neutrino telescope, with a planned energy threshold of about 50-100 GeV, will be
complementary to Ice-Cube, which is located at the South Pole. It will be particularly
important for DM searches, as it will be able to look at the galactic center that is hardly
visible with a neutrino telescope at the South Pole. In Fig. 3.9, we report the bounds on
the DM annihilation cross section g, v that could be set using contained muon events in
a KM3Net-like detector. We have considered a cone half-angle of 30° around the galactic
center and we have fixed the muon energy threshold to £, = 100 GeV. The exposure is
set to one year. The curves are derived assuming that the DM particles annihilate 100%
into neutrinos with a flavour-blind branching ratio. We show the limits for the isothermal
and the NFW density profiles. The Halo Angular bound has been derived in Ref. [150]
comparing the energy spectrum produced by DM pair-annihilation into neutrinos with
the atmospheric neutrino background and considering a cone half-angle of about 30°

46



3.3 MUON FLUX

10—22 .
HaloAngular  ~ 777
10-31
Isothermal
o
§ 107%
<
5]
b
10°51
Natural Scale
10—26 L L L L L L
100 150 200 300 500 700 1000
m, [GeV]

Figure 3.9: Limits (at 30 level) from contained muon events on the total annihilation
cross section oannv, after one year of exposure and for a cone half-angle of 30° around
the galactic center. The energy threshold has been fixed to E,=100 GeV and we have
considered an energy independent effective area equal to A.g =1 km? (KM3Net-like
detector). We have taken the isothermal and the NFW density profiles. The gray solid
line indicates the standard value of oap,v for a thermal relic (natural scale). The Halo
Angular line represents the bound from neutrino searches, see text for more details.

around the GC with a value of J ~ 25.

Southern hemisphere

The IceCube detector [166] is a neutrino telescope under construction at the South Pole,
that replaced the old AMANDA detector [167]. It will be completed in January 2011
and it will consist of 80 strings, covering one km® of volume and 6 additional strings
concentrated in the central part, which will form the Deep Core sub-detector. Each
string carries 60 Digital Optical Modules (DOM) to detect Cherenkov light.

The recent results of IceCube with 22-strings [6, 168] improved the SK bound on the
muon flux ®, in the high mass region: m, 2 200 GeV for the hard annihilation channel
(WHW =) and m, 2> 500 GeV for the soft channel (bb). The IceCube detector, provided
with the Deep Core arrays [169], will also constrain the parameter space at lower masses,
improving significantly the SK bound for the mass region m, 2 40 GeV [136]. However,
it will not be able to put bounds on really light DM particles, for which the SK bounds
will still remain to be the strongest ones.
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Dark Matter annihilation into neutrinos

The most interesting signal to look for at neutrino telescopes is represented by a monochro-
matic neutrino signal, which can be produced by DM pair-annihilations directly into vv
or into vv (o), if we allow for lepton number violating processes (LNV). The neutrino
energy spectra produced in these annihilation channels are constituted of a soft part and
a line at energy F, ~ m,. The detection of this kind of signal would provide a clear and
distinct hint for a DM annihilation origin.

The main scope of this Chapter is to carefully analyze the DM pair-annihilation into
neutrino final states. We restrict our study to the two-body direct production, since
this is the golden channel for DM discovery at neutrino telescopes. In our analysis, we
distinguish between Dirac and Majorana neutrinos and, in the latter case, we consider
explicitly different neutrino mass mechanisms, since this can be fundamental to correctly
relate the physical neutrino mass to the neutrinos Yukawa couplings with, e.g., a scalar
particle. A brief review of the possible neutrino mass terms is presented in Sect.4.1.
We report in Sect. 4.2 the various possibilities for monoenergetic neutrino production,
considering explicitly scalar and fermionic DM, as well as the corresponding s, ¢, and u
channels. For simplicity, we do not extend the Standard Model (SM) gauge group, but
we contemplate different SU(2) [, representations for the DM and the mediator particles.
This kind of systematic analysis was not presented before in the literature. A summary
of all the unsuppressed scenarios is given in Sect.4.3. We explicitly show the behaviour
of the annihilation cross sections for a promising s-channel and ¢-channel diagram, con-
sidering both the case of scalar and fermionic DM. Our results are then compared to
experimental limits on g and 7 decays and on lepton flavour violating processes. The
constraints coming from neutrino searches are also considered. For specific models in
which the DM particles annihilate mainly in neutrinos see e.g. Refs. [170, 171].
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4.1 The neutrino mass terms

Throughout our work we consider the SM gauge group, SU(3), x SU(2)r, x U(1)y. In
this framework, the left-handed components of the neutrinos and the charged leptons
form a doublet under SU(2)r, while the right-handed components of the neutrinos, if
they are present, are total singlets:

Lor = <Va> ~(1,2,-1), var ~ (1,1,0), (4.1)
>/

where « is the generation index (« = e, 1, 7). Depending on the nature of the neutrinos,
different mass terms can be present in the Lagrangian. If the neutrinos are Dirac particles,
they will be associated with a Dirac mass term, see Sect. 4.1.1, while, if they are Majorana
particles, a Majorana mass term will be allowed, see Sect.4.1.2. The most satisfactory
ways to explain the smallness of the neutrino mass are represented by the type I and
type II see-saw mechanisms, which we briefly review in Sect.4.1.3. For more details on
the physics of massive neutrinos, we refer to Refs. [115, 172]

4.1.1 Dirac mass term

If the neutrinos are Dirac particles, they will get their mass by the SM Higgs mechanism:
Loinass = —YS’B Lar, I:IVBR + h.c. — —UHYB‘B@VQR + h.c., (4.2)

where H is the SM Higgs and vy = 174 GeV is its vev. We have used the notation
H = 109 H*, with o9 being the second Pauli matrix. The neutrino mass matrix in
the flavour basis M, = wvyYp is then related to the diagonal neutrino mass matrix
D, = diag(m1, m2, m3) by

M, =UD,U", (4.3)

where U is the leptonic mixing (PMNS) matrix. Note that, since the neutrino masses
are small, the Yukawa couplings must be tiny, of the order of Yp ~ 10712,

4.1.2 Majorana mass term

In case the neutrinos are Majorana particles, beyond the standard mass term of Eq. (4.2),
also terms of the form (v1)¢vp or (vg)“vg may be allowed. In the first case, a scalar
triplet field T, with

T = (TT/ vz _TT(; ﬂ) , (4.4)

is needed to obtain a term that is gauge invariant under the SM gauge group:

1 —_ 1 .
-3 VP (Lor)C (i0o T) Lyg, + h.c. — —§m%ﬂ (var)Cvsr + hoc.,  (4.5)

Emass =
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where m%’g = UTYLa d , with vr being the vev of the neutral component of the scalar
triplet.

If right-handed neutrinos are present, a Majorana mass term can be written without
extending the SM scalar sector, since

1 -
ﬁmass = _5 Mgﬁ (VocR)C V3R + h.c. ) (46)

is invariant under the SM gauge group. The Majorana mass term could arise from
a high energy theory beyond the SM, whose symmetries might be broken at the grand
unification scale. In this case, we would expect Mg to be of the order of 10'* — 106 GeV.
Moreover, since Mg is not related to the vev vy, there is no a priori reason for it to be
at the electroweak scale.

4.1.3 See-saw mechanisms

The combination of the Dirac and Majorana mass terms leads to the so-called see-saw
mechanisms, where the smallness of the neutrino mass is a consequence of the heavy
right-handed neutrino fields.

In the case of a type I see-saw mechanism we have, additionally to Eq. (4.2), also a pure
Majorana mass term for the right-handed neutrinos, which we denote in this Section by
Npgr. The complete neutrino mass term, after symmetry breaking, is given by

17
Lonass = —vpmpNpr — i(NR)CMRNR + h.c. = (47)
1, — 0 | mp (v)©
_ = C
= 5 () )(mD e ) < V) e,

where mp = vgYp is the Dirac mass matrix and Mp is the Majorana mass matrix
for the right-handed neutrinos. The former is connected to the electroweak scale v,
while the latter can have a much larger value, since it is a singlet under the SM gauge
group. The above Lagrangian is not yet written in the mass basis. Before a complete
diagonalization, it is useful to bring the matrix to a block diagonal form, which will then
separate the neutrino states into heavy and light ones. Denoting the rotated states by
v/ and N’, we can write the Lagrangian as

~ _Yor e —mpMp'mj, | 0 (vp)°
Linass ~ Q(VL’ (NR) ) < 0 ‘ Mn N;{ + h.c., (48)

where we have neglected the small corrections to the heavy neutrino masses. The rotation
required to bring the matrix into this form is only a very tiny one. In the case of only one
generation of fermions, the corresponding mixing angle between heavy and light states is
0 ~ ”]\;‘[—I’; ~ 1071 —107'2. As a consequence, the interaction eigenstate vy, is essentially a
light mass eigenstate, while Ng has only a small fraction T/TDR of the light mass eigenstate.

In the flavour basis, the corresponding light neutrino mass matrix is given by

M, = —mpMp'm], =UD,UT. (4.9)
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If beyond the terms of Eq. (4.8) a left-handed Majorana mass term my, is present, a
type II see-saw mechanism will be induced. In this case, we would have

Lunass = —%(ﬁ, (NR)O) ( %) ((zﬁf) +he., (4.10)

with mp = vrYr. After a tiny rotation, the above mass matrix assumes the following
block diagonal form:

ol mL—mDMﬁlmg‘ 0 ()¢
Liass & 2(VL, (NR) ) ( 0 ‘ Mn N},% + h.c. (411)

Considering only one generation of fermions, the rotation angle is given by

mp mp

gD D
Mp —my, ]\41%7

(4.12)

where we have used the fact that m; < Mpg, since the correction to the p-parameter
forces the vev vr to be < O(1 GeV). In the case of see-saw type II, Eq. (4.9) is thus
modified to

M, =mp —mpMp'm}, =UD,U", (4.13)

where M, is the light neutrino mass matrix in flavour space.

4.2 Production of monoenergetic neutrinos

Depending on the gauge quantum numbers assigned to the DM particle and to the
neutrino, specific annihilation processes will be allowed in the s,t,u channels. In our
analysis, we consider the DM particle y and the mediator particle ¢ to be a singlet,
doublet or triplet representation of SU(2)r. In general, for a scalar 15 and for a fermion
1y we use the following definitions:

Q;Z)s;l ~ (17170)7 T;Z)f;l ~ (17 150)
0

d}—&-
%;2 = <w0> ~ (1727 1)7 Qbf;? = <¢> ~ (1727_1>7

(TR et N I B
1/’5‘3( ¥ —Wﬂ) a2, wff’(w —Wﬂ) .

We will comment later on the possibility of having an SU(2), triplet with a null hyper-
charge.

We present a model independent analysis of all the possible production channels, ex-
tending the work presented in Ref.[173], in which the authors restrict themselves to
the case of Dirac DM annihilating through an s channel diagram. In Sect.4.2.1 and
Sect. 4.2.2, we present the results for direct neutrino production in the case of scalar and
fermionic DM, respectively. To be exhaustive, we explicitly divide the results for four
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different neutrino scenarios: Dirac neutrinos, for which the left-handend and the right-
handed neutrinos are both present and independent; Majorana neutrinos, in which case
the singlet neutrinos v,k are not present and the right-handed neutrinos are simply given
by the (vor)®; Majorana neutrinos with see-saw type I or type II, if the right-handed
neutrinos v, are present and acquire generally a heavy mass.

In our study, we do not consider explicitly the case of vector DM. It is known, indeed,
that a spin one DM particle can have a sizable branching ratio into neutrinos, see e.g.
Ref. [171]. The main aim of our analysis is, instead, to show that also in the framework
of a scalar and a fermionic DM the direct neutrino production can be relevant. However,
for completeness, we report in Sect. C.3 the explicit expressions for the annihilation cross
sections in the case of a vector DM.

We wish to recall that the neutrino production through DM annihilations into three
body final states has also been vastly discussed in the literature. For instance, in
Ref. [174] the authors analyzed the electroweak bremsstrahlung processes xxy — vvZ
and yxy — veW. The hadronic decays of the weak bosons can lead to the production
of photons, which can then be used to further constraint the annihilation cross section
value, see e.g. Ref.[175] for the Z-strahlung process. Moreover, the DM annihilation
into neutrinos will induce, at loop level, electromagnetic final states, for which the syn-
chrotron radiation bounds of Ref. [176] can be imposed, see Ref.[177] for an exhaustive
discussion on this aspect.

4.2.1 Scalar Dark Matter

This Section summarizes the results that we obtained for the case of scalar DM, consid-
ering singlet, doublet and triplet representations of SU(2)y. The basic assumptions are
that the scalar DM has a null vev (x) = 0 and that it is stable, because being odd under
some Zs-parity, while all the other SM particles are even.

Scalar mediator, s-channel

In the case of a singlet, doublet or triplet scalar mediator, the following Yukawa interac-
tions with the neutrinos are allowed:

EYu;l = _Yyojlﬁ (VCVR)C ¢S;1 VﬁR + h.C. ) (414)
‘CYV:Q = _Yyajg LOCL éS;Q V,@R + h.C. 9 (415)
ﬁyV;3 = —YVO:E? (LaL)C (iag (255;3) LﬂL + h.c. s (4.16)

where o and 3 are flavour indices. We have defined ¢ = ioo¢*, with o9 being the second
Pauli matrix. Note that the entries of the Yukawa coupling matrices are in general
complex numbers and that a triplet scalar mediator with zero hypercharge ¢4.3 ~ (1, 3,0)
does not couple to neutrinos in a s channel diagram.

The singlet scalar mediator ¢4 can couple to a pair of scalar DM particles, which
transform under SU(2)1, as a singlet, doublet or triplet. However, it will always produce

53



CHAPTER 4 DARK MATTER ANNIHILATION INTO NEUTRINOS

a physical right-handed (light) neutrino as well as a left-handed (light) anti-neutrino.
Both these particles are sterile and making them interacting would require a coupling to
the Higgs field (or, equivalently, a helicity flip), which is proportional to m,,. This would
lead to a negligible muon flux at neutrino telescopes. Notice also that the coupling of the
singlet scalar to neutrinos, Eq. (4.14), could, in general, generate a violation of lepton
number L and is hence connected to Majorana neutrinos. Indeed, the interaction term
(vr)C ¢s:1 VR either directly violates lepton number or it forces the singlet scalar to carry
lepton number. In the latter case, the coupling of ¢4 to the SM Higgs, HTH¢S;1, will
be problematic. However, if such a coupling is forbidden in certain specific models, one
might still be able to conserve lepton number.

If the doublet scalar mediator ¢, does not get a vev, the entries in the Yukawa
coupling matrix Y,.» could be large, as they do not contribute to the neutrino mass.
However, a fundamental problem arises from the coupling to the scalar DM. Since we
consider only the cases for which the scalar DM particle does not get a vev, the corre-
sponding vertex must arise from a fundamental 3-scalar coupling in the Higgs potential.
In SU(2), such a fundamental 3-scalar coupling is impossible, since we have 201®1 = 2,
202R02=202304,2033=20204®4¢ 6. This problem could be overcome
if one allowed for a non-vanishing vev (¢s.2) # 0. However, in this way the Yukawa
coupling Y,.2 becomes directly proportional to the light neutrino mass for the case of
Dirac neutrinos. In the presence of a see-saw situation, the Yukawa coupling could be
in principle sizable, since it is not directly related to the neutrino mass. Despite that,
since the light mass eigenstate of vz must be produced, this possibility is suppressed by
the mixing angle 6 between the heavy and light neutrinos. This is of O (m pMpg 1) and
hence very small, for the standard value of Mp = O(101¢ GeV).

The interaction of the triplet scalar mediator ¢4z with neutrinos, Eq. (4.16), induces
a violation of lepton number (in analogy to the singlet scalar mediator ¢g;) and is
thus associated only to Majorana neutrinos and not to Dirac neutrinos. In case the
scalar mediator has a null vev, the neutrino coupling Y, .3 is unsuppressed, since is not
constrained by the neutrino mass scale. Furthermore, two active neutrinos are produced,
since the triplet scalar couples to (vp)¢vr. This conclusion does not depend on the
particular neutrino mass model considered. Indeed, in the case of see-saw type I, the
correction factor, resulting from vz being not an exact mass eigenstate, is given by
(1 — #)? ~ 1. If the neutrinos acquire a mass through a see-saw type II model, the only
difference is the presence of an additional Higgs triplet with vev, in order to have the
correct see-saw type II neutrino mass formula.

