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Kurzfassung

Das Thema dieser Doktorarbeit ist die Entwicklung des DarkSPIDER Programms fiir
die Suche nach dunkler Materie (DM) mit allgemeinen Modellen sowie dessen Anwen-
dung. Nach jahrzehntelanger Suche nach supersymmetrischen Teilchen, spezieller nach
WIMPs (weakly interacting dark matter), konnten nur negative Resultate in indirek-
ten, direkten und Beschleunigerexperimenten gefunden werden. Art und Eigenschaften
der dunklen Materie bleiben ratselhaft. Im Rahmen der vorliegenden Arbeit wird ver-
sucht, moglichst viele allgemeine Modelle zu sammeln, um ein Gesamtbild des Feldes
zu erlangen. Zusammen mit Daten neuerer Experimente werden komplementéire Ein-
schriankungen berechnet, mit dem Ziel diejenigen Modelle zu finden, welche mit den
experimentellen Daten kompatibel sind. Zur Berechnung des Wechselwirkungsquer-
schnittes der Annihilation wird eine mit einfachen Modellen ergénzte effektive Feldthe-
orie verwendet. Die Einschriankungen aus indirekten Experimenten werden, ausgehend
von einer gegebenen Reliktdichte, berechnet. Koannihilation wird ebenfalls beriick-
sichtigt, um den Effekt von mehreren Teilchen im dunklen Sektor zu untersuchen.
Das Ergebnis dieser Arbeit ist der Ausschluss eines grofen Teils des Parameterraumes.
Lediglich kleine Regionen im Bereich 10 GeV und oberhalb von 10 TeV sind im Rahmen
der getesteten Modelle erlaubt.

Vorherige Arbeiten konzentrierten sich auf s-Wellen Modelle fiir DM. Die Kop-
plung der dunklen Materie an Standardmodellteilchen ist in vielen p-Wellen Modelle
unterdriickt und daher nicht fiir einen direkten Nachweis oder Beschleunigerexperi-
mente zugénglich. Der Wechselwirkungsquerschnitt von p-Wellen DM-Kandidaten ist
Geschwindigkeitsabhéngig, und konnte durch “boost™Faktoren verstiarkt werden. Da-
her wurden auch Sommerfeld-verstéirkte p-Wellen Annihilationsmodelle untersucht. Die
Dynamik von DM-dominierten sphérischen Zwerggalaxien (dwarf spheroidals, dSphs)
wurde durch Anwendung der Jeans-Gleichung auf allgemeine Modelle der Massendichte-
und Anisotropieprofile untersucht. Hierbei wurde die PSO-Methode (particle swarm
optimization method, Teilchenschwarmoptimierung) implementiert, um einen schnellen
Scan des Parameterraumes zu ermoglichen. Die Ergebnisse erlauben eine neue Sicht auf
das “core-cusp” Problem. Die Berechnung des effektiven Wechselwirkungsquerschnittes
aus dSphs zeigt, dass die durch die Reliktdichte erlaubten Modelle keinen starken
geschwindigkeitsabhéngigen “boost”-Faktor der Sommerfeldverstarkung aufweisen. Schli-
eklich wurde der isotrope Gammastrahlen-Hintergrund (IGRB) fiir den Fall der p-
Wellen DM studiert. Der IGRB wurde zu den astrophysikalischen Objekten hinzuge-
fiigt, um dann eine neue Anpassung an FermiLAT IGRB Daten durchzufiihren. Sowohl
die prompte Emission, als auch Inverse Compton Streuung (IC) wurden hier beriick-
sichtigt. Dies fiihrte zum Ausschluss sehr kleiner Regionen im Bereich zwischen 1 und 50
GeV. Allerdings liefert dieses Modell im selben Massenbereich der DM und fiir mehrere
Annihilationskanéle eine bessere Anpassung als ein Modell ohne Beriicksichtigung der
dunklen Materie.

Das DarkSPIDER Paket ist ein unabhéngiges Fortran-Tool, welches auch auf weit-
ere DM-Modelle erweitert, und auf weitere experimentelle Daten angewendet werden
koénnte.



Abstract

The topic of this thesis is the development and applications of the DarkSPIDER. pro-
gram for Dark Matter searches with generic models. After decades-long efforts in the
searches for the Supersymmetric particle candidate namely the weakly interacting Dark
Matter (WIMP), only null results have been found in the indirect, direct, and collider-
based experiments. The nature and properties of Dark Matter remain puzzling to us.

This thesis tries to collect as many generic models as possible to make a global
view of this field. Together with data from all the recent experiments, complementary
constraints are obtained in order to find models which could not be excluded. For the
annihilation cross section, the effective field theory supplemented with simplified models
is applied in the analysis. With the requirement of the relic density, the constraints
from indirect detection are computed. The case of coannihlation is also taken into
account to see what it will change if there are multiple particles in the dark sector. It is
found that most of the parameter space has been ruled out except some small regions
around several GeV or above 10 TeV are still allowed in the models treated here.

However, most of the previous efforts have been done for the s-wave annihilating Dark
Matter. Many p-wave models have parametrically suppressed couplings to the SM par-
ticles, they are not accessible in direct detection or collider-based experiments. The
annihilation cross section of the p-wave Dark Matter candidates is velocity-dependent,
and could be enhanced by several boost factors. So the Sommerfeld enhanced p-wave
annihilating Dark Matter models have been investigated. The dynamics of the dark-
matter-dominated dwarf spheroidal galaxies (dSphs) are studied using the Jeans equa-
tion with general models of mass density and anisotropy profiles. The particle swarm
optimization (PSO) method is implemented to make a fast scan on the parameter space.
The best fitting results provide an explanation on the “core-cusp” problem. The compu-
tation of the effective annihilation cross section in the dSphs shows the models allowed
by the relic density does not have large boost factor of the Sommerfeld enhancement
with the volocity in the dSphs. Furthermore, the isotropic y-ray background (IGRB)
has been studied for the case of p-wave DM as well, the y-ray flux is added to the
astrophysical sources to make a new fit to the FermiLAT IGRB data. Both the prompt
and inverse Compton scattering (ICS) emissions have been taken into account with the
Sommerfeld enhancement. Only very small regions of between 1 and 50 GeV have been
ruled out. However, in the same range of Dark Matter mass, this model provides a
better fit than the model without Dark Matter in several annihilation channels.

The DarkSPIDER package is an independent fortran tool, it could be extended to
other Dark Matter models and experimental data.
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Chapter 1 Introduction to Dark Matter
searches

Human’s understanding of nature has been deepened and broadened immensely
after the Renaissance. One of the driving forces of the scientific revolution is
our comprehension of the Universe, for which we have developed Astronomy, one
of the oldest academical disciplines. The spiritual seeds of rationalism scattered
by Platon and Aristotle and the other Greek philosophers continue growing and
finally give birth to modern science.

The origin, evolution, and components of the Universe are the key questions
to astronomers. On the largest scale of space and time, cosmological and as-
trophysical models have been established; on the smallest scale, particle physics
provides tools to study the structure in the subatomic particles. The two branches
meet and form the discipline of astroparticle physics. Consequently, the Standard
Model (SM) is built and confirmed by the successful prediction of the Higgs bo-
son which gives a precise and fundamental description of the origin of the masses
of elementary particles. Unfortunately, the beautiful SM fails to interpret many
questions, such as the neutrino mass, the nature and amount of Dark Matter, the
accelerating expansion of the Universe, and especially, there is no particle related
to gravity in it.

The gravitational effect is the core of physics. By applying mathematics to
explain observed phenomena, the study on gravity gives birth to Newtonian dy-
namics and Einstein’s work on general relativity (GR). Now it is still the driving
force to push forward our frontier of knowledge with the investigation on Dark
Matter and Dark Energy since a lot of evidence shows the necessity to add them
into the ACDM cosmology. Among the numerous Dark Matter candidates, the
weakly interacting massive particle (WIMP) was considered as a promising solver
to the problems. Decades-long efforts have been made to look for the signal in-
duced by it, but only null results have been obtained.

To find an explanation of the puzzledom, during this work, efforts have been
made to develop the DarkSPIDER package focused on the complementary searches
of Dark Matter. With the results obtained in the complementary searches, the
phenomenological analysis of p-wave Dark Matter has been performed. Before
the description of my contribution, the outline of this thesis is shown.

In the next sections of Chapter 1, the theoretical background and observational
evidence of Dark Matter is recalled at first. The ACDM cosmology is presented to
show the roles of Dark Matter and Dark Energy in the whole Universe. Then the
observational evidence of Dark Matter is discussed, including the rotation curves
of galaxies, gravitational lensing, merging of galaxy clusters, the large structure



and N-body simulations, and the CMB observations. The other explanations fail
to be consistent with all the evidence, only Dark Matter can interpret all of them.
At the end of Chapter 1, the other candidates are shown as well.

In Chapter 2, the motivation to develop the DarkSPIDER package is shown
firstly. DarkSPIDER consists of three components in general: particle models,
astrophysical and cosmological models, analyzing tools. Some tables are given to
show some corresponding functions and routines in this package. Then the data
involved in DarkSPIDER is listed, including experimental data of indirect, direct,
collider-based experiments and the relic density. External data from the existing
packages is also included, such as the optical depth, the optical and X-rays data of
the dSphs, the cosmological constants. The analyzing tools are composed of the
numerical solvers, integrators, and the chi2 technique. The DarkSPIDER package
employs several global optimization methods. The most important one is the Par-
ticle Swarm Optimization (PSO) which is used for large dimension optimization
work. At the end of Chapter 2, some applications of DarkSPIDER are shown in
the form of schema.

In Chapter 3, the complementary searches of Dark Matter are presented since
the original idea of this thesis is to find complementary constraints on the particle
candidates of Dark Matter. The analysis is thus done with generic models of
Dark Matter by collecting data from several experiments. The effective field
theory (EFT) and simplified models are presented, and then we have discussed
the validity of the EFT models. A list of EFT models of annihilation is then
shown before applying them to produce constraints by comparing them with the
annihilation cross section required by the relic density. This work tried to collect as
many models as possible in the package, some of them are described in this thesis,
and the detectability is studied for different annihilation channels. Both general
coupling and Yukawalike coupling have been considered, and the scanning results
are summarized in a table at the end of the section. The case of coannihilation
is interesting as well since it may change the constraints, a case of two particles
in coannihilation is computed to show how this mechanism works. At the end of
Chapter 3, a complementary work is done to collect constraints from the recent
achievement in direct detection, indirect detection, collider-based experiments,
and the relic density.

Chapter 4 is a study on the p-wave annihilating Dark Matter which is velocity-
dependent, so the dynamics of the target systems are extremely important. The
Jeans equation is applied to get the projected velocity dispersion in the dSphs. A
generic model is developed to contain information on anisotropy and mass density
profiles. The PSO method is then applied to get the best fit. The uncertainties
are discussed before applying the models to the dSphs data. At the end, the
Sommerfeld enhanced annihilation cross section required by the relic density is
shown at different velocities. The effective annihilation cross section in the dSphs
is computed to extract information about the Dark Matter. The importance of
this result and possible improvements are discussed at the end.