The DM vertex for the case (¢s,3) = 0 can come from a fundamental 3-scalar term in
the Higgs potential. This coupling is allowed only if x is an SU(2); doublet. In this
case, the important term in the Lagrangian is of the form

2.3 2,3 .
‘C;(p) 2 ’Y)(@ )(Xi;2¢5;3X8;2) + h.c. (4.17)

If the triplet scalar mediator has a nonzero vev, (¢s3) # 0, it will contribute to a

Majorana neutrino mass (vy)“vy and it will induce a see-saw type II situation. Thus,
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the light neutrino mass matrix would be given by
— 2 -1y T
Ml, = ’UTYl,;g - UHYV;QMR Yy;2 y (418)

where vy is the electroweak vev and vy is the triplet scalar vev. To yield physically
realistic light neutrino masses, the entries in the Yukawa coupling matrix Y,.3 of the
triplet to the neutrinos must be very small, in case the triplet contribution dominates
the physical neutrino masses.! On the other hand, the combination of the Dirac Yukawa
coupling Y,.2 and the heavy neutrino mass matrix Mg has to be tiny as well, if this part
dominates the physical neutrino mass. The only case where we can have larger values
for Y,.3, which, in turn, could lead to larger annihilation rates, is the one where there
is a cancellation between vrY,.3 and U%IY,,;QM I 1YVT;Q in Eq. (4.18). For simultaneously
having Yukawa couplings of @(0.1) and sub-eV neutrino masses, this cancellation would,
however, need to be at the level of 10~® (for v ~ 1 GeV), which would require a strong
fine-tuning. Nevertheless, this possibility might be motivated in a certain specific model.
The corresponding couplings of the SU(2)y, triplet scalar mediator ¢4.3 with non van-
ishing vev to the DM particles can arise from the following terms in the Lagrangian:

5%33) - Ailzzls) (Xl;lxs;l)Tr(fﬁi;g%;s), (4.19)
£§<2<1;3) - >‘§<2¢;3) (Xl;2XS;2)TT(¢’L3¢s;3) + 5@’3) (Xl;2¢l;3¢s;3xs;2) +

+ [vffq;g) (X 0s3Xs2) + h.c.} : (4.20)
£;3q;3) - )‘%3) ’I‘r(Xi;3XS;3)T‘r(¢i;3¢s;3) +

+ [5;?;;3) Tr(Xsi3Xsi3) T (0l 50L5) + h.c.} . (4.21)

The triplet scalar mediator appears as the most promising case for having a sizable
neutrino production. However, depending on the specific model, its coupling to the
leptons can be subject to constraints coming from different experiments. We postpone
the explicit discussion of these bounds to Sect. 4.3.1.

Z-boson mediator, s-channel

The coupling between the neutrinos and the Z-boson comes from the kinetic term in the
Lagrangian. We define the covariant derivative as

/

D, =0,+ ig(a W) + i%YBM, (4.22)

with o being the Pauli matrices. The couplings ¢ and ¢’ are, respectively, the gauge
couplings of SU(2)r, and U(1)y. The corresponding gauge fields are denoted by W, and

!Note that, although the vev is forced by the correction to the p-parameter to be vy < O(1 GeV), the
Yukawa coupling still needs to be tiny to yield sub-eV neutrino masses.
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B,,. Introducing the physical states

Wi Fiw;:
Wi = M) : (4.23)
V2
A, = BycosOw + Wl‘} sin Oy, (4.24)
Z, = —DBy,sinfy + Wg cos Oy (4.25)

where 6y is the Weinberg angle, the interaction term of the neutrinos with the Z-boson
is given by

5 = Triy" D, Ly, — — Ty vLZ, . (4.26)

2 cos Oy

Only if the DM particle transforms as a doublet or triplet under SU(2)y, it can couple
to the Z-boson. The specific couplings arise from the following gauge-kinetic terms:

LY = (Duxs2)'(D'xs2)
ig
_2COS(9W
L85 = T (Dyxss) (D" xs0)]
ig
_2005«9W

(cos? O + Y sin? Oy) X" X" 2 + h.c., (4.27)

(2 cos? Oy + Y sin? Oy) 0, X" *X°Z* + hec., (4.28)

where the covariant derivative for ys.2 is defined analogously to Eq.(4.22), while for x.3

it is given by
/

D,qu;3 = a,u Xs;3 + Zg [0' : W,u: Xs;3] + i%YB,qu;ZS . (4'29)

Fermionic mediator, t&u-channels

For the ¢t and u-channel diagrams, either the scalar DM or the fermionic mediator has
to be flavoured, such as in the case of a sneutrino DM or a neutrino mediator. This
property has to be taken into account in any specific model and it will decide on the
actual existence of a t-channel diagram. For definiteness, throughout our discussion,
we suppose that the scalar DM particle carries a flavour. Our conclusions are as well
applicable to the case in which the fermionic mediator is flavoured.

We consider a fermionic mediator, whose left and right components can transform
under SU(2), as singlets, doublets or triplets. If the fermionic mediator is an SU(2)[,
singlet, [¢.1] LR the following interaction terms are allowed:

L) = TRV v [bral, + he., (4.30)
ngd;ll/) = 7:1(1371)[’7%5(5;2 [(bf;l}R + h.c., (4.31)
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where ’];5;] ) are trilinear couplings, with « being an index in flavour space and k being
the index that denotes the lightest scalar particle. In general, indeed, different flavoured
states of the scalar particle Xf;1 can exist. The DM particle will then be identified as the

lightest particle among the mass eigenstates, X§;1 = Wkﬁxf;p with W being a rotation
matrix. The indices (i,7j) are, respectively, the SU(2), representations of the DM and
of the fermionic mediator. If the DM is a singlet scalar, it will only couple to sterile
neutrinos, while, if it is the neutral component of a doublet, active neutrinos can be
produced.

If the fermionic mediator is an SU(2)r, doublet, [¢f;]; p, the interaction terms that
lead to a coupling between the DM particle and the neutrino are:

£12 27;(,1’2)L7%[¢f;2]1% X]sg;l + he.,

XV
ngqf,) :7;(2,2) @(iUZX];Q)T [pf.2], + h.c., (4.32)
'C;S(z;zv) :TOE;Z”Q) (L%)C(iazx’;g) [pf.2], + h.c.

In this case a singlet and a triplet scalar DM can couple to active neutrinos, while only
sterile neutrinos will be produced if the DM is an SU(2), doublet.

Finally, if the fermionic mediator is an SU(2). triplet, [¢f3]; p, we can have the
following couplings:

L2 T T gl xbs + b,
£33 _ 763 {7@ & (4.33)
xpv T Tak I'NyVRr [¢f;3]L X5;3} + h.c.

Active neutrinos arise from a doublet scalar DM, while a triplet scalar DM couples only
to sterile neutrinos. Moreover, if the fermion mediator is an SU(2), triplet with ¥ = 0,
it can also couple to a scalar DM triplet with ¥ = 0 and to a right-handed neutrino.
This coupling would produce only sterile neutrinos and thus lead to a negligible flux.

As in the case of scalar DM pair-annihilations into neutrinos through a scalar exchange,
the couplings involved in the ¢-channel process are subject to experimental limits, com-
ing in particular from lepton flavour violation processes (LFV). For example, if active
neutrinos are produced and if the fermionic mediator belongs to a doublet or triplet
representation of SU(2)r, the couplings involved in the t-channel diagram will also con-
tribute to the p — ey decay. Another experimental constraint that could be present is
on the actual existence of the fermion particle mediating the process. We will comment
on these topics in Sect. 4.3.2.

4.2.2 Fermionic Dark Matter

In this Section we consider the DM as fermionic particle and, in analogy to the scalar
case, we allow for SU(2), singlet [xf,1]; p ~ (1,1,0), doublet [xs;], p ~ (1,2,—1) and
triplet [x ], p ~ (1,3, —2) representations.
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Scalar mediator, s-channel

For the s-channel, the considerations for the neutrino vertex are exactly the same as
in the scalar DM case. Therefore, in the following we will focus on the DM vertex
only. An intermediate scalar singlet ¢,.1 could couple to all types of fermionic DM under
consideration:

1,1 1,1

e = v Doaly xgalg s + hec, (4.34)
2,2 2,2

c3? = Y3 Draly [xralp s + hoc, (4.35)
3,3 3,3 —

J S >Tr{[xf;3]L [ngg]R} b5 + hec. (4.36)

In all the above cases, the left and right components of the DM particle belong to the
same representation of SU(2)r, i.e. the DM is a vector-like fermion. Note that another

possible expression can be obtained replacing [x.1], with [x ;1] RC. The interaction term
obtained in this way is associate with Majorana DM particles, since it can induce a
Majorana mass term. As in the scalar DM case, the problem arises at the neutrino
vertex, since only sterile neutrinos can be produced by a scalar singlet.

If the scalar mediator is an SU(2), doublet, ¢, we could have the following couplings
to the DM particle:

1,2 1,2) 7.

£8? = v Il lioassn)” [xralg + hec, (4.37)
3,2 3,2 —

c$? = v 5P ololxral, palg + hee (4.38)

These possibilities will only be present if the left and right components of the DM particle
belong to different representations of SU(2)y, i.e. the DM is a chiral fermion. As for the
scalar DM case, the situation in which ¢4 has a nonzero vev can be neglected, since the
Yukawa couplings would be proportional to the neutrino mass or the tiny mixing angle
0 between the heavy and light neutrinos would be present.

If the scalar mediator is a triplet under SU(2)1,, ¢s.3, the following terms are allowed:

£2? = Y5 Ixpal,Cioadas) [xral, + hec, (4.39)
£p? = v T { ol aln | + he, (4.40)

where the first term will be present if the DM particle is a vector-like fermion, while the
second one will be there if it is a chiral fermion. An analogous expression to Eq. (4.39) can
be obtained by exchanging the subscripts “L” with “R” and considering a new Yukawa
coupling Y)Zg’Q). Notice that, if Eq.(4.39) holds, the triplet scalar mediator in the s-
channel is associated only with Majorana DM (as well as Majorana neutrinos), since it
leads to terms that violate lepton number. If the scalar triplet acquires a nonzero vev, a
see-saw type II situation is induced, in analogy to the scalar DM case, to which we refer
for more details. Remember that, in principle also a DM coupling to a triplet scalar with

zero hypercharge is possible, but this would not lead to a coupling to neutrinos.
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Z-boson mediator, s-channel

A fermionic DM particle can couple to the Z-boson, if it is a doublet or a triplet under
SU(2)r. The corresponding couplings arise from the following gauge-kinetic terms in the
Lagrangian:

Lo = Ixpal i Dy [xsol,
- _m(ms Ow — Y sin® Ow)[xrol ]V [Xpol] Zu + hee.,  (441)
[,kln — Tr{[xf3] ’yD#[Xf;g]L}
g

2 2 ., 10 0
_W(Q cos? O — Y sin? Ow ) [x 2] 09" [X12l) Z + hec.,  (4.42)
and analogous expressions can be written for the right-handed components [x .|, and
[Xf;s]R of the DM particle.

Scalar mediator, t&u-channels

As in the case of scalar DM, for the ¢t and u-channel diagrams, either the fermionic DM
or the scalar mediator has to be flavoured, such as in the case of a heavy neutrino DM or
a sneutrino scalar mediator. For definiteness, throughout the discussion of this Section
we will suppose that the scalar mediator carries a flavour. Our conclusions are as well
applicable to the case in which the DM is flavoured.

If the scalar mediator is an SU(2), singlet ¢g.1, the following interaction terms are
allowed:

£) = TEVIT [xpaly 51 + he., (4.43)
11 1,1) —
E;@) - Zx(k )VR Xpaly o6 + hec., (4.44)

where ’Ta(;J ) are trilinear couplings, with a being an index in flavour space and k being
the index that denotes the mass eigenstate of the scalar mediator. The indices (1, j) are,
respectively, the SU(2) [, representations of the DM particle and of the scalar mediator. In
order not to produce only sterile neutrinos, the right-handed component of the fermionic
DM particle has to be an SU(2)r doublet.

If, instead, the scalar mediator is an SU(2), doublet, ¢s.2, the interaction terms are:

Ly =T TEdka [palp + hee.,

x¢v
5;2@2/) :,Ta(z Do Vi (102¢5 o) X2l + he, (4.45)
L8 —TOITT [y ] ¢y + he,

among which only the ones involving a singlet or a triplet fermionic DM lead to active
neutrinos in the final state. One specific example falling in this category would be a slight
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extension of the MSSM, with an additional singlet chiral superfield, whose fermionic
component acts as DM particle, while the sneutrino is the scalar mediator.
Finally, if the scalar mediator is an SU(2)y, triplet, ¢s.3, we have

2,3 23) Trancys
£39 729 TEC 096k ) [xraly + b

3,3 3,3 —
Egé(bl/) = ,Z:)c(k ) Tr {VR ¢I;;3 [Xf;S]L } + h.c. s

(4.46)

where, only in the case of a doublet fermionic DM particle, the production of active
neutrinos is possible.

In our analysis of the ¢t-channel diagram for fermionic DM, we have decided to neglect
the possibility that the intermediate scalar mediator acquires a nonzero vev. In this
case, a mixing between the DM particle and the neutrino is induced. The correspond-
ing constraints on the Yukawa couplings become strongly model dependent and general
considerations will not be possible anymore.

As in the case of scalar DM pair-annihilations, the couplings involved in the ¢-channel
process could be subject to the experimental limits coming from LFV processes. We
refer to Sect. 4.3.2 for more details.

4.3 Discussion of unsuppressed cases

A summary of our results can be found in Table4.1 and Table 4.2, respectively, for the
case of scalar DM and of fermionic DM. In these tables, we explicitly divide between the
s, t and u annihilation channels, and we consider different possible SU(2)r, representa-
tions for the DM and the mediator particle. Moreover, different neutrino scenarios are
considered.

In Appendix C we give the explicit expressions of the annihilation cross sections for
the different cases. The results are reported in a model independent way and, therefore,
can be used for any specific model.

For a scalar DM particle, the s-channel annihilation diagram can be relevant only in
the presence of a triplet scalar mediator with zero vev. Moreover, this case is present
only for Majorana neutrinos. The explicit expression of the annihilation cross section can
be found using Eq. (C.3). Another promising situation for neutrino production is given
by a t-channel diagram with a singlet, a doublet or a triplet fermion exchange. In the
first case the DM particle should be a doublet under SU(2),, in the second case a singlet
or a triplet and in the third case a doublet. For the ¢-channel diagram, the annihilation
cross section will be determined mainly by the mass of the mediator, see Eq. (C.5) and
Eq. (C.6).

For a fermionic DM particle, a triplet scalar exchange in an s-channel diagram can give
rise to a sizable neutrino production if the left-handed or right-handed components of
the DM particle transform as a doublet under SU(2)r, and if the neutrinos are Majorana
particles. For a chiral fermion DM, the s-channel diagram might be relevant if the scalar
mediator is a doublet or a triplet under SU(2)r. The first case can be present if the

60



4.3 DISCUSSION OF UNSUPPRESSED CASES

Annihilation Internal Dark Matter Dirac Majorana | See-saw | See-saw
channels mediator SU(2)r-rep. || neutrino | neutrino | typel | type II
s Scalar 1 1,2,3 I - R, 6? R, 6?
s Scalar 3 2 I | | vl
s Scalar 1 with vev 1,2,3 I - R, 6? R, 6?
S Scalar 2 with vev 1,2,3 my - 0 0
s Scalar 3 with vev 1,2,3 ) my - f.t.
s Z-boson 2,3 ®(p) (p) | =) [ =(p)
t,u Fermion 1 1 R - R.6? R, 6>
t, u Fermion 1 2 val val val val
t, u Fermion 2 1,3 val val v v
t,u Fermion 2 2 R - R, 6> R, 6>
t,u Fermion 3 2 val val val val
t,u Fermion 3 3 R - R, 6? R, 6?
Table 4.1: Summary table for scalar Dark Matter. @: potentially unsuppressed in

at least one channel; ®(p): suppressed for non-relativistic Dark Matter (p-wave term);
f.t.: fine tuning required between two couplings to get a sizable rate; I/: LNV terms are
present; - : a see-saw type I and/or type II situation is present; R: yields only right-handed
neutrinos; 6™: suppressed by the n-th power of the mixing angle between heavy and light
neutrinos; m,,: the Yukawa coupling involved is proportional to the light neutrino mass.

neutrinos are Dirac particles, while the second one can be there if they are Majorana
particles. The explicit expression for the annihilation cross section can be found using
Eq. (C.7). As in the case of scalar DM, another promising case for neutrino production
is given by the t-channel diagram with a singlet, doublet or triplet scalar exchange. In
the first case, the DM particle should be a doublet under SU(2)r, in the second case a
singlet or a triplet, while in the third case it must be a doublet. Other unsuppressed t-
channel diagrams require explicitly a chiral fermion DM, see Table 4.2. For the ¢-channel
diagram, the annihilation cross section will be determined mainly by the mass of the DM
particle, see Eq. (C.10) and Eq. (C.11). Moreover, if the DM was a Dirac fermion, also the
s-channel diagram with the Z-boson exchange could lead to sizable neutrino production.
In this case, the annihilation cross section will be proportional to the mass of the DM
particle, see Eq.(C.8). However, particles with strong couplings to the Z-boson are
constrained by DM direct detection experiments [104].