Chapter 5 is also focused on the p-wave Dark Matter to extract information



about its nature and properties by adding it to the astrophysical sources of the
IGRB flux. A formula of the differential gamma-ray flux of the p-wave annihilation
from the extragalactic Dark Matter is described at the beginning. Then simplified
p-wave models are presented. In Section 5.4, the prompt and ICS emissions are
computed to provide the total flux. The clumpiness factor and the gamma-ray
attenuation are added. Since the p-wave annihilation rate is much lower than
the case of s-wave, the Sommerfeld enhancement is taken into account. Several
numerical solutions have been implemented to obtain the Sommferfed boost factor.
Two of them are compared as shown in Section 5.5. The analysis is performed with
the Chi2 statistics for all the fermion final states. Then a combined analysis is
done to take all the final states into account. There are three background models,
so we perform a fit with each of them, and then show an exclusion plot and an
improvement plot for each model. The results are summarized and discussed at
the end before attaching the plots about all the final states.

To conclude, this work is focused mainly on the generic models of Dark Matter
with all the recent data. This work shows a lot of models still could not be ruled
out and are interesting to study and remain to be understood.

1.1 The ACDM cosmology

Einstein’s gravitational field equation of general relativity is the sill of modern
cosmology. If we consider a cosmological constant A as a term with negative
pressure, namely dark energy, then the curvature of space-time is described as [1]

N I 8rG ., o
R =S¢ R = —5=T"" = Ag™, (1)

where the left side contains the Einstein tensors including the curvature terms:
Ricci scalar R and rank-2 Ricci tensor R*®, the T on the right side is the
symmetric energy-momentum tensor describing the mass-energy distribution in
space, G denotes the gravitational constant, g denotes the metric tensor.

In the Roberston-Walker space, if we introduce the Hubble parameter H = a/a
to consider the effect of expansion, and let the scale factor vary with time, then
Equation (1) could be rewritten into a simple array of two ordinary differential
equations:

a\, 8rGp ke A
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where p = p,, + p, denotes the matter and radiation density, p denotes the
pressure, the spatial curvature £ = —1, 0,1, corresponding respectively to an open,
flat, closed Universe.

If we describe the Dark energy term as py = % and consider the Universe to
be isotropic and homogeneous, then the Einstein equation is simplified into the

Friedmann equation, leading to

a k B &G G

2
b 4+ .+ = ) 4
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Now, with a relatively small number of parameters (py, pm, pa, H(t), k, A) the
standard model of cosmology can be built.

The CMB observations demonstrate that the Universe is flat |2, 3, 4, 5, 6], and
the critical density could be defined as

3H?
811G (5)
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We remark here the critical density contains all the energy with a given Hubble
rate H. For a matter-dominated flat Universe, if we do not consider the Dark
Energy, then p,, = py + py is the sum of baryonic matter and Dark Matter.

The numerical value of the Hubble constant evaluated by combined analysis
on the CMB is 67.440.5 km-s~ ' Mpc~ [6], which is lower than the local estimate
using pulsating stars 7341 km-s~ ' Mpc™' [7]. Despite the discrepancy, both mea-
surements are precise. In this work, all the calculation is based on the parameters
of the first analysis, in which the Dark Matter density Qpy/h% = 0.120 & 0.001,
baryons density ,h% = 0.0224 & 0.0001.

1.2 Evidence of Dark Matter

1.2.1 Galaxy rotation curves

The word 'Dark Matter’ originates from "matiére obscure" in French and ’dunkle
Materie’ in German. The former was hypothesized by Henri Poincaré to discuss
Lord Kelvin’s estimation on the dark bodies which were supposed to compensate
the needed mass to bound the visible stars in the Milky Way [8]. The latter was
introduced by Fritz Zwicky in 1933 to name the missing mass in the Coma cluster
[9]. Due to his pioneering application of the Virial theorem in his calculation, he
surprisingly found the galaxies in this system move too fast to remain bounded by
the visible mass. As in Equation (6), for a system with N objects, the averaged
velocity squared is proportional to the total mass squared. If the Coma cluster
is made only of atoms, then the stars and gases must have escaped from it by
overcoming its influence of gravity. So a lot of invisible mass must exist to hold



the system gravitationally together. Although Zwicky’s estimation of the mass-
to-light ratio was too high, his work paved the way to a new understanding of the
composition of the Universe, thus this is regarded as the first major observational
indication of Dark Matter.

Nont?) = (1) = —20) o - E2L, ©)

where r denotes the radius; T denotes the kinetic energy; U denotes the poten-
tial energy; M denotes the total mass.

It took about half a century for people to seriously consider Dark Matter to
be the major contributor to the mass in the galaxies and the whole Universe.
Between the 1930s and the 1970s, the work on the rotation curve of the Andromeda
Nebula [10] and the approaching movement between the Andromeda galaxy and
the Milky Way presented new evidence, both indicates most of the total mass
is not contributed by the stellar mass in these objects. Strong evidence was
rediscovered not until the 1970s and gained broad discussion. According to the
Newtonian dynamics, similar to the Solar system, the rotation velocity of an

object at large distances to the galaxy center is expected to be v = Gﬂ” X
\/L;, so it should decrease at large r. However, flat rotation curves have been

observed in spiral galaxies with great accuracy, v ~constant at large distances.
This intriguing discovery requires an explanation. The simplest hypothesis is also
that an additional unseen component exists in the halo, and the mass-to-light ratio
is large in the outer parts of the galaxy disks [12, 13|. After that, by combining
measurements of 21 cm line of the hydrogen atom (H-I) on the outer parts and
optical observations on disks and CO data for the central regions, more and more
rotation curves have been observed, one of the recent update results is shown in
Fig. 1.

1.2.2 Gravitational lensing

In Newton’s Opticks in 1704 (page 132) [18], he has asked about the action of
bodies upon light at a distance. This question was difficult to answer and lacked
observational support in that epoch. According to the calculation in general
relativity, Einstein has derived a deflection on light caused by the curvature of
space around the Sun, and this prediction was proved to be a great success as it
was confirmed in 1919 [19].

The photon trajectory is bent strongly for the light from a distant source if
heavy masses exist between the source and the observer. These masses act like
a lens, and then multiple images could form for the observer. This deflection is
maximum for light transverse closest to the center of the lensing object and gets
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Figure 1: Rotation Curves of 7 galaxies of different Hubble type [14].

weaker if it is farther away from the center. So if the source is located exactly in
the direction of the optical axis, then a ring shape of images could be observed.
This is called the Einstein ring. For light from a very distant source, if it has
passed a large target like a cluster of galaxies, the gravitational distortion of the
image could be used to map the mass distribution in the cluster [20].

So the gravitation lensing is a unique probing tool of the observational cos-
mologist and Dark Matter searchers [21|. The qualification of mass distribution
in the galaxies can clearly demonstrate the existence of Dark Matter. There are
many observational images to prove it. Two examples are shown in Fig. 2. The
lensing effect is evident in this image, according to the calculation in Ref. [22],
defining the radius 799y of the sphere enclosing an average density 200p..;, the
mean mass-to-light ratio of the overall cluster is 35+5 M, /L, at the rogo. This is
strong evidence of Dark Matter in this cluster. This result is based on a reason-
able NFW density profile over 0.1 Mpc < r < 5 Mpc. The decline of mass density
at the large galactocentric radius is a strong constraint on the theory of cluster
formation. But in that work, the density profile declines with a power-law index
n > 2.4, the near-isothermal slopes are rejected. The constant mass-to-light ratio
at large radius also shows Dark Matter and baryons coupled tightly in a huge
range of environmental densities, so clusters must be growing via accretion of
groups, not individual galaxies, which offers information of the characteristics of
Dark Matter.



Figure 2: Examples of gravitational lensing.
Left: The Cluster Cl 002441654 at z = 0.4 as an example of gravitational lensing. This image
was photographed with the Wide Field Planetary Camera 2 on NASA’s Hubble Space Telescope.
There are several Einstein’s rings in this image, including the blue spiral galaxies. They are
repeated around to form the shape of a ring. This helps us to study the Dark Matter distribution
in this cluster [22].

1.2.3 The Bullet cluster

After the Big Bang, there is no event more energetic than the merges of galaxy
clusters. The strong emissions in a broad range of wavelengths and distortion of
space make them unique cosmological laboratories to test the hypothesis. With
high-resolution optical and X-ray telescopes, the baryonic distribution can be
imaged; with weak lensing, the total mass distribution in the clusters could be
reconstructed. The combination of X-ray observations and weak lensing gives
information about the galactic halo properties in the clusters. One of the most
famous events is the merging image of the Bullet clusters. The Bullet cluster
consists of two large subclusters. As shown in Fig. 3, the distribution of mass
in the merging of the two clusters is shown in two colors. The pink region is the
hot gas observed by the Chandra X-rays telescope, the blue region is the total
mass imaged by weak lensing. The two parts of the shock do not overlap. This
result proves only a small proportion of mass in the Bullet cluster is attributed
to luminous baryonic matter; most of the mass in this system is non-baryonic
[17]. This is considered as a direct proof of Dark Matter. And since the mass
distribution coincides with the galaxies, the self-interaction of the non-baryonic
matter must be tiny. Otherwise, it must have been separated from the galaxies.
A drag force slows the baryonic matter in this event, and Dark Matter has a weak
coupling with baryonic matter and itself, so the Dark Matter in the Bullet cluster
moves faster than the baryonic matter. This result in the separated distribution
of them shaped a bullet as shown in Fig. 3.



Figure 3: Image of the Bullet cluster. Two merging subclusters passed through each other.
The pink region is the X-ray emission from the hot gas observed by the Chandra telescope [11].
The blue part is observed through the gravitational potential from weak lensing [15, 16]. This
result shows most of the mass of the cluster is not attributed to the baryonic matter. It is a
direct proof of Dark Matter.

1.2.4 Large scale structure and N-body simulation

While the rotation curves gained more interest, the study on the Dark Matter in
the galaxy halos was also carried out, the theory of missing mass in the halos was
augmented and started to be accepted [24, 25, 26, 27, 28].