For definiteness, we focus on two different typologies of unsuppressed cases: one involv-
ing an s-channel diagram, in Sect 4.3.1, and one with a t-channel diagram, in Sect. 4.3.2.
For the first possibility, we consider a triplet scalar exchange with null vev and a DM
particle that transforms as a doublet under SU(2)r. We explicitly distinguish between
the case of scalar and Majorana DM. Remember that a triplet scalar exchange in an
s-channel diagram is associated to Majorana neutrinos only. For the ¢-channel diagram,
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Annihilation Internal Dark Matter Dirac Majorana | See-saw | See-saw
channels mediator SU(2)r-rep. || neutrino | neutrino type I | type Il

s Scalar 1 1,2,3 b/ - R, 6? R.6?

s Scalar 2 (1,2),(2,3) | - 6 0

s Scalar 3 2¢ I | | vl

s Scalar 3 (1,3) I | | vl

s Scalar 1 with vev 1,2,3 b/ - R, 6? R, 6?

s Scalar 2 with vev | (1,2),(2,3) my - o 0

s Scalar 3 with vev 2¢ I my - f.t.

s Scalar 3 with vev (1,3) I my - f.t.

| s [ Z-boson 2,3 || a/mp) | @/mp) [/l | d/=p) |

t(u) Scalar 1 1 R - R, 6? R.6?
t(u) Scalar 1 2 | | | vl
t(u) Scalar 1 (1,2) vl - 0 0
t(u) Scalar 2 1,3 | | | vl
t(u) Scalar 2 2 R - R,6? R,6?
t(u) Scalar 2 (1,2) | - 6 0
t(u) Scalar 2 (1,3) | | | vl
t(u) Scalar 3 2 | | | vl
t(u) Scalar 3 3 R - R, 6? R, 6?
t(u) Scalar 3 (2,3) vl - 6 0

Table 4.2: Summary table for chiral and vector-like fermionic Dark Matter. @: po-
tentially unsuppressed in at least one channel; K(p): suppressed for non-relativistic Dark
Matter (p-wave term); f.t.: fine tuning required between two couplings to get a sizable
rate; I/: LNV terms are present; - : a see-saw type I and/or type II situation is present;
R: yields only right-handed neutrinos; ": suppressed by the n-th power of the mixing
angle between heavy and light neutrinos; m,: the Yukawa coupling involved is propor-
tional to the light neutrino mass; z/y: applies for Dirac DM /applies for Majorana DM;
%he coupling is present for Majorana DM only.

we also consider a DM particle that is a doublet under SU(2)r. In the context of a
scalar DM, we focus on the possibility of a Majorana singlet mediator, while in the case
of Majorana DM we consider a scalar singlet mediator. As an example, we consider the
case of Majorana neutrinos for the t-channel diagrams.

4.3.1 s-channel: the triplet scalar mediator

The couplings involved in an s-channel diagram with a triplet scalar exchange will not
be connected to the neutrino mass, if the triplet has a null vev. However, the entries
of the Yukawa coupling matrix Y,.3 are constrained by different experimental results, in
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4.3 DISCUSSION OF UNSUPPRESSED CASES

particular by the limits on p and 7 decays, and by the values of the electron and the
muon anomalous magnetic moments. In the following, we summarize these bounds.

Experimental constraints

The singly charge triplet component ¢ 5 might transmit a lepton number violating muon
decay with one pu~-v,-¢, 5 and one e -Ve-¢, 5 vertex. Considering the experimental
uncertainty on G of about 10719 GeV~2 [89], obtained through p-decay measurements,
the corresponding diagonal entries of Y,.3 are set to be:

10—10m2
Vs [Yis? <01 (G}e\/2¢> . (4.47)
In general, also the electrically neutral component qﬁg;g of the Higgs triplet will mediate
u-decay. However, the corresponding diagram involves the LF'V coupling Ylffg’ , that is
constrained stronger by the experimental limit on the branching ratio for yu — 3e (see
later).

The singly charged triplet component ¢ 5 might transmit a lepton number violating
tau decay with one 77-v-¢_ 5 and one e”-Ve-¢ .5 or p”-v,-¢_ 5 vertex. Therefore, the di-
agonal elements of Y3 receive bounds also from the experiméntal limit on the 7 lifetime.
Taking into account that the uncertainty on I'; is roughly 0.1% [89], we find

10-°m2 ) *

TT|2 2 2

Vsl (Vs + V/42) S 01 (Ge\ﬂ> . (4.48)
If the Yukawa coupling matrix Y,.3 contains off-diagonal terms, the triplet will also

have LFV couplings. In this case, the strongest constraint arises from p — 3e decay.

Indeed, this process can be mediated at tree-level by the doubly charged component

of the triplet ¢, 5 with one ,u_—e+—¢);§ and one e”-e"-¢ 4 vertex. From the experi-

ment SINDRUM I [178], we know that BR(u — 3e) < 10712 at 90% confidence level.

Therefore, the bound on the off-diagonal entries reads

10-11m2\ 2
YA Vg < 5.4 (Gaﬂﬁ : (4.49)
Note that the u — ey process naturally arises only at 1-loop level and is therefore
suppressed with respect to the p — 3e decay. The branching ratio of the 7 decay into
three leptons | (with [=e,u) is, instead, constrained from the BELLE experiment [179]
to be BR(T — lll) < (2 —4) x 1078 at 90% confidence level. This implies the following
limit on the off-diagonal 7 Yukawa entries:

107 9m?2 2
Ir (2 v |2 ¢
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The Yukawa entries Y55 and V"4 are also subject to constraints coming from measure-

ments of the electron and the muon anomalous magnetic moments [180]:

ee| < —4 m¢

¥5 0007 (fia) - (451)
it < —6y (Mo

Y £ 0107 (5] . (4.52)

If we suppose that the diagonal elements Y § and Yy‘fg‘ are of the same magnitude,
Eq. (4.47) and Eq. (4.48) imply that the only sizable diagonal Yukawa entry is given by

the element Y7 3:
9 10*1m35
Yo31" Smin | 1, - |, (4.53)

where we have explicitly imposed that the Yukawa coupling is at most of order one. Since
in our numerical analysis we always consider mg 2 100 GeV, we have that ]YVT§|2 S
For simplicity, we neglect the contributions coming from the off-diagonal terms of the
Yukawa matrix Y,.3.

In the case of scalar DM, the coupling between the DM particles and the scalar triplet
mediator ¢.3 in the s-channel arises from a trilinear term in the potential, see Eq. (4.17).
The existence of this coupling and at the same time the possibility for the scalar triplet
to have a null vev will depend on the actual form of the scalar potential. In a particular
model, one has to check that these two conditions are fulfilled.

In the case of vector-like fermionic DM, the coupling between the DM particles and
the scalar triplet mediator ¢g3 in the s-channel can arise from two different Yukawa

couplings: Y>§;23’2), which is related to the DM left-handed components, and Y)ég’m, which
is connected to the DM right-handed components. In case these two couplings result
to be of the same order, the s-wave contribution to the annihilation cross section will
vanish, see Eq. (C.7). However, there is no a priori reason for them to be of the same
magnitude. Therefore, we will suppose in our analysis that one of the Yukawa couplings,
YX(??)’Z), dominates over the other one, Yég’m.

We want to stress that, even though the scalar triplet can be associated also to a chiral
DM (see Table4.2), we neglect this possibility, since strong bounds from electroweak
precision measurements apply on new chiral fermions beyond the SM ones. Indeed, a
new multiplet of degenerate fermions will contribute to the value of the S parameter in
the following way [89]:

S = N¢ Z(m(i) —t3r(i))?/3n, (4.54)

where t37(i) and t3g(i) are the third components of weak isospins of the left-handed
and the right-handed components of the fermion 7 and N¢ is the number of colors.
Considering a SM Higgs mass My = 117 GeV, the new physics contribution to the S
parameter is constrained to be < 0.06 at 95% C.L. [89].

To be consistent with direct searches at collider experiments, we consider the mass of
the triplet scalar mediator in the s-channel to be 2 100 GeV [181].
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The annihilation cross section

Using the Lagrangian terms of Eq. (4.16) and Eq. (4.17) and the expression of the anni-
hilation cross section given in Eq. (C.3), we find that

29\ yrr
1 (fy)(((ja )> | 1/;3‘2

TannV = —
an 8 (4m? — mé)2

+O(v?)  for scalar DM, (4.55)

where we have assumed for simplicity that the DM particle and the lightest neutral scalar

mediator correspond to the real components of x° s:2 and qbs 3, respectively. The parameter

7)((2(;53) is set to be real. Considering, instead, Eq. (4.39) and Eq. (C.7), we conclude that

1 NPIYIEPR 2 .
471' m mX + O('U ) fOI' Majorana Dl\/.[7 (456)
X ¢

Oann¥ =

with .

ve=v5 + V3] (4.57)

We have assumed the Yukawa coupling Y( 2 to dominate over Y. (2 2 1If these two cou-

plings are of the same order, instead, the ﬁrst nonzero contrlbutlon to the annihilation

cross section would be given by a p-wave term. Moreover, we have considered the imag-

inary component of the ¢2;3 as exchanged particle. The real component would, indeed,
have a zero s-wave due to parity conservation.

The expressions reported above refer to the production of tau neutrinos. The DM
annihilation into neutrinos with different flavours would be more suppressed, because of
the bound reported in Eq. (4.47), and can therefore be neglected.

In Fig. 4.1, we show the behaviour of the annihilation cross section into tau neutrinos
for the case of scalar DM (left panel) and of Majorana DM (right panel). The annihilation
cross sections result to be of the order of the value expected for a thermal relic for a wide
range of the parameter space. From our plots, it is possible to identify which are the
values of the Yukawa couplings and of the triplet and DM mass in which the neutrino
production might be relevant. This can then be applied to specific model, in which a
triplet scalar without vev is present.

In general, we can say that the neutrino flux from the galactic center (GC), generated
by the triplet scalar exchange, might be accessible to neutrino telescopes only in the
resonant region, in which m, ~ mgy. Indeed a boost factor of order 100 or more is
required to overcome the atmospheric neutrino background [152]. In this case, however,
a DM production mechanism different from the thermal one is necessary. Moreover,
the CMB measurements of the WMAP satellite impose stringent limits on DM models
with very large annihilation cross section, as has been pointed out in Refs. [182, 183].
Remember that even a DM particle that annihilates mainly into neutrinos will generally
produce electromagnetic final states by loop diagrams [177]. In considering specific DM
models, the CMB bounds of Refs. [182, 183] must be imposed.
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Figure 4.1: Dark Matter annihilation cross sections into tau neutrinos through the
exchange of a scalar triplet with null vev, in an s-channel diagram. Left panel: scalar
Dark Matter. Right panel: Majorana Dark Matter. The numbers next to each curve
denote the different values of the scalar triplet mass (in GeV). The Halo Angular and the
Halo Average lines represent bounds from neutrino searches, see text for more details.
The gray solid line indicates the standard value of ounnv for a thermal relic (natural
scale), while the gray dashed lines mark the values for a 10% branching ratio into tau
neutrinos (BR,,) and for a boost factor (BF) equal to ten (where the natural scale is
taken as reference).

The signals from the Sun and the Earth could, instead, be detected for a wide range of
the parameters, depending on the value of the DM scattering cross section. For the Sun
a 5o discovery, after one year of data taking with the IceCube detector, can be achieved
if o,BR, ~ 6 X 10~7 pb for my ~ 200 GeV or if 0, BR, ~ 107° pb for m, ~ 1 TeV,
where o), is assumed to be dominated by spin-dependent interactions and where BR,
is the branching ratio into neutrinos of all flavours [184, 185]. For the Earth, assuming
equilibrium between the capture and the annihilation rate, the 50 discovery can be
reached if UngRl, ~ 9 x 10719 pb for my ~ 200 GeV and if afIBR,, ~ 3 x 107 pb for
my =~ 1 TeV [184, 185]

In the plots we also report the limits on the annihilation cross section oan,v, as de-
rived by the authors of Ref. [150] comparing the energy spectrum produced by DM pair-
annihilation into neutrinos with the atmospheric neutrino background measured by the
Super-Kamiokande, Frejus and AMANDA detectors. The Halo Angular bound corre-
sponds to a cone half-angle of about 30° around the GC and to a value of the J-factor,
see Eq. (3.25), of 25. The Halo Average bound is associated, instead, to J ~ 5, which is
an average value for the whole sky. As can be seen from the figures, these constraints
are not really strong and exclude only a small fraction of the parameter space in the
resonance region.
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Note that, for the case of Majorana DM, the scalar triplet could also induce a neutrino
production through a t-channel diagram. For simplicity, we show in Fig.4.1 only the
s-channel annihilation cross sections.

4.3.2 t-channel: the singlet fermionic and scalar mediator

The couplings involved in a t-channel diagram are subject to experimental bounds, since
they induce LFV processes at one loop. A summary of these experimental limits is given
in the following, considering for definiteness the case of a singlet vector-like fermionic
mediator ¢ ¢, (for a doublet scalar DM) and of a singlet scalar mediator ¢, (for a doublet
vector-like DM). Bounds from measurements of the anomalous magnetic moments of the
electron and the muon also apply.

Experimental constraints

In the case of a scalar DM particle that is a doublet under SU(2)r, the u — e7y process
can be mediated by the charged scalar x;, and the fermionic singlet ¢y;1. Instead, for a

doublet vector-like DM, the p — e~y process can be induced by the charged fermion X2
and the scalar singlet ¢g,1. Using the limit on the BR(y — ey) provided by the MEGA
experiment [186], we can write

mi /GeV?

3.2 x 107 L
m#/GeV*

EEH?(t) <1.2x 107 (4.58)

where m,, is the muon mass. We have defined ¢ = 7;(,3’1) [Tk(j’l)} and t = mfc/mg, with
my and m, being, respectively, the mass of the fermion and the scalar particles involved
in the loop process. The function H(t) is given by [187]

12(t—1)3 ~ 2(t—1)%

t2—5t—2 tint

4.59
=13 T 2(G-1)7 for fermionic DM. ( )

2245t—1 _ 2t o coalar DM
H(t) = ,

In analogy, we find the following constraint on the couplings involved in the 7 — uy
process:

2 G V2
2.1 x 10° mgé H2(t) <45% 1078, (4.60)

where m, is the tau mass. We have defined ¢35 = Te(,f’l) {7}{:(72’1)}* and we have used

the experimental limit on the BR(7 — py) as provided by the BELLE experiment [188].
Finally, the last bound is given by the BaBar [189] experimental limit on the BR(T — e7):

2 G V2
2.1 x 10° %gg H2(t) <1.1x1077, (4.61)

67



CHAPTER 4 DARK MATTER ANNIHILATION INTO NEUTRINOS

where in this case we have &5 = 7;(13’1) [7;(3’1)] . Moreover, the couplings Te(lf’l) and

’]L(,f’l) are also subject to constraints coming from measurements of the electron and the
muon anomalous magnetic moments [180]:

_ m

T8V 5 0107 (1) (4.62)
@1)) < —6y (M

T £ 00107 (1) - (4.63)

e . . . . . 2,1
For simplicity, in our numerical examples we consider the situation in which Te(k’ )~

Tu(,z’l) < ,77(13,1)' In this case, using Eq.(4.58) and Eq.(4.60), we find the following
constraint:

2 2
1
TV 2 < min <1, 8.7 x 1041/ GeV ) :

m,/GeV H(t)

where we have explicitly imposed that the trilinear coupling is at most of order one.

For the t-channel diagram, we restrict our analysis to a singlet Majorana mediator and
to a singlet scalar mediator with masses 2 100 GeV. We use the limit of Eq. (4.64) in
the numerical evaluation, considering also that in the case of scalar DM m, ~ O(m,)
and my = mg, while in the case of fermionic DM my = my and my ~ O(m,). We
finally wish to add that, in the case of a chiral mediator ¢;.; or of a chiral DM x .2, the
constraints from LEFV processes might be much stronger. In particular, in Eq. (4.64), we
would have the mass of the fermionic particle exchanged in the loop instead of the tau
mass. This can be related to a chirality flip in the fermionic line.

(4.64)

The annihilation cross section

Using the Lagrangian term of Eq.(4.31) and the expression of the annihilation cross
section given in Eq. (C.6), we find that

Oann¥U — gm mi + 0(1)2) fOl" Scalar DM, (465)

where we have assumed that the fermionic mediator is a Majorana particle and that the

DM is the real component of X2;2' This can be, for example, the case of sneutrino anni-

hilation through a neutralino exchange. Considering, instead, Eq. (4.43) and Eq. (C.11),
we conclude that

1 |T(:’1) |4 ) )

=——T5 @) for Maj DM 4.66

Oann¥ i (mi " mi)Q my + (v°)  for Majorana , ( )

where we have considered the real component of ¢, to be the lightest scalar mediator.

Remember that, if the Majorana particle is the supersymmetric neutralino, the couplings

TT(; D will be proportional to the neutrino mass and thus the annihilation cross section

into neutrinos will be negligible, see the discussion after Eq. (C.14). In a more general
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Figure 4.2: Dark Matter annihilation cross section into tau neutrinos through the
exchange of a singlet mediator, in a ¢t-channel diagram. Left panel: scalar Dark Matter
and Majorana mediator. Right panel: Majorana Dark Matter and scalar mediator. The
numbers next to each curve denote the different values of the singlet mediator mass (in
GeV). The Halo Angular and the Halo Average lines represent bounds from neutrinos
searches, see text for more details. The gray solid line indicates the standard value of
Oann? for a thermal relic (natural scale), while the gray dashed lines mark the values for
a 10% branching ratio into tau neutrinos (BR,.) and for a boost factor (BF) equal to
ten (where the natural scale is taken as reference).

model, however, the couplings are not fixed and the neutrino production can be sizable,
even if the DM particle is Majorana. This possibility is often overlooked in the literature.

The expressions reported above refer to the production of tau neutrinos, which we have
assumed to be the dominant channel. Depending on the structure of the matrix 7.,
the other neutrino flavours could lead to sizable contributions. Nevertheless, the total
annihilation cross section into neutrinos would be of the same order as the one obtained
considering the tau neutrino as the dominant flavour channel.