Press and Schechter developed the first N-body simulation by implementing a
Gaussian initial density to model the expansion and the gravitational evolution
of cosmic structure [29]. All the following progress also depends on idealized
initial conditions. The debate between the adiabatic and isothermal models of
perturbation has lasted for a long time since the first one supposed the small-scale
fluctuation of the structure was erased in the later time and the second claimed
the small-scale fluctuation has survived [30]. With later achievements in particle
physics and cosmology, the neutrino decoupling was believed to be able to provide
the energy density as a seed of quantum fluctuation; meanwhile, the non-baryonic
massive Dark Matter could also decouple earlier [31]. This hypothesis inspired the
classification of Dark Matter candidates from light to heavy particles: hot Dark
Matter (HDM), warm Dark Matter (WDM), cold Dark Matter (CDM). These
candidates are supposed to produce different histories: for HDM, superclusters
were formed earlier and then collapsed to form galaxies; for WDM and CDM,
both could form small objects and then hierarchically aggregate and merge to
form larger and larger structures. But only CDM could form systems significantly
smaller than galaxies, and WDM halos are less concentrated than CDM halos



and allow fewer substructures [32]. For more characteristics of the candidates, cf.
section 1.3.

The 3D survey offers a tool to verify the proposals of inflationary fluctuation
generation. The effectiveness of the cosmological models is evaluated by con-
fronting the data of surveys with the Dark Matter candidates. For example, the
Center for Astrophysics (CfA) galaxy redshift survey shows a discrepancy with
the N-body simulation for the HDM, the large and well-defined scale produced
by the free-streaming cut-off in the power spectrum is different from the real
Universe, this result has eliminated the HDM [33]. The Sloan Digital Sky Survey
(SDSS) provides uniquely powerful and versatile data using a 2.50-meter telescope
to cover the north Galactic cap up to 35% of the sky, and it images the sky in both
photometric and spectroscopic modes, data of around 1 billion objects including
stars, galaxies, quasars have been collected [34].

One of the most powerful N-body simulation tools for large-scale structure is
the Millennium simulation, which can run a model with more than 10 billion
particles in a 2 billion light-years scale to trace the formation history of different
scale structures during the evolution of the Universe, such as the Dark Matter
substructure in the galaxies, the cluster merges [35]. One of its successes is the
realization of a virtual telescope to construct a galaxy map, then the properties of
these galaxies and large-scale structure could be compared directly with the real
spectroscopic surveys [36]. A representative result of the Millennium simulation
is shown in Fig. 4. This result shows a striking structure similarity between the
observation and the prediction in the ACDM model.

Although the previous simulation results favors the ACDM paradigm, only
specific and particular problems have been treated in them. The Illustris project
aims to make a hydrodynamical simulation to take complex physical processes
into account. Accurate and efficient computational methods have been developed
for this purpose, so better mock observations will lead to a better understanding
of the composition of the Universe [37, 39, 40].

1.2.5 The CMB observation

The Big Bang theory provides a scenario that the Universe could be traced back to
13.8 billion years ago to a primordial origin. It has passed multiple phases in the
timeline of expansion [1, 41]. In the early Universe, Cosmic inflation started after
about 107%%s. After 3.72 - 10° years, the hot and dense plasma has been cooled
down enough (~ 3000 K or ~ 0.26 V), so the charged subatomic particles did not
interact with the photons anymore, and the neutral atoms started to be formed
by electrons and baryons; this is called the 'Recombination epoch’. These atoms
lost their energy to reach a ground energy state by emitting photons. As a result,
the photons decoupled from the bath and became freely propagating in the space.
And the Universe was no more opaque but transparent. These CMB photons
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Figure 4: The galaxy distribution is obtained from spectroscopic redshift surveys and mock
catalogs which is constructed from N-body cosmological simulations with the “Millennium” code
applying semianalytic techniques [38]. The small slice on the top shows the “Great Wall” centered
on the Coma cluster. It is a subregion observed by CfA2. On the same scale, the “Sloan Great
Wall” observed by SDSS in the northern sky is shown in the big slice on the top. For the southern
sky, one-half of the 2dFGRS is shown on the left cone. These surveys could be compared with
the mock catalogs at the bottom and on the right.

have been redshifted since that time, and the wavelength increases as time goes
on, the temperature of this black body radiation today reaches Ty = 2.727 K or
0.235meV. These relic photons from the early Universe reach us and become
a faint noise background in the radio telescope. So by tracing back with these
CMB imprints on the last scattering surface, we achieve to extract the information
about the initial condition of the Universe.

This Big Bang hypothesis gains support since the Hubble rate is observed, and
the thermal black body spectrum predicted has also been observed. A strong
proof is the anisotropies in the CMB, which have already been confirmed by
several observations. [2, 3, 4, 5, 79, 56].

All the important information of the CMB could be extracted from the power
spectra. Right at the moment of recombination, the temperature distribution is
isotropic. As time goes on, the anisotropies in the CMB become complex. It
is caused by the combination of several factors: the pressure of photons and at-
traction of baryons in the hot plasma from acoustic oscillations made a spatial
variation in the CMB temperature; this causes the primary anisotropy. The lo-
cation of the peaks in the angular power spectrum shows us details about the
perturbation. The secondary anisotropy appeared later after the recombination.
The photons lost energy through Thomson scattering on the unbounded electrons,
leading to large-scale anisotropy in polarization and a modification on the CMB.
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Figure 5: The temperature power spectrum obtained by the PLANCK collaboration in 2018
[6].

This prediction has also been confirmed by the WMAP [77]. The motions of the
earth and the Local group also make an anisotropy in the CMB data [78], etc.

The tiny density fluctuation on CMB was firstly found by COBE in 1992
[2]. The harmonic peaks of multipole in Fig. 5 are found by the MAT/TOCO
experiment [3], the Wilkinson Microwave Anisotropy Probe (WMAP) [4, 5], the
PLANCK satellite, and the other experiments |6, 42, 43, 44].

The peak locations in the temperature power spectrum (as shown in Fig. 5)
obtained by PLANCK prove the density perturbation is adiabatic. The energy
density ratio of Dark Matter to radiation changes a lot of the peaks. The first
peak proves the spatial curvature of the Universe is 0, so it is spatially flat. The
second peak indicates substantial amounts of baryonic dark matter. The third
peak indicates the dominance of Dark Matter before the recombination. The
density of Dark Matter could not be affected by photon pressure. From the
height of the third peak, an evaluation of the composition of the mass/energy
shows the Universe is made of 26.8% Dark Matter, 4.9% ordinary matter, 68.3%
Dark Energy [6].

To conclude, the CMB observation offers strong support for the Big Bang
cosmological model, especially the ACDM model; no other theory could give a
better interpretation of the CMB observations.
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1.2.6 The other explanations

Although the hypothesis of Dark Matter is implied by the theory and inspired nat-
urally by all these observations, there are still some other interpretations without
Dark Matter, such as the Modified Newtonian Dynamics (MOND), which is well
known as a natural modification of gravity at large scale [45]. However, the MOND
is Newton’s law modified at small acceleration; it could not be tested on a large
scale since it is non-relativistic, so it could not explain the other observations
except the flat rotation curves. Generalized MOND could also explain CDM with
only gravitational force and the missing mass in the clusters, but it is inconsistent
with all the data [46]. MOND can neither explain the observation of the Bullet
cluster, nor the CMB observations.

The laws of gravity can also be tweaked on a large scale, this leads to the “fifth
force”. Screening mechanisms are developed to change the fifth force in high-
density regions. The Vainshtein screening mechanism is an old idea to suppress the
fifth force [55]. The simplest modification is called bimetric gravity, or bigravity.
Recent progress shows the gravitational potential in bigravity allows it to form a
Vainshtein sphere with a radius ry,. Within 7y, the lensing potential in bigravity
is the same as that in GR. Outside 7y, dense and compact objects form the sphere
changes the long-range behavior of bigravity, a stronger lensing potential is thus
formed. The outer mass does not affect the plasma cloud in the sphere. This
theory is consistent with the Bullet cluster. And much less Dark Matter or even
no Dark Matter is required by the Vainshtein screening to explain galaxy rotation
curves. But the CMB and structure formation remain challenging to explain [56].

In brief, there are some interesting attempts to explain all the observations
above in the absence of Dark Matter, but none of them can replace Dark Matter’s
role.

1.3 Dark Matter candidates and status of searches

Dark Matter has been observed in only gravitational effect with ordinary matter,
so it should be electrically chargeless, colorless. The merges of clusters demon-
strate Dark Matter must be collisionless or at least no too collisional with normal
matter. It was produced in the early Universe, it is thus stable, and its lifetime
must be comparable with the age of the Universe. The BBN and CMB observation
allow only non-baryonic candidates.

Dark Matter contains a large family of different types of candidates. A classi-
fication depending on the velocity is shown in Section 1.2.4. An incomplete list
of Dark Matter candidates is shown in this section.

12
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Figure 6: The thermal freeze-out mechanism [57].

1.3.1 The WIMPs

In the ACDM cosmology, after the Big Bang, it is natural to introduce a straight-
forward mechanism to produce Dark Matter, and consider Dark Matter as a ther-
mal relic of the freeze-out [57]. In supersymmetry, the hypothetical weakly inter-
acting massive particle (WIMP) is compatible with the unification of the gauge
coupling and the hierarchy problem. WIMPs have been the most popular Dark
Matter candidate since the 1980s, and immense experimental efforts have been
made to look for it.

In the beginning, all the particles were in thermal equilibrium. They could
be created or create the other particles through annihilation and decay; their
comoving number densities were almost constant. As time went on, when the
temperature decreased during the expansion, the interaction rates decreased as
well, and the equilibrium could not be kept anymore. The unstable particles
decayed or annihilated into stable particles, the stable particles ’freeze-out’ and
their comoving density got asymptotically constant, and the relic abundance could
be observed today. As shown in Fig. 6, the relic abundance depends on the
annihilation cross section, for a conventional calculation, the annihilation cross
section of WIMP is supposed to be (ov) ~ 2.7 - 10726 ¢m3s~! [58]. This is the
so-called "WIMP miracle’.

The freeze-out temperature of Dark Matter could be obtained by solving the
Boltzmann equation of Dark Matter, a standard Boltzmann equation reads
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dn,

dt

where n, denotes the number density of Dark Matter, H denotes the Hubble

constant, n., is the Dark Matter density in thermal equilibrium, (ov) denotes the
annihilation cross section.

The freeze-out moment is characterized by the variable x = %; it is found
to be around 25-30. A standard solution to the Boltzmann equation is shown in
Chapter 3.

Decades of efforts have been made to look for the experimental signature of the
WIMP, including generally three approaches depending on the timeline direction
of the Feynman diagram: indirect detection, direct detection, and collider-based
detection.

+3Hn, = —(ov)(n2 —n2), (7)
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Figure 7: Schema of the three approaches to WIMP detection. Here m,; and m,o denote the
two Dark Matter particles, SM; and SMs denote the two SM particles, the blue ball in the
middle represents the intermediate processes. Dark Matter particles (right) annihilate into SM
particles (left). The primary and secondary particles are expected to be detected in indirect
detection. Accelerators produce relativistic SM particles (right) to annihilate into Dark Matter
particles (left). The signal is expected in the collider-based experiments. From the lower to the
upper, or inversely, the signal induced by the Dark Matter-nucleon scattering is expected in the
cryogenic detectors; this is the case of direct detection.