The behaviour of the annihilation cross sections into tau neutrinos is reported in
Fig. 4.2 for the cases of scalar DM (left panel) and Majorana DM (right panel). For a
wide range of the parameter space, the annihilation cross sections can cover the order of
magnitudes expected for a standard WIMP. In our specific examples, the experimental
limits on LFV processes reported in Eq. (4.64) result to be quite weak and do not restrict
the allowed parameter space in the interesting region of o,n,v. However, we want to
remind that in the cases of a chiral mediator, for scalar DM, or of a chiral DM, the
bounds from LFV processes might be much stronger. In the plots we also report the
Halo Angular and Halo Average bounds [150], which partially limit the regions of the
annihilation cross section under consideration.

The neutrino signal from the GC, generated by a t-channel singlet exchange, could be
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hardly accessible to neutrino telescopes, since a cross section of the order of > 10724 cm? s~!

is almost never reached. The signal from the Sun and the Earth, instead, might be de-
tected, depending on the value of the scattering cross section, as we have explained in
Sect. 4.3.1.
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Indirect versus direct Dark Matter
detection

Indirect evidence of DM particles in our halo by measurements of upward-going muons
at neutrino detectors has been the subject of many investigations in the past, see for
instance Refs. [9, 10, 11, 12].

Recently, a number of papers appeared where possible signals at neutrino telescopes
are discussed. These consider either a generic DM particle with assumed dominance of
specific annihilation channels [190, 191] or discuss specific DM candidates, like WIMPless
DM or mirror DM [191]. Also DM particles which directly annihilate into neutrinos have
been analyzed [192].

In Sect. 5.1, we present the neutrino constraints coming from DM searches at the
Super-Kamiokande detector in the framework of the leptophilic DM, while, in Sect. 5.2,
we calculate the muon fluxes expected for the neutralino DM. The constraints from
direct DM detection experiments, in particular the DAMA experiment, are implemented
for both the leptophilic and the neutralino DM.

5.1 Leptophilic Dark Matter

The leptophilic DM model has been proposed in Ref. [193] to reconcile the DAMA results
with the absence of a signal in experiments like CDMS and XENON, that search for
nuclear recoils from DM scattering, see Sect.2.4.3. Indeed, while electronic events will
contribute to the scintillation light signal in the DAMA detectors, most of the other
DM experiments reject pure electron events by aiming at a (close to) background free
search for nuclear recoils. As shown in Ref. [193], DM scattering off electrons at rest
cannot provide enough energy to be seen in a detector. However, exploiting the tail of
the momentum distribution of electrons bound in an atom may lead to a scintillation
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light signal in DAMA of order few keVee. The signal in direct detection experiments
from DM-electron scattering has been considered recently also in Ref. [194].

Such a framework, where DM recoils against electrons bound in atoms, might be also
motivated by recent cosmic ray anomalies [4, 79, 85] observed in electrons/positrons, but
not in anti-protons. A simple model for leptophilic DM has been presented in Ref. [12§],
see in this context for example also Refs. [195, 196].

In this work, we consider the hypothesis that DM has tree-level interactions only with
leptons and has no direct couplings to quarks. We use an effective field theory ap-
proach to perform a model independent analysis. In Sect.5.1.1 we introduce the effective
Lagrangian for DM-lepton interactions, considering all possible Lorentz structures. In
Sect. 5.1.2 we analyze the scattering on electrons in more details, while the possible ex-
perimental signatures of leptophilic DM in direct detection experiments are discussed in
Sect. 5.1.3.

Even in such a leptophilic DM scenario, in many cases a DM-quark interaction is
induced at one or two-loop level by photon exchange. In Sect.5.1.4, we identify the
Lorentz structures for which the loop induced coupling to quarks is present. For these
cases, the DM-nucleon scattering dominates over DM-electron scattering, since the latter
is suppressed by the bound state wave function.

Sect.5.1.5 contains a summary of the possible Lorentz structures and their relative
cross sections. We identify only one possible Lorentz structure, the axial vector type
coupling, where DM-electron scattering dominates, since the loop diagram vanishes, and
the scattering cross section is not additionally suppressed by small quantities. The
expressions for the event rates in direct detection experiments are given in Sect. 5.1.6.

The Super-Kamiokande bounds on neutrinos from leptophilic DM annihilations inside
the Sun are presented in Sect.5.1.7. We show how the constraints on the scattering
cross section, provided by this indirect detection method, disfavour the possibility of the
leptophilic DM as viable explanation of the DAMA annual modulation signal.

5.1.1 Effective Dark Matter interactions

In this Section, we pursue a model independent analysis of the leptophilic DM candidate,
using an effective interaction description. In the case of fermionic DM, the most general
dimension six four-Fermi effective interactions are, shown pictorially also in Fig. 5.1 (right

diagram),
1

Az (5.1)

Log =Y G(XIix)(Ty)  with G =

where A is the cut-off scale for the effective field theory description, while the sum is over
different Lorentz structures. A complete set consists of scalar (5), pseudo-scalar (P),
vector (V'), axial-vector (A), tensor (7T'), and axial-tensor (AT) currents. The four-Fermi
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X K, e, b, X K, e, pl,

X ku €, Pu X k,u e, Pu

Figure 5.1: Example for generating an effective local DM-electron interaction vertex
(right diagram) as used in our analysis by the exchange of a heavy intermediate particle
¢ (left diagram).

operators can thus be classified to be of

scalar-type: F;)f = C§X+ icé%, I'y= cg 2— icﬁ;zg,,
vector-type: 'y = (¢ + )7, Loy = (e + €475) Vus (5.2)
tensor-type: Y = (er +icarys)ot?, Lo = 0w,

where 0, = %[fyu, 7,).1 If DM is a Majorana particle, vector and tensor like interactions
vanish, ie., ¢y = ¢f = ;= 0.

In our work we do not rely on any specific realization of the effective interaction. The
simplest example would just be assuming that the interaction is induced by the exchange
of an intermediate particle, whose mass is much larger than the recoil momenta, that are
of order a few MeV/c. The intermediate particle can then be integrated out leaving an
effective point interaction. Let us look at the x-lepton interaction mediated by a scalar
field ¢, shown in Fig.5.1. It gives an amplitude
’ 9595
X e . _ _

195 (UrUy ) 55— 195(Upu — 1 Uy Uy ) (Wptlp) 5.3
gS(XX)QQ—mé-FZf gS(@f) mg) (xx)(éé) ( )

1

where on the right-hand side we have neglected the momentum transfer ¢* = (p' —p)? <

m% The same amplitude is obtained from a local operator (Yx) (¢¢) with a Wilson

coefficient ggg§/m3 (in the notation used in Eqgs. (5.1),(5.2) we have ¢§ = g§,c§ =
g5, A =my).

In the case of scalar DM, there is only one dimension five operator. The effective
Lagrangian is given by

Leg = G5(x"x) [€(ds + idps)¢] with G5 = —. (5.4)

The relation o*’~s = %e‘“’o‘ﬁaag implies that the AT ® AT coupling is equivalent to T'® T', and
TRAT =ATQT.

73



CHAPTER 5 INDIRECT VERSUS DIRECT DARK MATTER DETECTION

5.1.2 Dark Matter scattering on electrons

To simplify the discussion, we investigate the DM scattering on electrons at rest. This
will enable us to see for which types of Lorentz structures in the effective DM-lepton
Lagrangian, Eq. (5.1), this interaction is relevant. We comment in Sect.5.1.6 on the
complications introduced by the fact that electrons are actually bound in atoms.

We consider a DM particle x of mass m, scattering elastically on a free electron at
rest, assuming that all the particles are non-relativistic. The scattering cross sections for
fermionic DM are then:

27 .2
mZ | v
scalar-type: o=0o" {(CECE)Z + {(Ciéc%)Q + (Cﬁcé)ng] ?—F
X
X .e\2 ,,2
(Lepch) me 4l (5.5)
3 mg

2
vector-type: o = o0 {(C>‘</C€/)2 +3(ccq)® + [(cfeq)? + 3 (cheh)?] 1}2} , (5.6)
tensor-type: o = o0 {12 A +6 6124TU2} . (5.7)

In the above expressions there are two suppression factors, the DM velocity in our halo
v ~ 1073¢ and the ratio m./m,. The cross section for each Lorentz structure is given
to leading order in these expansion parameters. Up to the velocity or electron mass
suppression the typical size of the scattering cross section is

2

G?m? m A -4
0 e e -39 2
= ~ 3.1 x10 m P — . 5.8
%e i TA4 8 ¢ (10 GeV ) (58)

For scalar DM the ye scattering cross section is induced by the dimension 5 operator,
Eq. (5.4), giving

d2

o= 0275 (d% + 2Pv2> , (5.9)
with

S0 = G% m? _ 1 m?

€5 47 A2 m?(

A -2 m -2
_ —42 2 X
= 7107 em <10 GeV) (100 GeV) ' (5.10)

= Ar 2
47rmX

Compared to fermionic DM two powers of A are replaced by m, which typically is larger
than A. The scalar DM scattering cross section is thus further suppressed compared to
the fermionic case for given A. The results of Egs. (5.5)+(5.7) and (5.9) are summarized
in the middle column of Tab. 5.1.

5.1.3 Signals in direct detection experiments

When a leptophilic DM particle interacts in a detector, it is possible to have the following
types of signals (see also Ref. [194]):
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fermionic DM
ryorly o(xe — xe)/o? o(xN — xN) /o
S®S 1 aZ, [2-1oop]
S® P O(v?) -
P®S O(r?v?) a? v? [2-loop]
P®P O(r2vt) -
VeV 1 1 [1-loop]
Ve A O(v?) -
ARV O(v?) v? [1-loop]
AR A 3 -
TeT 12 qz [1-loop]
AT ®@T O(v?) qiv2 [1-loop]
scalar DM
T a(xe — xe)/ols o(xN — xN)/ox 5
S 1 aZ, [2-loop]
P O(v?) =

Table 5.1: Scattering cross section suppression by small parameters for DM-electron
scattering and loop induced DM-nucleon scattering for all possible Lorentz structures.
Here, v ~ 1073¢ is the DM velocity, 7. = me/my, and ¢ = my/my (0 = e, u, 7).
The reference cross sections o¥, 0275, ok 0']1\,75 are defined in Egs. (5.8), (5.10), (5.24).
The couplings ¢X, ¢, d have been set to one. The entries for YN — yN are orders of
magnitude estimates.

1. WIMP-electron scattering (WES): The whole recoil is absorbed by the electron
that is then kicked out of the atom to which it was bound.

2. WIMP-atom scattering (WAS): The electron on which the DM particle scatters
remains bound and the recoil is taken up by the whole atom. The process can
either be elastic (el-WAS) in which case the electron wave function remains the
same, or inelastic (ie-WAS), in which case the electron is excited to an outer shell.

3. Loop induced WIMP-nucleus scattering (WNS): Although per assumption DM
couples only to leptons at tree level, an interaction with quarks is induced at
loop level, by coupling a photon to virtual leptons, see Fig.5.2. This will lead to
scattering of the DM particle off nuclei.

The WES produces a prompt electron and possibly additional Auger electrons or X-
rays. This leads to a signal in scintillation detectors such as DAMA, but is rejected in
nuclear recoil experiments like CDMS and XENON. In the other two cases, instead, the
signal consists of a scattered nucleus and shows up in all direct detection experiments
searching for DM nuclear recoils. Note that quenching and channeling (see Sect. 2.3.1) is
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relevant in DAMA in the cases of WAS and WNS , while the scattered electrons in the
case of WES produce unquenched scintillation light.
The event rate in direct detection experiments is proportional to the differential cross
section do /dER, where
Er=F, — E;(, (5.11)

is the energy deposited by the WIMP in the detector. The DAMA annual modulation
signal is observed at Fr ~ 3 keVee. Also for other direct detection experiments typical
values are in the few to tens of keVee range. Just from kinematics the cross section is
proportional to

do
dER

where G is defined in Eq. (5.1) and m. (my) is the electron (nucleus) mass. This sup-
presses the WES induced event rate by a factor m./my with respect to WAS and WNS.

In order for WES to deposit ~ keV energy in the detector, the electron that a WIMP
scatters off has to have quite a high momentum. Indeed, the maximal detectable energy
from DM scattering on electrons at rest is 2m,v?, with typical DM velocities of v ~ 10 3¢.
Hence, the maximal detectable energy is of order eV, far too low to be relevant for the
DAMA signal at few keV. Therefore, one has to explore the scattering off bound electrons
with non-negligible momentum [193]. In this case, the energy transfer to the detector is
Egr ~ O(pv), and an electron momentum p ~ MeV is required to obtain Fr ~ keV. Since
electrons are bound in the atom, there is a nonzero but small probability that it carries
such high momentum. The detailed calculations of Ref.[14] show that the suppression
factor from the wave function is given by the expression

x G?m, (G*my) for WES(WAS, WNS), (5.12)

dpp
(2m)3
The integral is over MeV momenta, while y,;(p) is the momentum wave function of the
shell nl with the binding energy Ep.

Similarly, ie-WAS is also suppressed by the overlap of atomic wave functions of the
initial and final states of the electron [14]:

ewas = 3 Y [/ Um/|e KX nim)|2 ~ 1071 (5.14)
nlm n/l'm/
We will show in Sect. 5.1.6 that, for the cases in which WAS is relevant, the el-WAS can
be safely neglected and only the ie-WAS should be taken into account.

Loop induced WNS does not suffer from any wave function suppression, but instead
carries a loop factor. At 1-loop the suppression is of order (cemZ/7)2, with Z being the
charge number of the nucleus. Combining this with Egs. (5.12), (5.13), (5.14), we obtain
the following rough estimate for the ratios of ie-WAS, WES and WNS induced event
rates (neglecting order-one factors but also possible different v dependences):

ewrs = V2me(Er — Ep) (21 + 1)/ IXni(p)|? ~ 1076 (5.13)

7 2
RWAS . RWES . pWNS | (oo ewps % (O‘em > ~10717:10710: 1, (5.15)
my T
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X K, N, pl,
(k=K +q),

X Ky N, pu

Figure 5.2: DM-nucleus interaction induced by a charged lepton loop and photon ex-
change at 1-loop (top) and 2-loop (bottom).

where in the last step we used my = 100 GeV and Z = 53. We conclude that whenever
a loop induced cross section is present it will dominate the rate in direct detection
experiments. This holds for 1-loop as well as 2-loop cross sections, since the latter will
be suppressed by another factor (aemZ/7)? ~ 5 x 107522 relative to 1-loop, and hence
they are still much larger than the WES contribution.

5.1.4 Loop induced interactions

We have assumed that DM is leptophilic, so that at scale A only operators connecting DM
to leptons, Eqgs. (5.1), (5.2), (5.4), are generated. However, even under this assumption,
at loop level one does induce model independently also couplings to quarks from photon
exchange between virtual leptons and the quarks. The diagrams that can arise at one
and two-loop order are shown in Fig.5.2.2 The lepton running in the loop can be either
an electron or any other charged lepton to which the DM couples.

The one loop contribution involves the integral over loop momenta of the form

/ (1434 o

2Similar diagrams with a photon replaced by a Z or a Higgs boson are power suppressed by
(k — k')?/M% y and thus negligible.

d/—i-mg " qd +my

: (5.16)
¢ —mi ' ¢ —mj

Iy
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with ¢’ = k — k' + ¢ and k, k¥’ the incoming momenta as denoted in Fig.5.2 and I’y the
Dirac structures given in Egs. (5.2), (5.4). The one loop contribution is non-zero only for
vector and tensor lepton currents, I'y = 7,,0,,. For the scalar lepton current, I'y = 1,
the loop integral vanishes, reflecting the fact that one cannot couple a scalar current to
a vector current. The DM-quark interaction is then induced at two-loops through the
diagrams shown in Fig. 5.2. In contrast for pseudo-scalar and axial vector lepton currents,
'y = v5,7.75, the diagrams vanish to all loop orders. One insertion of 5 gives either zero
or a fully anti-symmetric tensor €*?*#. Since there are only three independent momenta,
in a 2 — 2 process, two indices need to be contracted with the same momentum, yielding
Zero.

The cross section for scattering of a non-relativistic DM particle x with mass m, on
a nucleus at rest having a mass my is

do |IM|?

dEp 32rmymiv?’

(5.17)

with M the matrix element for YN — x N scattering. For the explicit calculation of the
1-loop and 2-loop cross sections for all the non vanishing cases we refer to Ref. [14]. Here
we will discuss only the case of the vector DM-lepton interaction, since is the only one
important for the subsequent discussion.

For vector type interaction between leptons and DM, £, = G(xI'kx)(fciv,0), with
ry = (c%‘, + ¢}75)7", the matrix element for xN — x N scattering, generated through
the one loop diagram of Fig. 5.2, is

M = P () (@ ) (N S Qi(@vua) IN (0)
- (5.18)

= ¢ () (D) ZF (Ep) (#yyun) -

The sum is over the light quarks ¢; with charges Q;, F(FRr) is the nuclear form factor,
and C‘(} )(,u) is the 1-loop factor calculated in the MS scheme

200em

1
C‘(/l)(,u) = GC€/0 dxz(l — x)log [

—z(1—2)¢* + mj — iO}

e (5.19)

™

where ¢?> ~ —k? with K = \/2myER being the momentum transfer. In the calculation
we set © = A, with A ~ 10 GeV, since this corresponds roughly to the scale A, where
our effective theory is defined.