Indirect detection of Dark Matter studies the primary and secondary particles
produced in Dark Matter annihilation and decay. Cosmic ray and gamma-ray
detectors have been developed to accumulate flux induced by these processes.
Space telescopes and ground-based Cherenkov telescopes are expected to extract
a signal from the huge background. The complementary work of the existing
experiments and observations has excluded Dark Matter below about 120 GeV,
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cf. Chapters 2 and 3. And the planned experiments will improve the sensitivities
up to several hundred TeV, cf. Section 6 of Chapter 3.

Direct detection experiments look for the signal induced by the Dark Matter
scattering on the nuclei of target material in the sensitive cryogenic detector.
They provide the most stringent constraints on Dark Matter-nucleon scattering.
The scattering cross section on neutron and protons are very tiny for both spin-
dependent and spin-independent interactions. The strongest constraints for spin-
independent interactions are obtained by XenonlT that has performed searches
down to sensitivities around 4.1-10747 ¢m? in the range under 1 TeV [63]. For spin-
dependent interactions, the corresponding limit is below 6 - 10742 ¢m?. PandaX-II
and LUX have very similar sensitivities in the same energy range as XenonlT [64,
65]. These instruments start touching the irreducible solar neutrino background,
but no signal has been captured.

Collider-based experiments accelerate SM particles to the relativistic speed to
simulate the state in the early Universe; the annihilation of SM particles repro-
duces Dark Matter, then missing transverse energy is expected to be detected.
But until now, only null results have been found, ATLAS and CMS failed to find
any supersymmetric particle in the range up to several hundred GeV [66, 67|. The
planned collider like the ILC [141] may help to understand better in similar energy
range, but none of the plans will for sure be put into practice.

Briefly, there is no favorable result supporting the existence of the WIMPs
up to several hundred GeV. With the upgrade of the LHC or any other planned
collider or more sensitive astrophysical experiment, WIMPs will soon be proved
or be moved off the table. We will witness the discovery or the decline of the
WIMP paradigm [68]. Otherwise, we should look for the superheavy WIMPzillas
candidates [69], but no experimental data has been obtained to test it until now.

However, all these results are based on the standard WIMP hypothesis. Some
WIMP models could not be excluded in these experiments. A very interesting
example is the p-wave annihilating dark matter, for which the scattering rate
and production rate are highly suppressed since the coupling between p-wave
Dark Matter and SM particles is extremely tiny. So it is not accessible in direct
detection or collider-based experiments [70], but possibly be observed in indirect
detection if there are some large boost factors. For more details, cf. Chapters 4
to 5.

1.3.2 The non-WIMP Dark Matter candidates

WISPs The weakly interacting slim particles (WISPs) is a family of prominent
candidates, including QCD axions, axion-like particles (ALPs), and hidden photon
[71, 72].

Peccei and Quinn found a solution to the strong CP problem by introducing
a new global chiral U(1) symmetry in the strongly interacting sector, which is
spontaneously broken at the energy scale f, by the vacuum expectation value
(VEV) of a complex scalar field. This suggests a pseudo-Nambu-Goldstone boson
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which a mass m, ~ 5.7 - (loljcﬂ) peV [73]. In the early Universe, T ~ f,, the
axion was massless; it is a non-thermal relic product. When the temperature
cooled down to the QCD energy scale, its mass is dynamically generated as the
curvature of potential was tilted due to QCD instanton effects. The oscillation
around the minimum has a behavior of CDM. The axion mass is predicted to be
in the range 30 peV < m, < 130 meV [74]. The couplings of the QCD axion
to radiation and matter is proportional to fia, the axion-photon coupling g, is
especially interesting to the axion hunters.

Axion-like particles (ALPs) are pseudo-Nambu Goldstone bosons appearing in
various models. ALPs are similar to axions but have wider parameter space as
there is no relation between their masses and coupling to photons. ALPs-photon
coupling changes the transparency of the Universe and provides an observable.

The detection of Axion and ALPs mainly uses the photon-axion conversion.
With cosmological and astrophysical observations and laboratory experiments,
limits on the axion mass and the ALPs mass are established. The sensitivities in
recent experiments reach g, ~ 107" GeV ! around 3-107% eV in the haloscopes
ADMX [61, 62, 83]. The study on the gamma-ray spectral modulations of Galactic
pulsars found the most-likely Alps mass is around 3.6neV with g,,, ~ 2.3 +
0.4 x 10719 GeV ! at the 5.520 level, but this signal is in tension with the limits
obtained with the CAST helioscope [84].

Ultra-light axions are Dark Matter candidates with a mass m > 1072V,
they are able to deal with large-scale problems and solve the small scale problem.
Study on the effective Particle-Particle interaction is applied to make N-body
simulation of the ultra-light axions. The results show a solitonic core forms at the
halo center, and this core is able to solve the cusp-core problem [86]. Ultra-light
axions have a de Broglie wavelength in the scale of kpc, and it is expected to
produce an enhanced signal in periodic oscillations. It could be detected using
gravitational wave laser interferometers [87, 88|.

Hidden photon is an Abelian boson that kinematically mixes with the SM pho-
ton, it can be understood as a particle similar to a normal photon, but it has a
finite mass and couples only with charged SM particle. The coupling between
the hidden photon and charged particle is suppressed by the small kinetic mixing
parameter [89, 90]. The small coupling with charged particles makes the conduc-
tors almost transparent to the hidden photons, and also leads it possible to be
detected by looking for weak excitation in electromagnetic systems. With a res-
onant electromagnetic detector in an electromagnetic shield, the hidden photon
field can penetrate the shield and move the charges, thus the magnetic field inside
is modified. The recent results on WISPDMX have extended the search range
down to 0.4 neV, a signal candidate around 0.901ueV needs to be checked in the
future [91]. The BRASS experiment works in the non-resonating mode, it will
broaden notably the sensitive range |74].

SIDM The self-interacting Dark Matter is another popular candidate. It is
assumed to have self-interactions to solve small-scale crisis for standard CDM,
including the core-cusp problem [47, 48, 49|, missing satellite problem [50, 52|,
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too—big-to-fail problem [51, 52, 53, 54]. The scattering cross section of SIDM is
velocity-dependent. A light mediator is usually considered to couple with SM
particles. If the SIDM is a fermion, then the annihilation is a p-wave process
that can be boosted by the Sommerfeld enhancement |75]. Expensive simulation
work provides proof that a cross section per unit mass o/m =~ lem?/g appears
capable of reproducing consistent results with observations on the core sizes and
central densities of dwarfs, LSB galaxies, and galaxy clusters when there is no
velocity dependence [76]. And o/m 2 0.5¢cm? /g is required by the dwarfs and LSB
galaxies for velocities in the range of 30-100 km/s [75]. However, on the cluster
scales, different constraints are obtained, such as o/m < lem?/g in Ref. [79)].
Despite the progress in the simulation work with SIDM, there is no experimental
signature of SIDM. Recent progress show that self-interaction may couple to SM
particles through variable interactions such as the Higgs portal, kinetic mixing,
and the other renormalizable process. It can also be in the framework of WIMP
when Dark Matter mass is large than 10 GeV [80], and light SIDM is expected to
produce a detectable signal in electron recoil [81]. By combining constraints of a
dedicated study of BBN and direct detection, most of the model’s parameter space
with significant self-interaction is ruled out, leaving only a small region around
my, =~ 0.5 GeV, Myeq = 1.1 MeV to be allowed [82].

Sterile neutrinos It is not clear whether the Higgs mechanism applies to
neutrinos as the other fermions or not. By adding new degrees of freedom to the
SM, new particles may help to solve the Dark Matter problem, so sterile neutrinos
are hypothesized as WDM to overcome the shortcomings of the standard model
neutrinos, they were born relativistic and were never in thermal equilibrium. The
searches for sterile neutrinos are model-independent. With NuStar, the 3.5 keV
excess (11o) has been observed [59, 92| in the galaxy clusters, Andromeda and
the Milky Way galaxies. This sparked wide interest, but it may come from other
effects like the atomic transition, and the statistical fluctuation and systematic
uncertainties make it difficult to make a convincing interpretation. And this line
has not shown presence in the other Dark Matter-dominated objects. Future
observation in indirect detection and direct detection, such as the spectroscopic
data on the Lyman o forest, B-decay spectra, scattering, or captures on nuclei in
laboratory experiments will help to make a better understanding.

ADM The asymmetric Dark Matter (ADM) assumes a matter-antimatter
asymmetry. It uses higher dimension operators in the coupling between ADM
and baryonic matter. In Ref. [97], ADM is supposed to be around a few GeV,
mapym == qapy - (1.6—-5) GeV for the late time-fractional asymmetry to be com-
pletely asymmetric, where qapys denotes the dark-baryonic charge. This is in-
teresting since anomalies have been observed to locate in this range in direct
detection. ADM could be a prototype of self-interacting Dark Matter (SIDM), so
it explains more adequately the small structure than symmetric CDM. One diffi-
culty to capture ADM signal is caused by its low annihilation signal, but if ADM
decays into SM particles via flavor-dependent coupling is kinematically allowed.
Then energy-dependent asymmetric SM products could be produced, this could
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be a powerful signature of flavor-violating decaying DM, and could be used to
explain the matter-antimatter excess found by AMS-02 or FermiLLAT.

SM Neutrinos The standard model neutrinos used to be considered as a DM
candidate if they have nonzero rest mass, but the upper limits of neutrino mass is
too low compared with the requirements of the observation, such as the primordial
nucleosynthesis, the gravitational roles in dwarfs, the upper bound of the sum of
neutrinos [59, 98|. The stringent constraint on the neutrino relic density suggests
Q,h% < 0.0067 at a 95% confidence level, which is inconsistent with the Planck
observation[6]. Neutrinos decoupled relativistically, so it is an HDM candidate.
And N-body simulations combined with the 3D surveys also have made losses of
interest in the HDM candidates. All this indicates neutrinos are not suitable to
be Dark Matter or could not make up 100% of Dark Matter. However, recently
the extended BAHAMAS simulations have revisited the CMB-LSS tension [60],
this result form hydrodynamic computation suggests massive neutrinos are still
possible a part of Dark Matter.

PBH Primordial black hole (PBH) is another non-particle Dark Matter can-
didate, PBHs are supposed to be made before big-bang nucleosynthesis. There
are various proposed mechanisms of PBH creation corresponding to masses in the
range of [107 M), 105M], and a large portion or even all of the Dark Matter in
the Universe is expected to be constituted by PBH. PBH became an important
candidate with the discovery of gravitation wave (GW) on the Advanced Laser
Interferometer Gravitational-Wave Observatory (LIGO). Other GW experiments
are also looking for the signal of PBH. The maximal sensitivity of LISA can verify
the existence of PBH mass ~ 107*2M,, if it was formed via scalar-perturbation
enhancement [94]. But recent progress shows stringent constraint on PBH, pure
PBH Dark Matter is excluded in the initial range [107° M, 10? M) for local den-
sity contrast d4. > 10, this is also valid for smaller initial density contrasts with
fewer conservative assumptions [95]. Multi-wavelength astronomical data shows
PBH could make up to 1073 relic density of Dark Matter, thus disfavors strongly
the PBH to constitute a significant of DM in the mass range of interest [96].