Even though in our numerical analysis we use the full 1-loop result, we give in the
following also analytic result for the cross section in the case of the vector DM-lepton
interaction, considering the “leading log” approximation, neglecting the remaining loga-
rithmic dependence on momentum transfer. For my > k one can neglect the momentum
transfer in the integral of Eq. (5.19), giving an approximate expression

Qem
CH(p) = o Gt log (mi /1), (5.20)
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which is very precise for muon and tau running in the loop. It is quite precise also for the
electron, even though m. ~ k. The reason is that there is still a hierarchy m. < u ~ A.

Expanding also in the x velocity v to first non-zero order, the differential cross section
do /dER results

i = [ow ()] 5 {(cve 4 e[+ (2= )]} P, o

where the 1-loop cross section prefactor is

doy _ mn (O‘emZG)Q. (5.22)

dEr 27mv2\ 7

In the previous formula, the parameters my and Z are the nucleus mass and charge,
respectively, while uy = my m,/(my + my) is the reduced mass of the two-particle
system. The two small parameters are the y velocity v and the velocity of the recoiled
nucleus, vy = \/2Er/my. The kinetic recoil energy of the nucleus Eg in the YN — xN
scattering, cf. Eq.5.11, has a size Er ~ keVee.

We also report the result for the total YN — x N cross section, integrated over the
recoil energy E'r. For simplicity we neglect the dependence on the nuclear form factors
and set F(ER) = 1 for this comparison, giving

m2\121 1 p2
o =0y {log <ATQZ)} §{(ci§c€/)2 + (Xl )2o? [1 + Qmig] }, (5.23)
N

where o}, is the integral of the differential cross section of Eq. (5.22)

a}V:fﬁV(O‘emZG)zngxm—S%m?( A >_4< AN )2<Z)2. (5.24)

T\ 10 GeV 10 GeV 53

The above result and the ones for the other interaction types (see Ref. [14] for the explicit
calculations) are summarized in Table 5.1, facilitating comparison with x scattering on
free electrons. In Table 5.1 we took pun ~ my ~ m,, while the scaling for other values of
nucleon and DM masses is easy to obtain from above results. In Table 5.1, we also report
the case of scalar DM where do*]l\,’5 /dERr and JJlV75 are given, respectively, by Eq. (5.22)
and Eq. (5.24) with G — G5/(2my).

5.1.5 Discussion of Lorentz structure

In Sect.5.1.3, we have estimated a strong hierarchy between the three types of signals
as RVAS « RWES « RWNS 'gee Eq. (5.15). These results imply that whenever WNS at
1-loop or 2-loop is generated, it dominates the event rate in direct detection experiments.
The Lorentz structures for which this situation applies can be read off from Table5.1.
To be specific we will use as a representative example of this class the V' ® V' coupling.
From the table we also see that there is one case — the A ® A coupling — where no yN
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scattering is induced at loop level and moreover the WIMP-electron cross section is not
additionally v and/or m./m, suppressed. Hence, we chose the A ® A coupling as our
second representative example to quantitatively discuss the case of a WES dominated
event rate. The results from these two examples can be qualitatively extrapolated to
other Lorentz structures using Table 5.1.

In the case of axial vector like DM-lepton coupling, the signal in DAMA will be dom-
inated by WES. Then, WAS is still irrelevant for DAMA, but since WES will not
contribute to the rate in CDMS and XENON, WAS might in principle lead to a signal
in those experiments. The ye — xe cross section in the A ® A case has to be very large
(corresponding to A ~ O(100 MeV)) in order to be relevant for the DAMA experiment.
For the cases in Table 5.1 where ¢? is further suppressed by small numbers, like for ex-
ample S ® P or P ® P, the scale A would have to be even lower, so that the effective
field theory description would break down.

Finally, let us mention the tensor coupling T' ® T', where the 1-loop cross section is
suppressed by m% / m?\,, while ye scattering is enhanced by a factor 12. If DM couples only
to the electron and not to y and 7 the suppression of the loop is of order m?/ m?\, ~ 10719,
and hence, WES and WNS rates can be of comparable size. However, in general one
expects also a coupling to the p and 7 leptons. To be specific, in our numerical analysis
of V@V and A ® A cases we will assume equal couplings to all three leptons. For the
tensor case the same choice would mean that WNS dominates.

5.1.6 Event rates

In this Section we provide the event rates in direct detection experiments. For WES
and WAS we assume A ® A coupling and for WNS we take V' ® V. As argued above,
the A® A and V ® V cases are representative enough to cover qualitatively all possible
Lorentz structures. Here we report the main important formulae, that have been used
for the numerical fits to DAMA, CDMS, and XENON data, while technical details and
supplementary information are given in Ref. [14]. In our numerical analysis we fix the
local DM density to the standard value p, = 0.3 GeV cm ™3 and we consider a Maxwell-
Boltzmann distribution with velocity dispersion vy = 220 km s~!.

WIMP-electron scattering

To obtain an expression for the event rate in the case of WES it is necessary to take into
account the fact that electrons are bound to the atoms. The kinematics of scattering off
bound electrons has some important differences compared to scattering off free particles.
The bound electron does not obey the free-particle dispersion relation Ef(free) = p? +m?.
Instead it has a fixed energy E. = m, — Ep, determined by the binding energy of the
atomic shell, Fp > 0, whereas its momentum p follows a distribution which is given by
the square of the Fourier transform of the bound state wave function corresponding to
that shell. Energy conservation reads in this case F, +m. — Ep = E;( + E., or

Eé:me—i—ER—EB. (525)
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After some algebra, it is possible to arrive at the following expression for Epr:

2
ER%—

omy pvcost, (5.26)

where? cos@ = kp/kp. In the derivation we used the approximation Er < m, < E, <
my and v ~ 1073, We see that to obtain detectable energies relevant for DAMA (Epg of
few keV), electron momenta of order MeV are required.

Taking into account the peculiarities of scattering on bound electrons, the count rate
for the axial vector Dirac structure, I'y = I'c = A, is (we also set cfg =c§ =1 for
simplicity) [14]:

dRWES 3 meG2 d
~ M 9Px Z \/Qme(ER — Epm) (20+1) /(2pp Dt (0)1? T(ogyin)
nl

dER ~ pdet 4mmy )3
(5.27)

where 7 is the number density of the target particles, pqet is the mass density of the
detector, and x,;(p) is the momentum wave function of the electron. The function

I(Umin) is
I(vpmin) = /dgv(vv) 0(v — Umin) , (5.28)

while the minimal velocity required to give detectable energy Ep follows from Eq. (5.26):

B
WES o TR D (5.29)

v .
P 2m,

For m, 2 10 GeV and p of order MeV the first term dominates.

The sum in Eq. (5.27) is over the atomic shells of both iodine and sodium with quan-
tum numbers nl, and Ep,, is the corresponding binding energy. The electron can only
be kicked out of its atomic shell if its binding energy is smaller than the total energy
deposited in the detector (cf. Eq. (5.25)):

Er > Epp. (5.30)

Only the shells satisfying this requirement can contribute to the event rate in Eq. (5.27).
The dominant contribution to WES in DAMA comes from the inner s-shells of iodine
because these are largest at high p [14]. Electrons from the 1s,2s,2p shells do not
contribute to the DAMA signal region of Er ~ 2 — 4 keVee since the binding energies
are too large, respectively 33.2 keV, 5.2 keV, and 4.7 keV [197]. The shell dominating
the signal in the 2-4 keVee region is the 3s shell of iodine, with a binding energy of about
1 keV. This has been overlooked in Ref.[193], while it has important consequences on
the size of the needed cross section.

3We always denote the DM momentum with k and the electron (or nucleus) momentum with p. Bold
symbols refer to 3-vectors and k = |k|, and similar for p.

81



CHAPTER 5 INDIRECT VERSUS DIRECT DARK MATTER DETECTION

WIMP-atom scattering

We now consider the case when the electron on which the DM particle scatters remains
bound and the recoil is taken up by the whole atom. We specialize to the case of axial
vector coupling, Iy = Tt = y"~5 and set cff‘ = ¢ = 1. We use non-relativistic spinors,
which is certainly justified for u} and u;,, and also for u? except, perhaps, for electrons
from the 1s shell of iodine. In this last case, relativistic corrections are of order 20%.

Let us first consider the case when the electron remains in its state, and hence the
scattering on the atom is elastic (el-WAS). Then we have s = s’ and nlm = n'l'm/.
Furthermore, we have to sum coherently over all shells and electron spins, since it is
impossible in principle to identify on which electron the WIMP has scattered. It turns
out that for the axial vector case the spin sum Y uSy*y5ué vanishes. This can be
verified by using explicit expressions for the spinors g, and follows from the fact that
the different signs due to 5 of right-handed and left-handed components of the electron
cancel each other in case of a coherent sum over spins.* The elastic scattering may be
relevant for other Lorentz structures where this cancellation does not occur. However, in
Sec.5.1.5 we have argued that the only case of practical relevance is the axial coupling,
and therefore we will not consider el-WAS further.

We are left now with the case where the electron is excited to an outer free shell
which corresponds to inelastic WIMP-atom scattering (ie-WAS). In this case the sum
over all occupied electron states nlm, over all unoccupied states n’'l'm’, and over WIMP
and electron spins has to be incoherent because one can distinguish in principle different
initial and final states, e.g. by x-ray spectroscopy. The corresponding expression for the
counting rate is [14]

dRT™AS  pmy 3p,G? 1 i(k—k)x 2 7/, ie-WAS

DB " pan 2 %n% (/U | 'K nlm) P Tl VAS) . (5.31)
with my the mass of the target nucleus. The function [ is defined in Eq. (5.28), and
the minimal velocity required to give detectable energy Egr follows from the kinematics
implied by energy conservation, Ep = E\, — E} = §Ep + mpyv3r/2, and momentum
conservation, k = k' + myvy:

ie-was _ Er(my +my) — mnoER
e my/2mn(Er — 0Ep)

7 (5.32)

where 0 /g is the difference of the binding energies of the initial and final shells: dEp =
EB,nlm - EB,n’l’m’-

4This argument will not hold if an unpaired valence electron is available so that we cannot sum over
spins. However, most chemically bound systems are formed in such a way that this does not happen.
Even in this case el-WAS would be suppressed since scattering on outer electrons is highly suppressed
by the smallness of the binding energy of these electrons compared to the transferred momentum.

82



5.1 LEPTOPHILIC DARK MATTER

Loop induced WIMP-nucleus scattering

The event rate for loop induced DM-nucleus scattering is given by [14]

dRWNS  p o [doy
R My Pdet R

In this case the minimal velocity to produce a detectable energy ER is given for WIMP-

nucleus elastic scattering by vr\]’n\fgs =/Ermpn/ 2#?\7-

We now specialize to the V ® V case. The event rate depends on the y mass and the
coupling constant of the effective operator G (we set ¢y = c{, = 1 from now on). For
easier comparison with previous works, it is useful to trade G for the total ye — ye
cross section 00 = G?m?2/m, Eq. (5.8). For the V ® V case, considering the leading log
approximation, we have

= o x (DY 2 g ()], a4
dERv Je X 18777% T ( R) Og MQ (5 3 )

to be inserted in Eq. (5.33). Furthermore, we assume (somewhat arbitrarily) equal cou-
plings to all three leptons. The logarithm in Eq. (5.34) implies then a relative contribu-
tion of e : pw: 7~ 30:7:1. Note that the rate is dominated by the contribution from
the electron in the loop assuming equal couplings at the scale A ~ 10 GeV. Therefore,
our results are conservative, in the sense that per assumption DM has to couple to the
electron.

5.1.7 Super-Kamiokande constraints

Any DM candidate, that is considered in a theoretical model, has to fulfill the constraints
on the upward through-going muons coming from water Cherenkov detectors, like Super-
Kamiokande [5], and from neutrino telescopes [6, 166, 167]. Here, we reanalyze, in the
framework of leptonically interacting DM, the bound on the muon flux coming from
the DM annihilations inside the Sun, provided by the Super-Kamiokande experiment.
We do not consider the possibility of annihilation inside the Earth, since in this case
the equilibrium between capture and annihilation rate generally depends on the specific
characteristics of the model, because of the weaker gravitational field with respect to the
Sun.

For our calculations we initially assume that the capture and annihilation processes are
in equilibrium, i.e. 74 < tn, where { is the age of the Sun. In this case, the annihilation
rate is just half the capture rate and becomes independent of the annihilation cross section
(0annv). We will later comment on the validity of the equilibrium limit for our model.
As discussed in Sect.3.1.1, the temperature effect on the capture rate can be neglected
for scattering off heavier nuclei, which dominates the capture in the case of loop induced
WNS, while it has to be considered when WES is dominant.

Since we are interested in annihilations into leptons, we consider the following four
channels: 77, veve, v,7, and v, .. Note that annihilations into electrons do not provide
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neutrinos, and muons are always stopped before decay, giving rise to neutrinos in the
MeV energy range which is below the Super-Kamiokande threshold [198]. In the case
of direct neutrino channels, the initial neutrino spectrum is simply a Dirac § function
centered at F, = m,, and we assume a flavour-blind branching ratio, i.e., BR,, =
BR,, = BR,, = 1/3. The results do not depend strongly on this assumption, since
flavours are mixed due to oscillations.? For the 77 channel, we use the initial neutrino
spectrum given in [140].

Using the SK limit on through-going muons of Eq. (3.39), an upper bound on the DM
scattering cross section as a function of m, can be obtained. In Fig.5.3 we display the
bounds obtained for the case of loop induced WIMP-nucleus scattering (upper panel) and
WIMP-electron scattering (lower panel). For the calculation of loop induced scattering
we used ¢ ~ —O(min). We show the limit for annihilations into 77 and vv (assuming
equal branchings into the 3 flavours) starting from m, 2 10 GeV, since for lower masses
a great part of the muon signal would be in the form of stopping muons and thus a more
carefully calculation should be pursued.

In the case of WNS, annihilations into neutrinos exclude the region compatible with
DAMA, while annihilations into tau leptons might be marginally consistent with it at
30. In contrast, in the case of WES the neutrino bound excludes the region indicated by
DAMA by more than 6 orders of magnitude. This implies that if DM couples to electrons
with a cross section as large as necessary to explain the DAMA results through WES |
DM annihilation into neutrinos must be very strongly suppressed.

We now wish to comment on the validity of the equilibrium assumption, between
WIMP captures and annihilations in the Sun. Let us first estimate the cut-off scale A
for the effective theory description of the DM-lepton coupling. For the two examples
of V@V and A® A couplings, the neutrino bounds are of order ¢ ~ 10743 cm? and
10738 cm?, respectively, see Fig.5.3. From Eq. (5.8) we can estimate the corresponding
cut-off scales as Ay ~ 100 GeV and A4 ~ 10 GeV, where we took coupling constants
cX to be of order O(1). In DM annihilations the four-momentum transfer squared is of
order mi. For m, ~ 10 GeV, relevant for WNS, the WIMP annihilations may then also
be described by effective field theory. Using effective interactions in Eq. (5.1) (extending
them to neutrinos), we find

G?*m m

2 2 0 2
x _ 0"y 24 3 -1 Oe¢ ( my )
=0, —= ~ 10 . (5.35
T Tc m2 cmes (10_43 cm2> 10 GeV (5.35)

In the WES case, however, the effective theory typically cannot be applied since the
momentum transfer for annihilations is above the cut-off scale. Therefore, in general
we cannot make model independent statements about (o,n,v) without specifying the

Vector:  (oannv) ~

5There is some difference of the v,,-channel due to v, regeneration effects [140, 141], which are
important for high energies. Assuming annihilations with branching ratios equal to one for each of the
three flavours we find that the muon neutrino flux at the Earth is practically the same for all three
initial flavours up to m, ~ 100 GeV. For m, = 1 TeV the ratio of the muon neutrino fluxes at Earth
is roughly 1 : 3.5 : 6.4 for annihilations into veve : VU, : VrUr.

84



5.1 LEPTOPHILIC DARK MATTER

d T
?ﬂ 2 Leptophilic DM, Vector interactions
10742 é ¢ Scattering on nuclei @ 1 loop
sihE )
208 DAMA (90%/3c)
2\ no channeling
43| el | 5 ]
10 DAMA L=
- (90%/3c7) W4&*, ,,l,
£
o
e 107%
107
1074 | |
10 102 10°
m, [GeV]
T
F Leptophilic DM, Axial vector interactions
E Scattering on bound electrons
—25 4
1 coms-11 Ge 10 0]
ENON 10 (90}
T 10°%
=
k=X
(=)
S
107%F :
] Ko -tT(@0%) | e
2 TS o eon) 1
1074 j j
10* 102 10°
m, [GeV]

Figure 5.3: DAMA allowed region at 90% and 30 C.L. in the case of 1-loop induced
WIMP-nucleus scattering (V ® V' coupling) and in the case of WIMP-electron scattering
(A ® A coupling). The allowed region is shown in terms of the WIMP-electron cross
section 0¥ = G?m? /7, with and without taking into account the channeling effect. The
bounds at 90% C.L. from CDMS-IT and XENONI10 are displayed. The dashed curves

show the 90% C.L. constraints from the Super-Kamiokande limit on neutrinos from the
Sun, by assuming annihilation into 77 or vi.

Note how neutrino bounds are much
stronger than the ones from direct detection experiments, in the case of A ® A coupling.

UV completion of the effective x¢ vertex. An order of magnitude estimate can still be
obtained from dimensional analysis as

Axial:  (Gannt) ~ 9 0P emds kgt () (5.36)
’ ann m?2 9 X100 Gev ’ '
X
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with ¢ a typical coupling constant between leptons and the dark sector.