MACHOSs The massive compact halo object (MACHO) is any kind of dark
body such as brown dwarfs, stellar black holes, neutron stars, etc. It plays a role of
Dark Matter in the galaxy halos, it is supposed to be composed of normal baryonic
matter but not luminous, so no radiation is emitted from it. Direct Studies on
CMB, LSS, and observation of baryon abundance do not support MACHOs to be
Dark Matter. Recent work on ultra-faint dwarfs, microlensing, wide binaries set
limits on MACHOS of masses and rule out MACHOs with mass above 1077 M,
[93].
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Chapter 2 DarkSPIDER methodology

DarkSPIDER is a multi-functional and simply structured tool for Dark Matter
searches. It was initially an extension of the AstroFit package [100]. AstroFit is
a statistical Fortran tool developed for Dark Matter phenomenology by applying
the Chi2 statistics to find the best-fitting parameters. AstroFit employs Dark-
SUSY to feed particle models and cosmological predictions. AstroFit is specially
designed to collect constraining limits from observations and experiments. Data
from indirect, direct detection, collider-based experiments, and the relic density
are accumulated in AstroFit.

When the work on DarkSPIDER was started, the results on the LHC with p-p
collision energy at 13 TeV failed to find any evidence of Supersymmetric Dark
Matter particle. The results on the CMS detector excluded neutralino up to 430
GeV [101], and the results on the ATLAS detector excluded neutralino up to 550-
850 GeV[102]. At that moment, the generic models were not yet implemented in
DarkSUSY. The old models involved in DarkSUSY appeared not as intriguing as
before. So we decided to jump out of DarkSUSY and work on the generic and
specific models. The former allows having a global view of Dark Matter searches,
while the latter provides information about some previously ignored models. As
a consequence of this decision, DarkSPIDER becomes an independent tool that
consists of particle models, astrophysics and cosmological models, data analyzing
tools. So it can analyze input data from experiments independently and keeps
open to external model building packages.

2.1 Structure and functionality

Since it is difficult to draw a simple frame of this package, it is necessary to briefly
present in this chapter the essential parts to understand how DarkSPIDER is
organized and how to work with DarkSPIDER. A manual has been finished for
more details. The physics involved in this work is described in the next chapters
to focus on specific topics.

2.1.1 Particle models

There are two families of Dark Matter models implemented in DarkSPIDER:
the effective field theory (EFT) and simplified models. The EFT and simplified

models of dark matter are model-independent approaches [103, 104, 105, 106].
They contain some well-motivated candidates and provide generic descriptions of
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unknown interactions between dark matter and standard model particles. The
EFT adds only two degrees of freedom: the mass of dark matter and the coupling
strength. The EFT is only valid for heavy mediators, which is believed to be
a drawback in the Dark Matter searches on the colliders. We keep utilizing the
EFT and simplified models since they are the most model-independent tool with
the least number of dimensions of parameter space to scan. Simplified models are
established to adapt to new search strategies and experimental data. It is between
the effective approach and the UV complete models, by adding a mediator into the
effective operator. Simplified models are essential in this work since the mediator is
introduced to compute the boost factor of the Sommerfeld enhancement. However,
the EFT still plays a unique role in the p-wave searches, since a list of p-wave
models in the EFT could be found, the information about the p-wave models is
complete in the framework of the EFT.

For the EFT, 57 models are collected to calculate Dark Matter annihilation
from Ref. [103, 104, 105, 106], including 13 scalar Dark Matter models (s-0),
27 fermion Dark Matter models (s-1/2), 17 vector Dark Matter models (s-1).
Especially, both s-channel and t-channel interactions have been considered as
shown in Ref. [105]. For direct detection, DarkSPIDER contains 2 scalar Dark
Matter models, 5 fermion Dark Matter models, 4 vector Dark Matter models, 5
s-3/2 Dark Matter models. The connections with EFT is computed for simplified
models, as shown in Chapter 3. A simplified p-wave Dark Matter model is added
as well. Its applications are presented in Chapters 4 and 5.

Some previous work on similar topics is involved in Ref. [106] to discuss the ap-
plication of EFT and simplified models, which gives an overview of generic models
to compare their advantages and drawbacks. Subsequently, it is implemented to
compare the CTA sensitivity with direct detection and collider experiments. The
limitations of EFTs are shown, and compelling improvements have been done with
simplified models in Ref. [107].

To improve the precision of computation, both exact formula and approxi-
mative expressions have been developed. For example, in the calculation of the
annihilation cross section, the exact formula of the annihilation cross section can
be called. Meanwhile, the approximative formulae are also implemented. For
most of the models, the Taylor expansion is applied to express the annihilation
cross section as a function of the relative velocity. The formulae of 2nd order
and 3rd order expansion are added to the package. The corresponding 1st, 2nd,
3rd order terms are called the s, p, d waves. There are in total 214 formulae to
calculate the annihilation cross section to be chosen.

Before using a Dark Matter model, it is necessary to define the parameters,
such as the mass of Dark Matter, mediator (or the coupling strength). There are
two types of couplings between Dark Matter and SM particles: when the coupling
strength is independent of the mass of the final state particles, it is the case of
universal coupling; when the coupling strength is proportional to the mass, it is
the case of Yukawalike coupling. It is defined as coupling = 1 for the former case,
and coupling = 2 for the latter case.
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2.1.2 Astrophysics and cosmology in DarkSPIDER

As described in Chapter 1, the investigation of Dark Matter originates from as-
trophysical observations and cosmological simulations. To study the properties of
Dark Matter, there are some essential calculations in the two aspects.

All the Dark Matter candidates in DarkSPIDER are thermal relics. The freeze-
out moment is characterized by the z; = T /m,, with T} the freeze-out temper-
ature. The value of x; can be obtained by solving the Boltzmann equation. For
annihilation, there are three numerical solvers to deal with this problem. Only
when the three methods produce the same result, their outputs could be trusted
and used in the next steps of calculation (see next subsection). For coannihilation,
the same solvers could be called as well. But the corresponding Boltzmann equa-
tion is different. Different derivatives of the Boltzmann equation are implemented
as described in {103, 118].

One of the most intriguing Dark Matter candidates to treat is p-wave Dark
Matter. The annihilation of p-wave Dark Matter is influenced by the velocity
dispersion in the target. To obtain a precise velocity distribution, an N-dimension
scan is established to find the best-fitting parameters. There thus exists a detailed
study on galactic dynamics in DarkSPIDER. The corresponding details are in
Chapter 4.

Another topic that has been treated in DarkSPIDER is the IGRB constraints
on p-wave Dark Matter. To study it, the density profile, the halo mass function,
the clumpiness boost factor, the inverse Compton scattering on the CMB radiation
bath, and the other functions are involved as well (for more details, cf. Chapter
5).

2.1.3 Numerical and statistical tools

The numerical methods in DarkSPIDER are based on some well-known algorithms
from Ref. [119].

The integration in DarkSPIDER is performed with four methods: the Simp-
son’s 1/3 rule, the Simpson’s 3/8 rule, the Trapezoidal rule, the Gaussian Quadra-
ture rule. Each important integration in DarkSPIDER could be checked by com-
paring the results from these integrators.

For the differential equations, four algorithms are applied: the bisection method,
the iterative method, Newton’s method, Runge-Kutta methods. For example,
when solving the Boltzmann equation of Dark Matter, the first three algorithms
are utilized. When computing the Schréodinger equation to obtain the Sommerfeld
factor, Runge-Kutta’s method is called, the Rungekutta solver is developed.

There are some specific functions in DarkSPIDER quoted from the existing
packages. For example, the Jacobi polynomials are from Ref. [120], the psi
function and the hypergeometric function are both from Ref. [121], the I" function
is from Ref. [108, 122].

The x? statistic is applied in this work to evaluate the goodness-of-fit of the
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data to an N-parameter model,. With the measured values and uncertainties, the
expected values predicted by the theory are compared with binned data, then x?
is the sum of all the bins [123]. The corresponding formula to fit a set of data
with N bins is given by

N
V=Y (R ®)
i=1 t

In the ith bin, u; is the theoretical expectation, xz; is the experimental data,
and o; is the uncertainty.

By varying the parameters of the model, the best-fitting parameters can be
determined by finding the minimal x2. The minimal y? corresponds to the point
where the difference x; — p; can be seen as statistic fluctuation.

The confidence levels could be determined by the Ay? technique. They are
widely applied in Dark Matter searches. In direct detection of Dark Matter, the
upper limits on the scattering cross section can be set. For indirect detection,
both confidence contours and upper bounds are set. The calculation of Ax? is
established as follows:

X2 = x?mn + AX2‘ (9)

The confidence levels depend on both the value of Ax? and the number of
parameters. The corresponding value of Ax? is listed in Table 1 [124].

| Standard deviation | Confidence level | Ax? for 1 parameter | Ax? for 2 parameters |

lo 68.27% 1.0 2.3
1.6450 90% 2.71 4.61
1.960 95% 3.84 5.99

20 95.45% 4.0 6.18

30 99.73% 9.0 11.83

Table 1: The confidence levels and the corresponding values of Ax? and standard deviation in
the case of 1 or 2 parameters.

2.1.4 Data

To gather more information as possible, constraints and sensitivities from all the
recent experiments and observations are accumulated in DarkSPIDER, including
data as follows:

o Indirect detection (FermiL AT [111, 127|, HESS [125], CTA [126], MAGIC
127], IceCube [128], AMS02 [129], HAWC [130], etc).

e Direct detection (PandaX [131, 132, 133|, XENONI1T [181, 182], LUX [134],
PICO [135], COUPP [136], SuperCDMS [137, 138, 139, 140] , etc).
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o Collider-based experiments (LHC [143|, ILC [105, 141, 142]).

e The relic density, and the other cosmological parameters from the PLANCK
collaboration [6, 144].

 Optical data for the dSphs from SDSS, Einstein, ASCA, XMM, etc [117, 292,
293, 295, 296, 297, 300|.

There are also some functions to create input and output data, and to treat
external data in DarkSPIDER. For more detail, see the manual.

2.1.5 The Particle Swarm Optimization method

The Particle Swarm Optimization (PSO) was invented by James Kennedy and
Russell Eberhart in 1995 [145]. It is inspired by animals’ social behavior like bird
flocking and fish schooling. Very few parameters and relatively short computa-
tional time are needed to get the best fit. That’s why it is implemented to deal
with variable problems [146]. It is a widely applied optimization method in many
areas including artificial network training and function optimization.

The workflow of the PSO can be presented simply by an example: how does
a bird flock find the tree with the most apples in a N-dimension forest. The
procudures are as follows:

1. Ny birds randomly start their actions at different locations; each tree has N
coordinates (x1, za, x3...x,) to present its location is the N-dimension space. And
the birds are supposed to be intelligent to count the number of apples on the trees.
This number is noted as f,, for the nth bird. Each bird knows how to shares its
location information with the others, and they fly at the same moments.

2. The birds compare the number of apples to find the global maximum fg, »,
and the local maximum f;,, for the nth bird itself. Then at the same time, for the
dth bird and in the j-th dimension, it flies to the neighboring tree with a velocity
as follows:

w:wg—l—(wl—wg)*gm_g, (10)
Gtot
Upt1j = W* Up i+ C1 %71 % (forom — fn) + Cox 2% (fin — fn), (11)

with ¢g denotes the g-th flight, g;,; denotes the total number of flights for each
bird, w denotes the factor of inertia to describe the heritage of velocity in the
previous flight, its value is in the range of [wl,w2]. ¢, ¢y denote the tunable
coefficients chosen to change the birds’ behavior. If large ¢; and small ¢y are set,
the birds prefer to scan the neighboring trees (local maximums) longer than flying
directly to the global maximum. If large ¢; and small ¢; are set, the birds prefer
to fly faster to the global maximum. And 7,7y are two random numbers.
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3. Repeat step 2 until g = g4+ or when the local maximums are very close to
the global maximum. If the birds stop flying in some wrong position, go to step
1 to reinitialize the scan again.

If the largest number of apples is replaced by the least Chi-squared, then it is
able to find the minimal Chi2 in a N-dimension parameter space. An example of
the application is to fit the velocity dispersion, see more details in Chapter 4.

The simulated annealing method is also implemented but applied less in the
DarkSPIDER. The MINUIT tool can also be called in DarkSPIDER. But both
take longer time to compute than the PSO, but they can be called to cross-check
the result.

2.2 Applications

Several applications of DarkSPIDER have been developed. It can be used
independently as external packages. Some examples of its application are shown
from Chapter 3 to 5.

A complete list of the applications of DarkSPIDER is shown in the manual.

For more information about the physics in the applications, cf. Chapter 3 to 5
for more details. The workflows in these chapters are shown in Fig. 8 to 10.
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XENONI1T, LUX, PandaX,
PICO, COUPP, SuperCDMS, etc.

!

Scattering
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Figure 8: Workflow A of complementary searches of Dark Matter in DarkSPIDER. The theo-
retical predictions are on the left side. The input data from indirect detection experiments and
the relic density [6, 44, 111, 174, 201, 203, 204, 205, 206, 318, 179, 281, 130, 207| are on the
right side . The constraints of the scattering cross section from direct detection experiments
[130, 207] can be converted to constraints on the annihilation cross section, and then compared
with constraints from indirect detection, cf. chapter 3.
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Figure 9: The Workflow of the p-wave Dark Matter annihilation in the dSphs in DarkSPIDER.
For the details, cf. Chapter 4.
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Figure 10: The Workflow of the IGRB constraints on p-wave Dark Matter in DarkSPIDER.
Two boost factors (shown in red) are taken into account, the Sommerfeld enhancement boosts
the annihilation, then intensity multiplier considers the clumpiness in the halos. For the details,
cf. Chapter 5.
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Chapter 3 Complementary searches for
Dark Matter with generic models

3.1 Introduction

Multi-messengers have been employed to search for Dark Matter, such as the indi-
rect detection observations of electromagnetic radiations in a wide spectral range,
high-energy neutrinos, antiparticles, etc. Hence complementary methods have
been developed to scan parameter space by combining the information brought
by them. Limits from direct detection, indirect detection, collider-based experi-
ments have been combined to find the best-fitting regions in the parameter space.

A pioneering work has been done to apply the minimum y? method in the
AstroFit package [100], in which astrophysical components are added to fit BSM
physics to collider-based experiments data. The purpose of this kind of work is to
rule out some models and show the rest of the parameter space where Dark Matter
is allowed to locate. AstroFit confronts theoretical results with observational data
by deriving theoretical predictions from the DarkSUSY package [150, 151].

DarkSUSY is an advanced tool widely used for many reasons. It contains
many popular SUSY models, such as the MSSM models and self-interacting Dark
Matter, it also contains the routines to compute the expected signals from these
multi-messengers. There are both routines about cosmological and particle physics
in it, such as an extension of the standard thermal decoupling scenario to a detailed
description. Hence calling the DarkSUSY routines to feed particle models is a
good option for complementary searches. But currently, the non-detection with
LHC, indirect and direct detection experiments have put the WIMP hypothesis
under scrutiny. In that difficult situation, it is reasonable to jump to generic
models to make a scan. And there was no generic model in DarkSUSY when
this work started, so the particle models are built independently in DarkSPIDER.
MicrOMEGA is another popular option for many Dark Matter hunters [152].
DarkSPIDER is an independent package that allows users to add new particle
models, it is much smaller in size compared with DarkSUSY, but similar and
supplementary to it.

The GAMBIT package has made great efforts to extend beyond the standard
model. Most of the popular BSM models about Dark Matter are implemented in
it, it also takes generic models into consideration [153]. GAMBIT has collected
popular DM models into consideration by applying profile likelihood to fit experi-
mental data. This chapter of work was done independently at the same time when
GAMBIT was developed, it is not comparable with GAMBIT in size, it is a work
concentrated on the generic models and some specific relevant questions. It has
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used similar data, but DarkSPIDER emphasizes on different theoretical details in
both particle physics and astrophysics, the statistical tools in DarkSPIDER are
also different from GAMBIT. Efforts have been done to look for the previously
ignored problems in GAMBIT and to develop new scanning strategies and to dig
as deeply as possible in the relevant direction.

The complete ultraviolet models provide a Dark Matter candidate in complete
frameworks of particle physics comprising many parameters to quantify interac-
tions. The effective field theory (EFT) reduces the process between Dark Matter
particles and SM particles down to simple operators. Additionally, with fewer
parameters the interaction rates could be quantified despite the limitation of its
validity. Between the two approaches, another possibility is to use simplified mod-
els which also reduce the complexity by using simple operators, but still allow the
existence of a mediator to connect Dark Matter and SM particles.

In this work, to cover a wide range of Dark Matter models, it is reasonable
to collect the model-independent approaches. So generic models referring to the
EFT supplemented by simplified models are utilized. Previously, this type of work
has been done for singlet-like Majorana fermion Dark Matter [154]. In this work,
both the EFT and simplified model are applied in the calculation. There are
various reasons for this choice. For instance, the EFT is a good approximation
by integrating out the mediator, but this is also the limitations of the EFT well
recognized by the communities of Dark Matter hunters, especially the limits on
mediator mass. To overcome these limitations, the UV complete models with
Dark Matter candidates can be applied, such as the SUSY models, the codecaying
Dark Matter, the superheavy Dark Matter models, the Asymmetric Dark Matter
models, the Higgs-portal models, etc. However, since we have no knowledge about
the particle species in the dark sector, all these models are based on a lot of
new parameters. The EFT contains the least number of parameters, so it is the
most economical description of the unknown interaction between Dark Matter
particle and Standard Model particles, it is now well developed for a long list of
candidates, and only several of them have already corresponding treatments in
simplified models. Otherwise, it is convenient to use directly simplified models,
which are also generic but allow a mediator to couple with both Dark Matter and
SM particles and connect the two sides. With the EFT and simplified models,
the advantages of EFT are kept and the drawbacks can be avoided. Together
these two approaches allow us to scan the parameter space explicitly for as many
models as possible in a comprehensive way.

3.2 Generic models of Dark Matter

The generic models are widely used in indirect detection and direct detection,
and collider-based searches for Dark Matter. The EFT work for collider searches
has already been done in detail with outstanding performance, such as in [155,
156, 157, 158]. So in this work, we will labor on the other aspects: relic density,
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annihilation, and scattering.

There are several generations of generic models for Dark Matter. For the
first generation [159], only tree-level interactions have been considered, and the
couplings are all regarded to be universal. Then some work has tried to spread it
to t-channel, Yukawalike coupling, detailed gauge invariance, etc [160, 161, 162].
There are a lot of common definitions and notations shared by the community,
however, even for the same Dark Matter candidate and operator, there are some
disagreements among them. For example, the first generation of the EFT is
based on the assumption that both universal coupling and Yukawalike coupling
are allowed for each type of operator. But the later generation has specified the
type of couplings for each operator. It is not realistic to give a complete list
of all the possible EFT operators for Dark Matter. The operators which are
convenient to study are chosen. Briefly, all of the following work is based on three
assumptions:

(1) There is only 1 Dark Matter particle candidate at the electroweak scale.

(2) Any other new particle species in the Dark Sector is heavier than Dark
Matter particle.

(3) For each model, there is only one type of operator which is dominant in
annihilation, scattering, and production.

The effective Lagrangian for a tree-level 2-to-2 interaction with universal cou-
pling could be written as

Lizs12 = Z %(EH)@)(EFH@ ) (12)
fifz

here A denotes the cut off energy, I' denotes the operator.
For the final states where f; = fo (fermion-antifermion pair production):

Ly = Z %(EH)@)(?FM) : (13)
fifa

To exemplify the calculation in the effective approach, an example is shown for
the model with a fermion Dark Matter and a vector operator [103, 104, 154, 168,
187]:

Liyn = Z Geff(ﬂ’%)@)(?’mf) . (14)
f

The transition matrix element is:

M = Geypu(ps)y"v(pa)v(p2)yu(pr) - (15)

Another example, in the case of Fermion Dark Matter annihilation via a scalar
mediator, the first generation of the EFT describes annihilation by the following
effective Lagrangian
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Gy_ =
L=—=x , 16
ﬁxxf f (16)
where G is the coupling constant. Then if the coupling is universal, % =
it is also written as

1 -
L=xx/fr (17)
These two expressions are equal to each other.
If the coupling is Yukawalike, then the coupling strength is proportional to the
mass of the particle in the final state, Gt = mg

V3T A
m —
L= 0T (18)

In recent work, some studies prefer to consider only the Yukawalike coupling
for a scalar operator. In this work, the definition of coupling is defined as the
current generation of the EFT. But since all the calculations in this work are
implemented in the DarkSPIDER package, the options are kept for the users to
decide which coupling they want to consider.

In the framework of simplified models, for the case of fermion Dark Matter
annihilation via a scalar mediator into fermions, the corresponding annihilation
cross section [109] is

(9x94)*, m m3i (1 — m_g)%
X m

<UU>Scalar = Cy ])_(6;_ m 1 2 9 212 = 9 9 U?el ) (19>
HVEV  (m2,., — 4mX) + I2,,m2 .

with ¢y = 3 for the quarks to count the colors, ¢y = 1 for the leptons, m, as
the fermion mass, myypy = 246 GeV' as the Higgs vacuum expectation value,
I's 1ot as the total decay width into fermions, m,.q as the mediator mass, g, as the
coupling factor with Dark Matter (sometimes noted as gpar), g, as the coupling
factor with the final state particles, v, as the relative velocity of the incoming
particles in the C.O.M frame.