Equilibrium of WIMP capture and annihilations is obtained if tanh?(t /74) is close
to one, see Eq. (3.8). Fig. 5.4 shows the values of (oannv) for which o /74 =1 and 5 as a
function of m,. The values of scattering cross sections o0 for V@V and A ® A Lorentz
structures were chosen to be above (but close to) the Super-Kamiokande bounds shown in
Fig. 5.3. Since tanh?z ~ 1 for 2 5, WIMP capture and annihilations are in equilibrium
in the Sun for values of (gannv) above the curve for to /74 = 5. Comparing Egs. (5.35)
and (5.36) with the ranges shown in the figure we conclude that the assumption of
equilibrium is very well justified in the cases of our interest.

In this study we have considered the hypothesis that DM has tree level couplings only
to leptons but not to quarks and within this framework we have derived the bounds on
the scattering cross sections coming from the indirect DM detection through neutrinos,
carried out by the SK experiment.

By closing the lepton legs to a loop, we obtain a coupling to the charge of the nucleus
by photon exchange. Whenever the Dirac structure of the DM-lepton coupling allows
such a diagram at 1 or 2-loop, WIMP-nucleus scattering will dominate the event rate
in direct detection experiments, since the scattering over electrons is highly suppressed
by the high momentum tail of the bound state wave function. The WIMP capture by
the Sun is also dominated by this induced coupling to nucleons and the capture rate on
electrons is negligible, cf. also Fig.3.2. Concerning the direct detection experiments, a
DM-lepton vector like coupling leads to a situation very similar to the standard WIMP
case, implying the well-known tension between the annually modulated scintillation signal
in DAMA and the bounds from CDMS and XENON. In this case, the indirect detection
in neutrinos provides limits that are competitive with the ones from direct detection
experiments, see Fig.5.3 .

If the DM-lepton coupling is axial vector like, no loop will be induced and hence
the scattering proceeds only by the interaction with electrons bound to the atoms of
the detector. This model is strongly disfavored by the indirect DM search with neu-
trinos, because the cross section required to explain the DAMA signal is ruled out by
the Super-Kamiokande constraints by many orders of magnitude, see Fig. 5.3. Moreover,
the predicted spectral shape of the modulated and/or unmodulated signal in DAMA
provides a very bad fit to the data [14].

The applicability of the neutrino bounds depends of course on the assumption that
neutrinos are produced by DM annihilations. Due to SU(2); gauge symmetry, gener-
ically one expects that DM will couple to both, charged leptons and neutrinos, which
would open the annihilation channel into vv. If for some reason DM couples only to
charged leptons, DM would generically also annihilate into 77, leading again to the neu-
trino signal. In order to evade the Super-Kamiokande constraint one has to forbid the
coupling of DM to neutrinos and to the tau lepton. Let us mention that the most generic
way to avoid coupling to neutrinos is the chiral coupling only to right-handed leptons.
Note, however, that such a chiral V + A coupling involves a vector-like coupling which
will induce DM-quark scattering via the loop diagram. In this way, the DAMA results
will be again in tension with the other direct detection experiments. Moreover, annihi-
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Figure 5.4: Contours of to /74 = 5 and ts /74 = 1. For the case of vector (axial vector)
coupling we have used a scattering cross section of 0¥ = G?m?2 /7 = 107%3(10738) cm?,
motivated by the results of the Super-Kamiokande bound. For values of (oanmv) above
the curve for to /74 = 5, WIMP capture and annihilations are in equilibrium in the Sun.

lation into charged leptons generates almost model independently also annihilation into
neutrinos from W-boson exchange at 1-loop. Thus annihilation into neutrinos is typically
suppressed by a loop factor of O(10~%) compared to annihilation into charged leptons,
that however does not compensate the gap of more than 6 orders of magnitude between
the DAMA region and the SK bounds. This consideration rules out all leptophilic DM
models with dominant direct annihilation into leptons as an explanation of DAMA.

A possible realistic way to evade the bound from annihilations would be to assume
that DM is not self-conjugate and postulate the presence of a large x — x asymmetry in
our halo, see e.g. Refs. [199, 200, 201].

In conclusion, we have shown that the hypothesis of DM-interactions only with leptons
does not provide a satisfactory solution to reconcile the DAMA annual modulation signal
with constraints from other direct detection experiments. In the scenario of vector like
coupling we recover the tension existing between DAMA and the other direct detection
experiments, while in the case of axial vector coupling the bounds from indirect detection
in neutrinos result extremely strong and hard to escape. However, even if the leptophilic
DM candidate does not represent a successful explanation of the DAMA results, it is
not ruled out as a whole. Indeed, it might still be a well motivated model to explain
the PAMELA anomaly in the cosmic ray flux. In this case, our work provides a care-
fully description of its phenomenology for both direct detection experiments and indirect
searches with neutrinos.
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5.2 Neutralino Dark Matter

In the papers of Ref. [103] it was shown that light neutralinos with a mass in the range
7 GeV S my, < 50 GeV are interesting Dark Matter candidates, with events rates
accessible by direct detection experiments. This population of light neutralinos arises in
the MSSM when the unification of gaugino masses at the GUT scale is not assumed [202],
see Sect. 5.2.1 for more details. In this supersymmetric framework the lower bound on
the neutralino mass of about 7 GeV is set by a cosmological bound on the neutralino
relic density [103]. This is at variance with the lower bound m, 2 50 GeV, which is
derived from the LEP2 lower limit on the chargino mass, within the MSSM with gaugino
mass unification at the GUT scale, cf. Sect.2.4.1.

It was proved in Refs. [57, 203] that the population of light neutralinos fitted very well
the results from the DAMA /Nal experiment [53], independently of the possible presence
of channeled events. This good agreement has been further confirmed in Ref. [58], using
the DAMA /LIBRA combined data [3].

The neutrinos produced by pair-annihilations of light neutralinos captured in the Earth
and the Sun were discussed in Ref. [204]. We reconsider that analysis, by implementing
and extending it in various distinctive features.

In the calculation of the neutrino flux we include all the main processes that occur
during the neutrino propagation, i.e. neutrino oscillations and neutrino incoherent inter-
actions with matter. The muon events are then divided in through-going and stopping
muons, using the geometry of the Super-Kamiokande detector. The last category of
events was not considered before in the literature and, actually, this turns out to be the
most promising possibility to constrain the parameter space.

In the evaluation of the signals, we take also into account the relevant particle-physics
uncertainties in hadronic quantities and astrophysics uncertainties, which affect the cap-
ture rate of relic neutralinos by the celestial bodies. These effects are discussed in details
in Sect.5.2.2 and Sect. 5.2.3.

Our results are given in Sect. 5.2.4 for the whole population of light neutralinos, while
the final analysis of Sect. 5.2.5 is focussed on the upward muon fluxes generated by those
neutralino configurations which are able to explain the annual modulation data of the
DAMA experiment [3]. In our study, we separate the case where the channeling effect is
included from the one where this effect is neglected. For definiteness, we consider only
the results from the DAMA experiment and we do not impose constraints coming from
other DM detection experiments, like CDMS and XENON.

5.2.1 Theoretical model

The supersymmetric scheme we employ in this analysis is the one described in Refs. [58,
103]. It is an effective MSSM scheme (eff MSSM) defined at the electroweak scale, with
the following independent parameters: My, My, p, tan 3, m 4, mg, m; and A. Notations
are as follows: M; and My are the U(1) and SU(2) gaugino masses (these parameters
are taken here to be positive), p is the Higgs mixing mass parameter, tan 3 the ratio of
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the two Higgs vev’s, m4 the mass of the CP-odd neutral Higgs boson, mg is a squark
soft mass common to all squarks, mj is a slepton soft mass common to all sleptons, and
A is a common dimensionless trilinear parameter for the third family, A; = A; = Amy
and Az = Amj (the trilinear parameters for the other families being set equal to zero).
In our model, no gaugino mass unification at the GUT scale is assumed. The lightest
neutralino is required to be the lightest supersymmetric particle and stable, because of
R-parity conservation.

The numerical analysis is performed by a scanning of the supersymmetric parame-
ter space, with the following ranges of the MSSM parameters: 1 < tanfg < 50,
100 GeV < |u| < 1000 GeV,5 GeV < M; < 500 GeV, 100 GeV < My < 1000 GeV,
100 GeV < mg, m; < 3000 GeV, 90 GeV < my < 1000 GeV, -3 < A < 3.

The supersymmetric parameter space is subjected to all available constraints due to
accelerator data on supersymmetric and Higgs boson searches (CERN ete™ collider
LEP2 [205] and Collider Detectors D0 and CDF at Fermilab [206]) and to other particle-
physics precision results, as reported in Sect. 2.3.3.

Also included is the cosmological constraint that the neutralino relic abundance does
not exceed the maximal allowed value for Cold Dark Matter, i.e. Qxh2 < (Qeparh®)max,
with (Qcparh?)max = 0.122, as derived at the 20 level from the results of Ref. [39]. We
recall that this cosmological upper bound implies on the neutralino mass the lower limit
of about 7 GeV [103].

For each neutralino configuration, we calculate the total neutrino flux summing, with
the appropriate branching ratios, the neutrino spectra coming from the following anni-
hilation channels: bb, 77, ¢¢, q§ and gg. The annihilation of two neutralinos can also
produce two Higgs bosons or one gauge and one Higgs boson in the final state, although
these two channels (as well as the annihilation channels into ¢ and into two gauge bosons)
are absent in our study, since we consider neutralinos with mass m, < 80 GeV.

5.2.2 WIMP-nucleon cross section: hadronic uncertainties

In Ref. [207] it is stressed that the couplings between Higgs bosons (or squarks) with
nucleons, which typically play a crucial role in the evaluation of the neutralino-nucleus
cross section, suffer of large uncertainties [208]. Actually, these couplings are conveniently
expressed in terms of three hadronic quantities: the pion-nucleon sigma term

1 -
OrN = E(mu +mgq) < N|uu + dd|N >, (5.37)
the quantity og, related to the size of the SU(3) symmetry breaking,

1 —
00 = 5 (my +ma) < N|au +dd - 255|N >, (5.38)

and the mass ratio r = 2mg/(my, + mq).
Because of a number of intrinsic theoretical and experimental problems, the determi-
nation of these hadronic quantities is rather poor. Conservatively, their ranges can be
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hadronic set orn|[MeV] oo[MeV] r
MIN 41 40 25
REF 45 30 29
MAX 73 30 25

Table 5.2: Set of values for the hadronic quantities considered in the numerical analysis.

summarized as follows (we refer to Refs. [58, 207] for details):

41 MeV < o,n < 73 MeV (5.39)
o9 = 30 + 40 MeV , (5.40)

and
r=29+7. (5.41)

In the present paper, in order to display the influence of the uncertainties due to the
hadronic quantities on the signals at neutrino detectors, we will report our results for
three different sets of values for the quantities (o ,00,7) as shown in Tab.5.2. The set
REF corresponds to the set of value referred to as reference point in Ref. [58]. The sets
MIN and MAX listed in Tab. 5.2 bracket the range of hadronic uncertainties.

In the case where the neutralino-nucleus interaction is dominated by the exchange of
Higgs bosons, it is straightforward to estimate by how much the capture rate C' is affected
by the hadronic uncertainties. Indeed, in this case the dominant term in the interaction
amplitude of the neutralino-nucleus scattering is provided by coupling between the two
CP-even Higgs bosons and the down-type quarks:

2 23 23
gd = 77 (mN+4aﬂN—|—5r (UﬂN—Jo)) , (5.42)
where my is the nucleon mass. Then:
CumiN/CREF = (94, MIN/9d, REF)? » Onmax/CrEF = (94, MAX/9d, REF) - (5.43)

Using the values of Table 5.2 for the three sets of hadronic quantities, one finds for g4:
ga, MmN = 99 MeV, g4 rer = 290 MeV, gg max = 598 MeV, respectively. We thus conclude
that, because of the hadronic uncertainties, the capture rate in the case of set MIN is
reduced by a factor ~ 9 as compared to the capture rate evaluated with the set REF,
whereas C', evaluated with set MAX, is enhanced by a factor ~ 4.

The consequences over the annihilation rate I'oxn is more involved, since the capture
rate C' enters in I'anN not only linearly but also through 74. When in the celestial body
capture and annihilation are in equilibrium (¢ 2 74), one has I'ann ~ C/2; then T'ann,
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as a function of the hadronic quantities, rescales as C' (see Eq. (5.43)); however, when
the equilibrium is not realized, the uncertainties in I'axn can be much more pronounced.
For instance, for t < 74, IanN is proportional to C?, thus the rescaling factors for I'ann
are the squares of those in Eq. (5.43).

These estimates will be confirmed by the numerical analysis displayed in the following
section.

5.2.3 Numerical evaluations

For the velocity distribution of relic neutralinos in the galactic halo we use, for definite-
ness, the standard isothermal distribution parametrized in terms of the local rotational
velocity vp (model Al in Ref.[51]). The local rotational velocity vy is set at three dif-
ferent representative values: the central value vg = 220 km s~! and two extreme values
vo = 170 km s~! and vy = 270 km s~! which bracket the vy physical range, cf. Sect.2.2.
Associated to each value of vy we take a value of pg within its physical range established
according to the procedure described in Ref. [51]. In conclusion, we will provide the nu-
merical results of our analysis for the following three sets of astrophysical parameters:
1) vo = 170 km s71, pg = 0.20 GeV cm~3; 2) vg = 220 km s~ !, pg = 0.34 GeV cm™3;
3) vg = 270 km s7 po = 0.62 GeV cm 3. Note that these values of po correspond to
the case of maximal amount of non halo components to DM in the galaxy [51].

It is however to be recalled that the actual distribution function could deviate sizably
from the isothermal one [51] or even depend on non-thermalized effects [209]. Also the
possible presence of a thick disk of DM could play a relevant role in the capture of DM
by celestial bodies [210].

The density of neutralinos p, can be assumed equal to the local value of the total DM
density pg, when the neutralino relic abundance (©,/?) turns out to be at the level of a
minimal (Qcparh?)min consistent with pg. On the contrary, when (QXhQ) is smaller than
(Qep Mhz)mm, the value to be assigned to p, has to be appropriately reduced. Thus we
evaluate Q,h? and we determine p, by adopting a standard rescaling procedure [9]:

Px = P, when  Qh% > (Qcparh?)min

_ Qxh2
Px PO (QCDMhz)min

when  Q,h% < (Qcparh?)mi (5:44)
) X CDM )mln

Here (Qcparh?)min is set to the value 0.098, as derived at 20 level from the results of
Ref. [39].

It is worth noticing that the neutralino density p,, evaluated according to Eq. (5.44),
enters not only in the capture rate C' but also in parameter 74 (through C'). Therefore
the use of a correct value for p, (rescaled according to Eq. (5.44), when necessary) is im-
portant also in determining whether or not the equilibrium is already set in a macroscopic
body.

Explicit calculations over the whole parameter space show that, whereas for the Earth
the equilibrium condition depends sensitively on the values of the model parameters, in
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the case of the Sun equilibrium between capture and annihilation is typically reached
for the whole range of m,, due to the much more efficient capture rate implied by the
stronger gravitational field [131, 132].

The left panel of Fig.5.5 shows the scatter plots for the ratios of the capture rates
CFarth /oBatth (where i = set MIN, set MAX). One sees that, as anticipated in the
previous section, the numerical values accumulate (most significantly for light masses),
around the numerical factors shown in Eq. (5.43).

The scatter plots for the ratios FE%&}?Z-/FE%&}?REF (where ¢ = set MIN, set MAX)
are displayed in the right panel of Fig.5.5. As expected and discussed before, these
numerical values are much larger than those of Eq. (5.43), since many supersymmetric
configurations are not able to provide a capture-annihilation equilibrium inside the Earth.

The dependence of the annihilation rate for the Sun, Fi‘ﬁN on the hadronic uncertain-
ties is shown in Fig. 5.6. Since the capture-annihilation equilibrium is realized in the Sun

for all supersymmetric configurations of our model, one has here that Fi‘f\?Nd / Fi‘f\?N’REF =

CPm /CRigk, which implies that FASAlll\?N,MAX/ F%\?N,REF S 4and F?\lll\?N,MIN/ P%l\rIIN,REF 2 1/9.

This is at variance with the case of the Earth which we have commented before.
Moreover, one notices from Fig. 5.6 that for many supersymmetric configurations Fi‘ﬁ\]

depends very slightly (or negligibly) on the variations in the hadronic quantities. This

is due to the fact that on many instances the capture of neutralinos from the Sun is

dominated by spin-dependent cross-sections, due to squarks exchange.

5.2.4 Fluxes from the Earth and the Sun

For the case of neutralino annihilations in the Earth, we fix the angular opening to
—1.0 < cosf, < —0.9, while, for the Sun, we divide the upward muons in stopping and
through-going, using the Super-Kamiokande effective area averaged over the zenith angle.
For simplicity, we neglect the v, regeneration effect, since it provides only a negligible
correction for the WIMPs mass range of our interest: m, < 80 GeV.

The upper panel of Fig.5.7 displays the scatter plots for the expected muon flux
integrated over the muon energy for £, > 1.6 GeV for the upward through-going muons.
The three columns refer to the evaluation of the fluxes using in turn the three different
set of hadronic quantities defined in Sect. 5.2.2.

The various peaks for m, < 40 GeV are due to resonant capture of neutralinos on
oxygen, magnesium and silicon; indeed, these elements are almost as abundant in Earth
as iron, which is the most relevant target nucleus for the capture of neutralinos of higher
mass. The dip at m, ~ 45 GeV is a consequence of a depletion of the neutralino local
density, implied by the rescaling recipe of Eq.(5.44) and a resonant effect in the (Z-
exchange) neutralino pair annihilation when m, < mz/2 (note that the neutralino relic
abundance is inversely proportional to the neutralino pair-annihilation).

The fact that the muon signal for light neutralinos (m, < 25-30 GeV) is lower than the
one at higher masses can be understood by considerations on the neutralino annihilation
channels. Indeed, for light masses the branching ratio of the annihilation process into
the 77 final state, which is the one with the highest neutrino yield per annihilation, is
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Figure 5.5: Ratios of capture rates (left panel) and annihilation rates (right panel), in
the case of the Earth, calculated for the hadronic sets MIN and MAX with respect to the
hadronic set REF. The local rotational velocity is set to its central value: vy = 220 km s
(po = 0.34 GeV cm™3).
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Figure 5.6: Ratios of annihilation rates, in the case of the Sun, calculated for the
hadronic sets MIN and MAX with respect to the hadronic set REF. The local rotational
velocity is set to its central value: vy = 220 km s™1 (pp = 0.34 GeV cm™3).
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suppressed. This last property being in turn due to the fact that, for these masses, the
final state in bb in the annihilation cross section has to be the dominant one in order to
keep the neutralino relic abundance below its cosmological upper bound [103]. Moreover,
lower m, masses imply softer neutrino spectra, which entail fewer muons above threshold.

The comparison of the fluxes in the three columns shows how relevant can be the role of
the size of the hadronic quantities on the final outputs. The suppression (enhancement)
of the flux in the case of the set MIN (MAX) as compared to the flux for the set REF are
set by the numerical factors previously discussed for I‘Eaﬁﬁh. This entails that, whereas
the overall muon flux is completely below the present experimental bound in the case
of the minimal set of the hadronic quantities, some part of the spectrum would emerge
sizably above the limit for neutralino masses m,, 2 50 GeV for the other sets. In the case
of set MAX, the neutralino configurations with masses m, ~ 15 GeV or m, ~ 25-30 GeV
would produce a neutrino signal higher than the SK experimental bound.

Since also the dependence of the muon signals on the astrophysical parameters vy and
po is important, in the lower panel of Fig. 5.7 we display the through-going fluxes for the
three representative values of vy and pg which we discussed in Sect.5.2.3. The overall
increase in the fluxes in moving from left to right is essentially due to the increase in the
value of the local DM density. In these scatter plots the hadronic quantities are set to
the value REF.

The fluxes for upward stopping-muons from the Earth are given in Fig. 5.8. The scheme
of this figure is the same as the one of the previous Fig. 5.7: the dependence of the fluxes
on the hadronic quantities can be read in the upper panel, the one on the astrophysical
parameters is displayed in the lower panel.

Because of the uncertainties affecting the evaluations of the muon fluxes, mainly due
to the hadronic quantities, we cannot convert these results in terms of absolute con-
straints on supersymmetric configurations. However, we can conclude that the analysis
of stopping muons from the Earth can have an interesting discovery potential not only
for masses above 50 GeV, but also for light neutralinos with m, ~ 15 GeV or m, ~ 25-
30 GeV. Notice however that the neutralino configurations which provide the highest
values of the muon fluxes, mainly at m, ~ 50-70 GeV, are actually disfavored by mea-
surements of WIMP direct detection [211] which have their maximal sensitivity in this
mass range.

The fluxes of upward through-going muons and of stopping muons from the Sun are
provided in Fig.5.9 and in Fig.5.10, respectively: the dependence of the fluxes on the
hadronic quantities can be read in the upper panels of Fig. 5.9 and Fig. 5.10, the one on
the astrophysical parameters is displayed in the lower panels of the same figures.

From these results one notices that through-going muons can only be relevant for
neutralinos with masses m, 2 50 GeV or m, ~ 35-40 GeV, whereas stopping muons can
potentially provide information also on some supersymmetric configurations with masses
down to m, ~ 7 GeV, in the favourable cases of high values of the hadronic quantities
and of the astrophysical parameters.
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Figure 5.7: Upward through-going muon flux, generated by light neutralino pair-
annihilation inside the Earth. The upper panel shows the dependence of the muon flux on
the hadronic quantities, for fixed values of the astrophysical parameters: vy = 220 km s~!
and pg = 0.34 GeV cm~3. The lower panel shows the dependence of the muon flux on
the local rotational velocity vy and the total DM density pg, for the hadronic set REF.
The horizontal line represents the experimental limit on through-going muons from the
Earth obtained using the SK data, see Eq. (3.41).

95



CHAPTER 5 INDIRECT VERSUS DIRECT DARK MATTER DETECTION

? 10‘12 T TT || T T T T TT T TT || T T T T TT T ||| T T T T TTT 10_12
? 10-13 hadronic set MIN hadronic set REF hadronic set MA 10-13
C\IIE 10-14 ) 10-14
S 10715 10-15
10-16 10-16
§ 10-17 10-17
_= 10-18 10-18
£y 10-19 3 3 ‘ : 10-19
%5; 10-20 Eri ; LD, S 10-20
100
/‘T\ 1012 = —r =g 10-1%
Nm 10-13 10-13
IE 10-14 10-14
L 10-15 10-15
. 10-186 10-16
& 10-17 10-17
o
_Z 10718 10-18
S 10-19 10-19
Sh 10720 10-20
" 100

m  (GeV) m, (GeV) m  (GeV)

Figure 5.8: The same as Fig. 5.7, but in the case of light neutralino pair-annihilation
inside the Earth and of upward stopping muons. In this case, the horizontal line refers to
the experimental limit on stopping muons from the Earth obtained using the SK data,
see Eq. (3.42).
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Figure 5.9: The same as Fig. 5.7, but in the case of light neutralino pair-annihilation
inside the Sun. In this case, the horizontal line refers to the experimental limit on
through-going muons from the Sun obtained using the SK data, see Eq. (3.39).
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Figure 5.10: The same as Fig. 5.7, but in the case of upward stopping muons. In this
case, the horizontal line refers to the experimental limit on stopping muons from the Sun
obtained using the SK data, see Eq. (3.40).
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5.2.5 Fluxes of stopping muons for configurations compatible with the
DAMA results

Now we give the expected upward muon fluxes from the Earth and the Sun which would
be produced by neutralino configurations which fit the annual modulation data of the
DAMA experiment [3]. As before, for definiteness the analysis is performed in the frame-
work of the isothermal sphere. The selection of the supersymmetric configurations is per-
formed on the basis of the analysis carried out in Ref. [58]: for any set of astrophysical
parameters and hadronic quantities, from the whole neutralino population are extracted
the configurations which fit the experimental annual modulation data, and the relevant
muon fluxes are evaluated. As for the yearly modulation data, we consider both outputs
of the experimental analysis of the DAMA Collaboration: those where the channelling
effect [68] is included as well as those where this effect is neglected. We recall that
the way by which the channeling effect has to be taken into account in the analysis is
still under study; thus the actual physical outputs in the analysis of the experimental
data in terms of specific DM candidates could stay mid-way, between the case defined as
channeling and the no-channeling one, respectively.

We only report the results for stopping muons, since, as we have seen above, this is the
category of events which can provide the most sizable signals. The fluxes are calculated
varying the hadronic quantities inside their allowed ranges. Fig.5.11 displays the fluxes
for the upward stopping muons expected from the Earth in case of no-channeling (upper
panel) and in the case of channeling (lower panel). The corresponding fluxes from the
Sun are shown in Fig.5.12.

We note that depending on the role of channeling in the extraction of the physical
supersymmetric configurations, the stopping muon fluxes can have a discovery potential
with an interesting complementarity between the signals from the two celestial bodies:
whereas the flux from the Earth cannot give insights into neutralino masses below about
15 GeV, the flux from the Sun would potentially be able to measure effects down to
my ~ 7 GeV.

It is worth remarking that under favourable conditions provided by the actual values of
the involved parameters, a combination of the annual modulation data and of measure-
ments at neutrino detectors could help in pinning down the features of the DM particle
and in restraining the ranges of the many quantities (of astrophysical and particle-physics
origins) which enter in the evaluations and still suffer from large uncertainties. In gen-
eral, we can affirm that, if the channeling effect is absent, light neutralinos might have
better possibility to be discovered through measurements of stopping muons.

We stress once more that the present analysis, for definiteness, was performed only in
the standard case of a halo DM distribution function given by an isothermal sphere. Use
of different halo distributions, such as those described in Ref. [51], could modify the role
of specific supersymmetric configurations.

We wish here to recall that indirect signals of light neutralinos could also be provided
by future measurements of cosmic antideuterons in space [212] with forthcoming airborne
experiments [87, 88]. Finally, investigations at the Large Hadron Collider will hopefully
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provide a crucial test bench for the very existence of these light supersymmetric stable
particles [213].
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Figure 5.11: Upward stopping muon flux, generated by light neutralino pair-
annihilation inside the Earth. The configurations displayed are only the ones compatible
with the DAMA annual modulation region, obtained without including the channeling
effect (upper panel) and including the channeling effect (lower panel). The three columns
show the results for the different sets of astrophysical parameters, defined in Sect. 5.2.3.
The horizontal line represents the experimental limit on stopping muons from the Earth

obtained using the SK data, see Eq. (3.42).
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Figure 5.12: The same as Fig.5.11, but in the case of light neutralino pair-annihilation

inside the Sun.
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stopping muons from the Sun obtained using the SK data, see Eq. (3.40).
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Summary and conclusions

A long time has passed since F. Zwicky in 1933 proposed for the first time the Dark
Matter hypothesis. Several different and complementary experiments, carried out in the
past decades, have confirmed the presence of an unknown form of matter at the level
of galaxies and clusters. The most precise determination of its abundance is provided
by the analysis of the Cosmic Microwave Background: roughly 84% of the mass of the
Universe is in the form of a non-luminous unknown matter.

After compelling evidences from astrophysical and cosmological experiments, the Dark
Matter concept is now commonly accepted by the whole physics community. However,
despite these strong experimental hints, we know very little about the nature of the parti-
cle (or the particles) that constitute the Dark Matter. To overcome this poor knowledge,
different types of experimental searches are necessary. A review on our current under-
standing of the Universe, on the Dark Matter detection methods and on the different
Dark Matter candidates has been given in Chapter 2.

In this work, we have focused on a particular class of indirect Dark Matter detection
methods: the search for neutrinos coming from Dark Matter annihilations. We have
extensively explained in Chapter3 how to calculate the neutrino flux in the case of
annihilation inside celestial bodies or near the galactic center.

If the Dark Matter particles annihilate directly into neutrinos, the energy spectrum
of the neutrinos will consist of a line centered at energy E, ~ m,. This peculiar sig-
nal could certainly be distinguished from the background of atmospheric neutrinos. In
Chapter 4, we have systematically investigated the different annihilation cross sections
into neutrinos, identifying all the cases in which a non-negligible branching ratio might
be present. With our analysis, we shed light on the main characteristics and criteria that
have to be fullfilled to obtain a sizable neutrino production. The explicit behaviour of
the annihilation cross section has also been shown for specific examples.

Most of the different theoretical models that arise from extentions of the Standard
Model of particle physics contain a viable Dark Matter candidate. One possibility to
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reduce this vast set of scenarios is to combine results coming from different Dark Matter
searches. In Chapter 5, we have considered the interplay between indirect Dark Matter
detection with neutrinos and the direct Dark Matter detection. In particular, we have
focused on two different candidates: the leptophilic Dark Matter and the neutralino
Dark Matter. In the first case, we have carefully described the phenomenology of the
leptophilic Dark Matter for direct detection experiments and indirect detection with
neutrinos. We have then shown how the Super-Kamiokande bounds on neutrinos from
Dark Matter annihilations inside the Sun provide a strong constraint on the leptophilic
candidate. Indeed, the cross section required to explain the DAMA data within this
scenario is excluded by many orders of magnitude by the neutrino constraints.

In the case of neutralino Dark Matter, we have calculated the fluxes in through-
going and stopping muons, as expected at the Super-Kamiokande detector, and we have
compared them to the existing bounds. Depending on the category of events and on the
values of the various astrophysics and particle physics parameters, we have derived the
ranges of neutralino masses which could be explored at a water Cherenkov detector with
a low muon energy threshold (around 1 GeV). Moreover, we have shown how stopping
muons could be used to explore the low mass region in the allowed neutralino parameter
space. For this category of events, we have also calculated the expected fluxes for the
supersymmetric configurations selected by the DAMA annual modulation data.

We are in an important and exciting moment concerning the Dark Matter searches. A
number of experiments that use direct or indirect detection techniques are now running
and taking data, while others are under construction. Most notably, we should remember
that new future results are expected from the Super-Kamiokande detector and that
the IceCube neutrino telescope at the South Pole will soon be completed. Of strong
importance for the analysis of the neutrino flux from the galactic center is the planned
KM3Net neutrino telescope. Furthermore, the LHC collider experiment is expected to
provide important information on the nature of Dark Matter, since most of the existing
theoretical framework predicts particles with masses accessible to the energies that LHC
will reach. Future LHC data will also be fundamental to constrain the existing models
of New Physics and their Dark Matter candidates. Finally, we want to stress that
the important task of identifying the nature of Dark Matter will require a joint effort
between the astrophysics and the particle physics community, both on the theoretical
and on the experimental side. Only with combined analyses that consider data form
different experiments, we will be able to shed light on what has remained a mystery for
about eighty years.
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Neutrino interactions inside the Sun

In this Appendix, we report the explicit expressions for the neutral current and charged
current terms, which appear in the evolution of the neutrino density matrix, see Eq. (3.14).
We do not discuss the oscillatory term, since it has already been written explicitly in
Eq. (3.15).

A.1 Neutral current interaction

The neutral current contribution to the density matrix equation is given by the sum of two
terms that describe, respectively, the processes of neutrino energy loss and reinjection:

d ar
L) o —/ dE'—2C (B, E') p(E) +
/ dE’dFNC E)p(E'), (A.1)
where I' y¢ is defined as
Pe(E, B') = diag (Mye(B, B'), Tyo (B, B, Tha (B, EY) (A.2)
with
Ty (B, E') = Ny(r) o(up — 1| X) + Nu(r) o(vn — v} X). (A.3)

Since the neutral current cross sections are identical for the different flavours, the matrix
I'nc(E, E') is proportional to the unit matrix. The functions N, and N, represent
the proton and neutron number densities of the medium in which the neutrinos are
propagating. In the upper panel of Fig. A.1, we report the electron and neutron number
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density as predicted by the Standard Solar Model of Ref. [214]. As a comparison, we also
show the prediction of the approximate exponential density profile [215]:

Ne
A

=245 exp(—10.54 ) em ™2, (A.4)

with N, being the electron number density (N, = N, for the Sun). The chemical com-
position of the ratio N,/N,, varies from a value of ~ 7 in the outer region of the Sun to
N, /Ny, ~ 2 in the central region, as displayed in the lower panel of Fig. A.1.
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Figure A.1: Upper panel: neutron and electron number density inside the Sun, as
predicted by the Standard Solar Model. We report also the exponential approximation
of Eq. (A.4). Lower panel: ratio N,/N,, as a function of the radius of the Sun.
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A.2 Charged current interaction

For the charged current interaction contributions, we have to consider both the equa-
tions for the neutrino and antineutrino density matrix, since they are coupled by the
regeneration processes due to tau decays after charged current interactions. Indeed, an
initial v, or 7, with energy E™ that undergoes charged current scatterings on nucleons
can produce secondary neutrinos through the following decay chains:

X + v, X + 7,
Vp =T —<{ e + U + s v, —1t =< et + v, + v,
W+ Uy + s pt 4+ v, + oy

The equations for the charged current terms read

d r ) " dEin in in in
| _ _{Lcop} | / [T o (B™) TE(B™) fror (B™, B) +
dr cC 2 E P

+ He:u ﬁTT(Ein) fE’C(Ein) ffﬂe,u(Em, E)] )
dp _ {f007ﬁ} i dEin H = Ein fT Ein Ein E
JCC__T + p  ED [ 7 prr(E) o (E™) fror(E™ E) +

+ ey pre(B™) TEo(E™) froen(E™ E)]

where II; is a diagonal matrix that projects onto the flavour v, e.g. Il. = diag(1,0,0).
The matrix I'cco is defined as

Loc(E) = diag (Toc(E), T (E), Foo(E)) (A.5)
and each component is given by:
TLo(E) = Ny(r) o(vp — 1X) + Ny(r) o(yn — 1X) . (A.6)

For antineutrinos, the function flCC(E) is defined analogously to the above expression
with the replacement of the neutrino cross sections by the ones of antineutrino. In
Fig. A.2, we report the energy distribution function f(E™, E) of the secondary neutrinos
produced by v, and r, charged current scatterings on protons. The functions for the
scatterings on neutrons are nearly the same.
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Figure A.2: Energy distributions of secondary neutrinos, generated by the decays of T
or 7, which are produced by v, or v, charged current scatterings on protons. We show
the range of variability in case the initial neutrino energy E™ changes from 50 GeV to

500 GeV.
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Neutrino cross sections

In this Appendix, we report the neutrino cross sections that have been used in the
calculation of the neutrino spectra coming from Dark Matter annihilations as well as the
corresponding muon flux. In Sect. B.1, we discuss the neutral current interactions, while
in Sect. B.2 the charged current interactions are treated.