To connect the EFT and simplified models in a simple way for this example,
there is

Gy g 9x9q
- 2
V2 mupve (m2,, —d4m2)* + I, m>

me med

- (20)

For a heavy mediator, the effective coupling strength is expressed approxima-
tively
Gi o M 990
V2 MupvEmMl

This example above is for the case of Yukawalike coupling, the coupling strength

(21)
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depends on the mass of the final state particle. In the case of universal coupling,
the Z‘IVE term does not exist anymore. Following the notation in Ref.[164], there

are two typical connections between the EFT and simplified models.

e for universal coupling:

Gy _ @ %9

S (22
\/§ A? Mgfbed

e for Yukawalike coupling:

ﬂ _amy ~ My 9yYq
\/§ A3 mppve m%wd 7
where « denotes the factor to quantify the fundamental physics beyond A, it is
considered to be in the order of 1. To ensure the perturbative unitarity, o < 4.
For the sake of simplicity, it is often set as 1 in this work. The theory is valid
in the perturbative regime only if 0 < g,g, < 167%, in the DMWG benchmark
[163], it is often set as g, = 1, g, = 0.25 for the Oy (vector) and O4 (axial-vector)
operators, g, = g, = 1 for the Og (scalar) and Op (pseudoscalar) operators.

(23)

3.3 Validity of the EFT and simplified models

Generally, the EFT describes physical interactions at a given energy scale; these
interactions are usually non-renormalizable. The momentum transfer ();, must
be less than a cut-off energy: A 2 Q.. For the operators of the lowest dimension,
the expansion of the propagator term can be expressed as a function of m,,.s and
Qqr [168, 176]:

9xYq 9xYq Q7. Q;r
= 1+ +O( ). (24)
m?ned - Q?T mvzned( m?ned mfned )

The EFT is valid for heavy mediators (or equally Qi < Mipeq), S0 we need
only to consider the first term on the right side, leading to
9x9q ~ IxYq

~ Do (25)
m%led - Ql%r m%ned

Introducing the cut-off energy scale A, for the universal coupling, there is

A = [med (26)
NN

When my,eq ~ Qyr, there is a resonant enhancement, and the EFT limit is not
applicable anymore.
Additionally, the condition for tree-evel s-channel model [103, 179] is

Mimed =2 \/ga (27)
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the Mandelstam variable s :2mi(1 + \/11—”361) ~ 4m?< + mivfel ~ 4mi, and

the condition for the EFT at tree level reads

2m, < A (28)
a < A4rm
In the case of light mediator, Q. > Mypeq,
2 4
9IxYq ~ 9IxYq (1 + Mined + O(mmed)) ’ (29)

Qth - mgned N Q%r Qtzr Q?r
since we do not know the value of ();, in the unknown interaction between
Dark Matter and SM particles, it is impossible to quantize the propagator term.
For this reason, the calculations is limited in the cases of a heavy mediator. For
the cases where the mediator mass is needed, simplified models are recalled.
For the LHC study on the validity of the EFT, (Q2)'/? > 500 GeV/, then the
high order terms disappear for m,,.q < 500 GeV [176]. A detailed investigation of
the validity of the EFT has been done similarly in Ref. [177].

3.3.1 Fermion Dark Matter

In order to collect constraining limits of different parameters, it is necessary to
find the allowed ranges of G, A, myeq, and m,. The following subsection is to
show how to convert between them.

If g, = g, = 1, then as shown in Ref. [164], the coupling strength follows the
following condition

V21

X
when the mediator and the coupling factors g, and g, are considered, for ex-

ample, in the case of a vector or an axial - vector operator, from Equations (22),
(26) and (27), there is

(@gq9x)° (ﬂ)% _ Va (31)
2m, V2 A
leading to
Gy < \/__ngqu> (32)
my
or
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2m,,

N

For simplified models, in the case of an axial-vector mediator, the following
conditions must be applied to ensure the gauge variance and perturbative unitarity
[179]:

A>

(33)

m < T Mmed
. ﬂn\l{; 9x.q (34)
Vs < el
From Equation (23) and (28), if G—’; = and a =g, =g, = 1,
A= V2 s (2my)? (35)
Gy
then
(;f ™
— <K . 36
< (36)
e G Mg 9x9Yq
But if 2L = am—f%,
Mg 9xY9q _ 2 2
\/%m_fG_f = Mipeq > 405, (37)
G 2 2-4
Mg 4Mimg 4N
as g, = gy = 1, then
G 2
e YT (39)
e Mimy

Compared with Equation (36), we conclude that

G , T 2m
m, Vani mim;

}- (40)

When the mediator and the coupling factors g, and g, are considered, with
Equations (23), (27), and (28), thus for example, in the case of scalar and pseu-
doscalar operators, leading to

4mZmy

9xYq
This is a correction to the calculations in Ref. [103, 179].

A > ( )3 (41)
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3.3.2 Scalar Dark Matter

The most comprehensive study on the validity of scalar and vector Dark Matter is
done in Ref. [165]. The relevant categorization of operators is offered by Ref.[173],
where the calculations of complex and real scalar Dark Matter have been derived.
Similar methods as the fermion Dark Matter have been used.

For the scalar and scalar - pseudoscalar operators:

2vV2
Gf<< \/_71-- (42)

my

For the vector and vector - axial-vector operators:

V2
m2 )

Gf < (43)

The coupling strength is proportional to the mass of the final state particle:
G f o~ Mmy.
For the scalar and scalar - pseudoscalar operators:

V2

G f < qu . (44>
X
For the vector and vector - axial-vector operators:

G < ——m,. (45)

V2m3

3.3.3 Vector Dark Matter

Similarly, the following conclusion for vector Dark Matter is consistent with Ref.
[165].

For the scalar, scalar - pseudoscalar, tensor, and alternative tensor operators:

2v/2
Gy < van (46)
My

For the vector, vector - axial-vector, alternative vector, and alternative vector
- aixial-vector operators:

Vo
m2 )

Gf<<

(47)
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The coupling strength is proportional to the mass of the final state particle:
G f o~ Mmy.
For the scalar, scalar - pseudoscalar, tensor, and alternative Tensor operators:

V2

X

G << My . (48)
For the vector, vector - axial-vector, alternative vector, and alternative vector
- axial-vector operators:
s
Gy << —=——my. (49)

V2m3

3.4 Dark Matter annihilation to fermions

3.4.1 The EFT models of annihilation

From Ref. [103, 104, 275, 276], the Dark Matter annihilation to Gauge boson and
Higgs boson is assumed to be negligible; then the fermion-antifermion final states
become dominant over the other channels.

For Dark Matter annihilation cross section into fermions, two categorizations
of operators in this work are collected. One is established in Ref. [159], including
fermion and scalar Dark Matter candidates. It has been then quoted popularly
as one of the first-generation EFT works of Dark Matter. Then the extension to
vector Dark Matter and Spin-% Dark Matter, and more operators have also been
accomplished later [103, 104, 106, 166]. Another categorization is designed for the
ILC searches, in which the t-channel interaction has been added. It contains infor-
mation of the mediator, so the models with scalar, fermion, and vector mediators
in the unknown interactions are involved, and chiral interactions are also imple-
mented [105]. Some information about the coupling coefficient and Lagrangian
operator on the list is from Ref. [169, 170].

For the sake of clearness and simplicity, only the models with determined in-
formation about the coupling type, the transition matrix, is taken in this work as
shown in the list of Appendix A. The other models are described in Ref. [105].

3.4.2 Constraints from indirect detection

When Dark Matter annihilation happens at non-relativistic velocity, then the
annihilation cross section can be expressed in the term of (ov) = a + ? +
cvt. Taking again the case of fermion Dark Matter pair which annihilates via a
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pseudoscalar operator or a vector operator, two examples are discussed in this
section.

Defining £ = ;"Ti as the ratio of fermion particle mass in the final state to Dark
Matter mass, then by calculating the annihilation cross section defined in Table.
11 (Appendix A) and expanding it as a function of v, we get

52

m)v +O(v )), (50)

1
<Jv>pseudoscalar,anni = Ech ' Gf” 1 - f2mi(1 + (
f

1 — —4 +2¢% + 11
<Uv>vector,anni = Eif:ch? 1 - £2(2m)2(+m?>(1+<24(1 - §2)(2 + 52))U2+0(U4)) ?

(51)

where ¢y = 3 for quarks and c¢; = 1 for leptons. The sum is over all the fermion
species.

Define: z = Z—f, the mass ratio of the outgoing particle over the incident particle

in the annihilation to fermion-antifermion Yy — ff. The relative velocity of the
final-state particles in the C.O.M frame is [171]:

=(1-2*+2 v2/4)% = z(v 2/4+,u+)% (52)

with py = (1 — z2)§/z as the minimal value of v,. Defining » = 7%,

3/2 o —172$
(ov) = {(a+ bv* + cv*)vy) = %/g dvv’e™ T va(a+b® + '), (53)
With the Taylor expansion,
(ov) = ((a+ bv* + cv*)vy), (54)

322 1524 10528
{ (1 + 4z(1 z2) T 3202(1—22)2 + 12823(1—22)3 ))
6b 3524 31529
Xqt+ (1 + 4x(1 22) T 3202(1— 22)2 + 12823 (1— 22) ) ) (55)

600 6324 69326
+ (1 + 4:1:(1 22)  3222(1—22)2 + 12823 (1—22)3 )}

z is much smaller than 1, and x is larger than 10, so the thermally averaged
annihilation cross section could be expressed as (ov) ~ a+%+5%¢ if the freeze-out
temperature is known, then the averaged annihilation Cross sectlon at freeze-out
is determined.