B.1 Neutral current cross sections

Throughout our analyses we have studied neutrinos and antineutrinos of energies of the
order of GeV-TeV. In this range, the interaction with protons and neutrons is essentially
dominated by deep inelastic scatterings.

As a good approximation, we can consider v and d as valence quarks, and @ and d as
sea quarks. The differential cross section for the neutral current process vp — /X can
be obtained by summing the differential cross sections for the parton processes, weighted
by the quark distributions:

do 2m G2 72
)2 S [ 1 )
q:{u,d}

@y (9B + Zrod,)| (B.1)
with: ,
<q>:/0 drzq(z),

where z is the fraction of the total momentum of the nucleon carried by the quark ¢ and
the function ¢(z) is the probability that the quark ¢ has a fraction of the total momentum
equal to x. We have indicated by F the initial energy of the neutrino, while £’ stands
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for the final one. The coefficients gy, and gg arise from the couplings between the quarks

and the Z-boson:

where 0y is the Weinberg angle:

2 .

9Ru = —3 sin® Oy
1,

9rd = 3 sin Ow ,

sin? Oy = 0.237 + 0.006 .

In the case of antineutrinos the cross section is given by:

do
dE'

2mpF Z

q={u,d}

(vp — V' X) =

If we substitute m,,, (q>p and ((j>p by, respectively, m,, (q),, and (q),,

El2
E2 qu

[<Q> (gRq +

_ 2
+ (@), (g%q + %zg?-zqﬂ :

)+

(B.2)

, we will obtain the

cross section for the scattering on neutrons. The values that we have used in our work

are:

0.25,
0.15,
0.04,
0.06..

(B.
(B.
(B.
(B.

We finally want to add that the expressions of the cross sections that we have reported
in this Section are valid for energies E, < M%/(2m,) ~ 3600 GeV, with Mz being the

mass of the Z-boson.

B.2 Charged current cross sections

In the case of charged current interaction, the intermediate boson that is exchanged
between neutrinos and partons inside the proton is a W-boson. In this case, neutrinos
and antineutrinos do not interact with all of the quarks, since the charge has to be
conserved at each vertex of a Feynman diagram. The parton cross sections are given by

the following expressions:

dé o, - - G%3

i —(d — lu) = dy( d —lu) p

de, _ - do G%3 9
d—y(ylu —ld) = i —(u — Id) = T(l =)
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After integrating over y, with 0 < y < 1, we obtain the following total cross sections:

2 ~
6(yd — lu) = 6(d— lu) = G;:S , (B.9)
2 N
G —1d) = 6va—1d) = éG;:S , (B.10)

where § = sx is the square of the total energy of the partonic process in the center-of-
mass frame, while s is the one of the (anti)neutrino-nucleon process. Integrating over z,
we can arrive at the final expressions for the cross sections:

1 —
ol — 1X) = /O dz [dy(z) 6(md — lu) + Gp(z) 6(na — 1d)]

G2
= o(yp — 1X) = ZF®

[<d>p + % <a>p] , (B.A1)

_ 1 — — — —
o(op — IX) = /D dz [dy(x) 6(nd — Ta) + up(e) 6(ma — Id)]

G%s

— o(gp — 1X) = -

1

[@p +3 <u>p} : (B.12)
Analogous expressions can be obtained for the scattering cross sections on neutrons.

The equations reported above refer to charged current conversions of a neutrino or
antineutrino into an electron or a muon. The cross sections for the conversion into a
tau lepton are slightly different than the ones derived before. Indeed, since we study
neutrinos with energies of the order of m,, this will affect the range of variability of the
Bjorken variables x and y. We implemented this correction following Ref. [216]. The
behaviour of the charged current cross sections is reported in Fig. B.1.

The expressions of the cross sections that we have reported in this Section are valid up
to energies B, < M3,/(2m,) ~ 3600 GeV, with My being the mass of the W-boson.

Energy-differential charged current cross section

The energy-differential cross section for deep-inelastic scattering is given by

do 1 do
- B.1
dE, E,dy’ (B.13)

where y = 1 — E,/E,. Using Eq. (B.7) and Eq. (B.8), the explicit expressions for the
energy-differential cross sections of neutrino and antineutrino scatterings off a proton
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Figure B.1: Cross sections for the charged current interactions of v and v on a nucleon
N. Left panel: cross sections for v, , and 7, ,. Right panel: cross sections for v, and ;.
The effect of the 7 mass is well visible at low energies.

are:

do 2 m, G%

~ B.14
dE,, T (B.14)

o+ @y (22)

E 2
0.540.1 <E“> ] 1072 em? GeV!,

v

12

2 my, G%

~ B.15
dE,, T (B.15)

@ty (22)

12

E 2
0.2+0.8 (E’> ] 10738 ¢cm? GeVL.

v

Analogous equations can be derived for scattering off a neutron.
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Annihilation cross sections

The differential annihilation cross section of two DM particles y into two neutrinos is
given by [217]
doann 1 10—
v =— - ]
dcosf* 167 s
where v is the relative velocity between the two DM particles and 6* is the scattering
angle in the center-of-mass frame. In the previous formula we have neglected the neutrino
mass and we have denoted by | M|? the spin-averaged matrix element:

: (C.1)

2 _ 1 2
P = o717 2 M (€2
where Spy is the spin of the DM particle.

Since we do not focus on a particular model, our results are general and can be ap-
plied to the calculation of the annihilation cross section into neutrinos for a specific DM
candidate. Moreover, from our expressions it is easy to see which are the channels and
the possible cases that could lead to a sizable DM branching ratio into neutrinos. For
simplicity, throughout our analysis we consider only the Standard Model as gauge group.
For the numerical calculation we use the FeynCalc package [218].

C.1 Scalar Dark Matter

For a scalar DM, the neutrino production can occur through a scalar and a Z-boson ex-
change in an s-channel diagram and through a fermion exchange in a t-channel diagram.
In case the neutrinos are Majorana particles, also a u-channel diagram is present.
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Scalar mediator, s-channel

Indicating the coupling of the scalar mediator to the DM with D and the coupling to Dirac
neutrinos with Ny, P+ NgPg, with the projection operators defined as Pr, g = (1F75)/2,
the total annihilation cross section can be written as

27 o INL + [Nl 2
ann 5y Pss = —|D 2—4n - 2 O 4 C.3
o U(X7¢78) 87T| ’ (4mi_mé)2 (4m§_mi)v + (U)7 ( )

where mgy is the scalar mediator mass and n = 0,1 for Dirac and Majorana neutrinos,
respectively. In case of Majorana neutrinos, a factor 1/2 is present to avoid double
counting of identical particles in the final state and a factor 4 arises from the Feynman
rule for the effective vertex, since the Majorana neutrinos are self-conjugate particles.
Note that, for simplicity, we use the same form of the Yukawa couplings for Dirac and
Majorana neutrinos. We want to stress that, in general, this is not the case, since
Dirac and Majorana neutrinos usually couple to scalar mediators with different SU(2)r,
representations, see Table4.1.

Z-boson mediator, s-channel

Indicating the coupling of the Z-boson to the DM generically as D(k; — ko)*, with k;
and ko being the DM four momenta, and the coupling to the neutrinos with Np~v*Pr,
the total annihilation cross section can be written as

1, N2

2,2 4
— D= 4
oD 2 = m2)? myv” + O(v"), (C.4)

Oann¥ (Xs§ Z; 3) =

with D and Ny, being real numbers. In this case the annihilation cross section is propor-
tional to the DM velocity, as we would naively expect from angular momentum conserva-
tion. If the neutrinos are Majorana particles, the annihilation cross section is equivalent
to the one given in Eq. (C.4). Indeed, it is well known that weak interactions mediated
by the Z-boson do not distinguish between Dirac and Majorana neutrinos [219].

Fermionic mediator, t&u-channels

Indicating the coupling of the DM particle to the fermionic mediator and the neutrino
with F,Pr, + FrPgr at one vertex, and with G P, + GrPgr at the other vertex, the total
annihilation cross section is given by

L |FL?GLl + | FrP|G R ? mg,
Oann¥ (Xs;¢f;t) 87 (m2 +m2)2 m%_—Zmivz +
X ¢ <m§+m?¢)
1 |Fr|?|GL|? + |FL|?|GR|?
7| R‘ | L| +| L|2‘ R| m2v2+0(v4) 7 (0'5)
A8T 2 L2 X
(mx+m¢)
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where myg is the fermionic mediator mass. Notice that, in general, G, = F and Gg = F}
for a Dirac mediator, while also G, = F1, and Gr = Fr are allowed for a Majorana
mediator. In the first case a pair of v is produced, while in the second case vv (or
vv) are produced. If the DM particle is a real scalar, also a u channel is present. The
corresponding cross section is equivalent to the one in Eq. (C.5).

In the case of Majorana neutrinos both, the ¢-channel and the u-channel diagram,
must be considered and added together with a relative minus sign. The annihilation
cross section is hence modified to

2 2 2
1 |FL2|GL + |Frl?|GR|? m? (3m3 +m?)
UannU(X5;¢f;t&U) —_ 47-(’ L’ ‘ L’ ‘ QR‘g R’ mi_ . 5 mi,UQ 4
2 2
1 ’FRGL—FLGR’2
2
48 (mi+m§))

min +0 (v*) . (C.6)

C.2 Fermionic Dark Matter

For a fermionic DM, the neutrino production can occur through a Z-boson exchange
in an s-channel diagram and through a scalar exchange in an s-channel or a ¢-channel
diagram. In case the DM or the neutrinos are Majorana particles, also a wu-channel
diagram is present.

Scalar mediator, s-channel

Indicating the coupling of the Dirac DM particle to the scalar mediator with Dy Pr, +
DgrPgr and the one of the Dirac neutrinos with Ny P, + NrPg, the total annihilation
cross section can be written as

27" |NL|* + |Ng/?

Tann¥ (X[ @s; ) g AT X
167 (4m3 —mj)?
2 9 m?b 2 2. 2 2
L™ (DLD% + c.c.)m2o? | + O(wd) (C.7)
8(4mi—m%¢) LDk + cc.)miv v*). )

where my is the scalar mediator mass, n=0 (n=1) for Dirac (Majorana) neutrinos and
m=0 (m=1) for Dirac (Majorana) DM. The factor 1/2 is present to avoid double counting
of identical particles in the final state, while the factors 4 come from the Feynman rules
for the effective vertex. For simplicity, we have used the same Yukawa couplings for Dirac
and Majorana neutrinos. However, they generally couple to different scalar particles, see
Table 4.2.
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Note, that in case the DM couples to the scalar mediator through a scalar coupling
(i.e. Dr = Dpg), the cross section will be proportional to the DM velocity v. This is
a consequence of parity conservation: a fermion-antifermion pair has a parity of (—1)
and can therefore, in an s-wave configuration, only couple to a pseudoscalar particle (i.e.
Dy = —Dg).

Z-boson mediator, s-channel

Indicating the coupling of the DM particle to the Z-boson with v*(Dy, P, + DrPgr) and
the one of the neutrino with Np~v* P, the total annihilation cross section can be written
as

1 N?

— 0 X
87 (4m? — m?)?

Oann¥ (X?: Z; S)

(m% + 2m3)

D2 D2 2,2
3(4m§—m2z)( L+ DR)myv

X ((DL—FDR)Zmi—

m2
- (4m§—Xm2Z)(DLDR) mi02> +O(vh). (C.8)

with Dy, Dgr and Ny being real numbers. The cross section for Majorana neutrinos
is equivalent to Eq.(C.8), since, as we have mentioned before, the weak interactions
mediated by the Z-boson do not distinguish between Dirac and Majorana neutrinos [219].

If the DM particle is a Majorana fermion, the cross section reported above is drastically
modified. Indeed, in an s-wave annihilation, the fermions in the initial state are forced to
have opposite spins by the Pauli exclusion principle. As a consequence, since the Z-boson
has a spin of one, we expect that the first non zero contribution to the annihilation cross
section for Majorana DM is given by the p-wave term. Indeed, we find:

1 N[2/ (D _D222 O 4 .9
2 L R)mxv+ ('U), ()

M
nn 727 = TaH_
Tann® (Xf3 Z38) = 15077 m?2 —m3)

where the same expression holds if the DM and the neutrinos are both Majorana particles.

Scalar mediator, t&u-channels

Indicating the coupling of the DM particle to the fermionic mediator and to the neutrino
at one vertex with F1 P, + FrPgr and at the other one with G P;, + GrPr, the total
annihilation cross section is given by

1 (|F” + |FrI))(IGLI* + |GR|?
G (X1 s 1) L (E L+ [FRF)GLF +[GRI) |

327 (m2 —i—mé)2
(m? — 3m2m?2 —m?)
2 ¢ X" X/ 2,2 4
X (mx + 3(n2 + mé)Q myv” | +0(0%), (C.10)
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where my is the fermionic mediator mass. Note that, in general, G, = F, and Gg = F}
or G, = Fr, and Gr = Fg. In the first case a pair of vv is produced, while in the second
case vv (or v) are produced.

A t-channel and a w-channel diagram must be considered in the case of Majorana
neutrinos and /or Majorana DM. The expression for the annihilation cross section is thus
modified to

1 1 9
Tamn (X f; ¢s; tdeu) = @mex““_
X
1 1

_ 2,2 4 11
1927 (m2 + m2)1" X" < Brol) ey

The functions A and B are given by the following expressions in the case of Majorana
neutrinos:

A, = |FL|2’GL|2+|FR’2|GR|2+|FLGR*FRGL|2, (C.12)
B, = (IFLPIGL® + [FrP’|GrI?) (m) + 4mimg — 3mg) +
+ (IFLPIGRP + |FrPPIGLI) (mg — 3mim§ — my) —
— 2(FFRGLGR+ c.c) (3md +2m3)m? . (C.13)

In the case of Majorana DM, the corresponding expressions for A and B are given by

Ay = 2|FLP|GLP + 2| Frl’|Grl?, (C.14)
By = 2(|FLPGL + [Frl*|GR[*) (3m} — 4mZm? — mY) +
+ A(FLP|Gr* + |FrI?|GLI?) (mf +m3). (C.15)

Notice that, for Majorana DM, terms proportional to F1.Gr or FrG are not present
in the s-wave. Indeed, due to the Pauli principle, two Majorana particles cannot have
parallel spins if their relative angular momentum [ is zero. The only nonzero contribution
to the s-wave configuration will be present if F, # 0 and G, # 0. This situation can arise
in supersymmetric models only in the presence of a mixing between the left and right
sfermions. However, a mixing term between fL and fR is proportional to the fermion
mass. For this reason, the annihilation cross section of a neutralino pair into fermions,
through a t-channel sfermion exchange, is always proportional to the mass of the fermions
produced. This conclusion does, in general, not hold when we consider a Majorana DM
beyond a supersymmetric framework.

C.3 Vector Dark Matter

In this Section we report the annihilation cross sections for the case of vector DM, since
in specific models, for example in Extra Dimensions, new vector particles can be present,
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even without an extension of the Standard Model gauge group. The neutrino production
can then occur through a scalar exchange in an s-channel diagram and through a fermion
exchange in a f-channel diagram. In case the neutrinos are Majorana particles, also a
u-channel diagram is present.

Scalar mediator, s-channel

Indicating the coupling of the scalar mediator to the DM particles with D and the one
to the neutrinos with Ny Pr, + NgrPg, the total annihilation cross section can be written
as

27" ., N+ Ng (2m?2 +m32)
OannV (th (255, 8) 2L—R)2 47 [ 1 = X—¢

=2 2] +0("), (C.16
247" (4m2 —m? 3(4m§—m§)”>+ (09, (C.16)

with D, Nj and Np being real numbers and n = 0,1 for Dirac and Majorana neutri-
nos, respectively. As in the previous cases, we have considered for simplicity the same
couplings for Dirac and Majorana neutrinos.

Fermionic mediator, t&u-channels

Indicating the coupling of the DM particle to the fermionic mediator and to the neutrino
at one vertex with v#(Fr P, + FrPr) and at the other one with (G Pr, + GrPgr), the
total annihilation cross section is given by

1 4Am3(FEGT + FRGR) + 5m3(FRGT + F{GE) N
27 (m2 + mi)2
1 1

T B3 (m2 +m3)

OannV (Xv; ¢f§ t)

- xC+0 (v, (C.17)

with

C = 12m§ (FiG%+ FRG1) +13mS (F{G7 + FRG%) +
+ mimy (13FfG} + 13FGE + 2FfGh + 2FRG7) +
+ 2mym} (F{G] + FRGR) + 20my m3 (F{G: + FRG1) . (C.18)

Note that, in general, Gy, = F, and Gr = Fr. For Majorana neutrinos, a t-channel and
a u-channel diagram are present. The annihilation cross section is then modified to

Gam® (s b5 thet) = — (G} + GR) @ + 3mgFy) + 4m} GLGRFLER
ann Vs ) —
367 (mg< + mi)z
1 1

_'_
4327 (m2 +mZ)*

v* xD+0 (v!), (C.19)
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with

+ o+

12m$ (FFG + FRG7) + 13mS (FZGT + FRGh) +
13m2 my (FEG} + FRGR) — Amimy (F{G% + FAGT) +
2 mi mi (F?G2 + FAG%) + 16 mi mi (F2G% + FAG3) —
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