The freeze-out temperature of Dark Matter could be obtained by solving the
standard Boltzmann equation:

N|=

(ov) ~ (1 — 2%)
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Ratio between the coefficients of the s, p, d wave terms

((@a+bv?+cvt))=Vv1-2% x
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Figure 11: Upper: the ratios between the terms in the s, p, d wave terms in Equation (55).
Each term is noted as \;; and their relative values are shown. The high order terms are small
compared with the leading term unless the final state particles are as heavy as Dark Matter
particle (this is impossible for the SM fermions), so only the first term is taken in the calculation
. Bottom: if a=b=c (which is not true), the ratio between the s, p, d wave terms shows that
the p, d waves could be important, indicating that s-wave term is no more dominant if 3 — 0,
equally speaking, the p-wave term becomes dominant. This will be further discussed in Chapters
4 and 5.
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dn,
7 +3Hn, = —(ov)(n2 — ngq) , (56)
the second term on the left is the dilution of Dark Matter number density due
to the expansion, the right side describes the reduction due to annihilation. Here
we use the system units with ¢ = h = kg = 1.
The conservation of entropy in equilibrium implies that the entropy density
s = g*S%T 3 o a3, where g,, is the effective degree of freedom associated with
the entropy all the particle species. A detailed calculation of g., is discussed in
Ref.[172]. Since T  a~'and aT' = const, we have £ = —L then the Boltzmann
equation is expressed as

dn dna?
L 4 3Hn, =a3
g o =a Ty

There are several types of solutions to continue the calculation, depending on
the definition of Y, such as Y = % or Y = 7.
If Y = &%, then at thermal equilibrium,

(57)

pr— ﬁ’
7/Leq m (3 _m
erq: T3 :g(27TT)2e . (58)
From Equation (57),
dy —n 1dTr . T 1 . a1 _ 1
a1 YY2TO — Y2T%) = T3 (ov) (Y2 — Y? (60
E_ﬁ<o-v(eq )_ <Jv(eq ) )

After multiple intermediate steps, the value of x at the freeze-out moment is
given by

6b | 60c
45 gMXMplanck (CL + s -+ x_z)
zp=In(l(l+2)y/— r - (61)

172 1
8 27r3gto/t’fx2

This is the conventional solution in which the d-wave term is involved (these
does exist a d-wave model on the list of models, cf. Table 2, where | = O(1),
usually it is set to be 3. The Planck mass Mygner = 1.22 - 10°GeV, gyo, 5 is the
relativistic degrees of freedom in equilibrium at freeze-out, it is usually set to be
~ 100, depending on the transition temperature of the particles and the mass of
Dark Matter. If Dark Matter mass is between 500 GeV and 10 TeV and no other
particle exists in this range, it is set to 106.75 [172].

Since we have not found Dark Matter at the LHC, Dark Matter is expected to
be more massive, so the value of s increases again, a typical value of z; should
be in the range [20,30]. If x; = 25, since %mXUZ = %T, then vfreese—out ~ 0.34.

39



The relic density of Dark Matter is thus written as
Ly
gtlo/tzmplanck(GeV)m +3b/xy + 20c/x%)

where g is the number of internal degrees of freedom for the Dark Matter
particle

Qpuh? =2-1.04-10° (62)

real scalar

Majorana fermion or complexe scalar

O N

63
Dirac fermion, spin — % particle (63)

6 wvector with dif ferent antiparticle

For example, for vector Dark Matter which has 3 eigenvalues of spin along any
axis, with its antiparticle, the total number of degree of freedom is 6. But if it is
the same as its antiparticle, g=3.

The factor 2 in Equation (62) is added for the existence of anti-Dark Matter,
this factor exists for all the candidates with an antiparticle. For Majorana fermion
and real scalar Dark Matter, this factor does not exist.

With the expressions of the a, b, ¢ terms in the formulae of annihilation cross
section, the value of xy at freeze-out by solving Equation (61) is obtained, the
zy term in Equation (62) should be consistent with the value of relic density
Q.h? = 0.120 4 0.001 in Ref. [6].

For each particle model and operator, the benchmarks with different Gy and
m, are used. G varies from 107 to 107* and m, from 1 GeV to 100 TeV to
compare the relic density, then the corresponding Gy and m, can be found, and
the annihilation cross section can be computed.

The annihilation rate required by the relic density is shown with a gray curve
on each panel from Fig. 13 to Fig. 15. Since we concentrate on yx — ff, all the
9 fermion species except the neutrinos in the final state are considered, with 3 of
them being shown in these figures: bb, 777, utu~.

For each species, it is assumed that the only channel through which Dark
Matter annihilation happens or equally a 100% branching ratio for each species.
So it could be compared with observational limits from gamma-ray or cosmic ray
searches. Then if we project the required m, on the panels with a plot about
the relationship between ov and m, (shown by the violet curves), we get the
maximal annihilation cross section which could be produced to this species, the
value should also not be higher than the observed upper limits.

For each final state, the observations are listed here:

bb : the constraints from the 15 dSphs by the Planck collaboration and the
constraint from the Segue 1 dSphs by the MAGIC gamma-ray telescopes [203].

777 : the constraints from the 15 dSphs by the Planck collaboration and the
constraint from the Segue 1 dSphs by the MAGIC gamma-ray telescopes [203],
and the observation of the Galactic halo by H.E.S.S [174].

ptp: the constraints from the 15 dSphs by the Planck collaboration and the
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constraint from the Segue 1 dSphs by the MAGIC gamma-ray telescopes [203].

There are in general four types of annihilation, some of the results are shown
from Fig. 13 to Fig. 15 in this chapter. And the others are added in Appendix
B.

4 types of annihilation:

(1) Universal coupling, s-wave: an example of fermion Dark Matter annihilation
via a vector operator is shown in Fig. 41 in Appendix B.

(2) Universal coupling, p-wave: an example of scalar Dark Matter annihilation
via a vector - axial-vector operator is shown in Fig. 42 in Appendix B.

(3) Yukawalike coupling, s-wave: an example of scalar Dark Matter annihilation
via a scalar operator is shown in Fig. 43 in Appendix B.

(4) Yukawalike coupling, p-wave: an example of fermion Dark Matter annihi-
lation via a scalar operator is shown in Fig. 13.

For (1), in the case of fermion Dark Matter that annihilates via a vector op-
erator, the annihilation is not affected by the velocity, so the annihilation rate
it can produce today is the same as that at the freeze-out moment (ov) =
2.7-10726 cm3s~!. Compared with the observations, it is insensitive in the neu-
trino final states, for bb, Gy > 107° is excluded out up to 110 GeV; for 7777,
Gy > 1077 is excluded out up to 1900 GeV; for utp~—, Gy > 1077 is excluded out
up to 10 GeV.

For (2), in the case of scalar Dark Matter that annihilates via a vector - axial-
vector operator, the annihilation is dominated by the velocity, so the annihilation
rate in today’s Universe is not the same as at the freeze-out moment if we take
v = 220 km/s, which is the velocity in the Milky Way halo, then (ov) < 2.7 -
10726 em3s~1. Compared with the observations, we conclude that it is insensitive
in any of the 3 final states.

For (3), in the case of scalar Dark Matter that annihilates via a scalar operator,
the annihilation is not affected by the velocity, but the effective coupling strength
is proportional to the particle mass of the final state, Gy oc my, so the annihilation
rate is much lower in the low mass final states. Compared with the observations,
for bb, Gy > 3 -107° is excluded out up to 32 GeV; for 7H77, Gy 2 9-107° is
excluded out up to 16 GeV.

For (4), in the case of fermion Dark Matter that annihilates via a scalar op-
erator, the annihilation is dominated by the velocity, so the annihilation rate
it can produce today is not the same as at the freeze-out moment. If we take
v = 220 km/s, which is the velocity in the Milky Way halo, then(ov) < 2.7 -
10726 em3s™1. Compared with the observations, we conclude that it is insensitive
in any of the 3 final states.

The velocity-dependence in (2) and (4) is so strong that it makes the Dark
Matter invisible to indirect detection. This means even if that kind of model is
correct, we could not detect it in indirect detection. This may explain the non-
detection of Dark Matter. As shown in Fig. 13, we test with v = 3000 km/s,
which is in the range of velocity in the galaxy clusters. For this type of model, the
sensitivities of the current experiments are still far away from the value required

41



by the Dark Matter. For bb, we need to increase the sensitivity by 10° to 10%
times, for the other 5 final states, we need to improve the sensitivity much more.

Beyond the 4 typical annihilations, a very specific case is the d-wave-dominated
model with a vector Dark Matter and an alternative tensor operator. This model is
more strongly influenced by the velocity of Dark Matter in the dynamical systems.
The annihilation cross section decreases as Dark Matter mass increases leading to
being more difficult to be detected. The sensitivities of the current experiments
are too far away from the annihilation cross section it can produce today. If Dark
Matter does belong to this category, and no boosting factor exists, it is almost
an impossible mission for astroparticle physicists focusing on indirect detection to
find a signal.

It is necessary to point out that the calculation in this section is based on the
standard treatment of the Boltzmann equation, and there is no boosting effect
considered in the calculation. A brief global view of Dark Matter searches is
needed. All the results indicate that if Dark Matter is a WIMP, then it is necessary
to go to a much higher energy scale to probe Dark Matter. This is consistent with
the previous results in Collider-based and direct detection experiments.

3.4.3 Summary of Section 3.4

A long list of WIMP Dark Matter candidates and operators is made by accumulat-
ing information from previous work on the EFT models. The Boltzmann equation
is applied to find the z; at the freeze-out moment which is determined by the ob-
served relic density of Dark Matter. The mass for each coupling strength allowed
by this calculation then serves to project on the annihilation cross section in to 3 fi-
nal states, this annihilation cross section is the maximal annihilation cross section
it can produce in today’s Universe. The comparison between this value and the
observational constraining limits rules out a large chunk of the parameter space.
The models are classified into four groups, depending on the types of coupling
and dominating wave term. Several models have been computed with fermion,
complex scalar, and vector Dark Matter annihilating via various operators. The
allowed parameter space is then listed in Table 2. A lot of cases remain insensitive
in the current experiments. This is caused either by the velocity-dependence in
the p-wave or d-wave, or the mass-dependence in the Yukawalike coupling. In
all these results, no signal of Dark Matter has been found, and a lot of models
are impossible to be tested by the existing experiments, all these results point to
heavier WIMPs.

It is not realistic to make computation for all the existing models in this chapter,
but more models are already implemented in the DarkSPIDER packages. For the
users who want to do similar work, it is necessary to take information about the
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Figure 12: For fermion Dark Matter annihilation via a scalar operator with Yukawalike coupling, the
relic density required Dark Matter mass m, and coupling constant Gy are shown on the top left panel.
If Dark Matter annihilates purely to one final state, the maximal (0v)ann: to 3 final state particles
are shown respectively from top middle to bottom left: bb, 7+7~, u*u~. The constraints are from
the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic halo
with H.E.S.S [174]. The gray horizontal line is the conventional (ov)gnn; = 2.7 - 1026 em3s™ ! at the
freeze-out moment, the (ov)anni it can produce today into each channel is shown as the violet curve
(for v = 220 km/s). This is a p-wave annihilation. The constraints are weak in this case. See Table 2
for more explanation.
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Figure 13: For fermion Dark Matter annihilation via a scalar operator with Yukawalike coupling.
This figure is the same as Fig. 12, but tested with v = 3000 km/s. All the final states are still
impossible to detect in the existing experiments. If there is no boost factor, this kind of Dark Matter
is invisible to indirect detection.
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Figure 14: For vector Dark Matter annihilation via an alternative vector operator with universal
coupling, the Dark Matter mass m, and coupling constant G required by the relic density are shown
on the top left panel. This is a d-wave annihilating model. None of the 3 final states is sensitive in
today’s experiment. The slopes of annihilation cross section indicate this kind of model is even more
difficult to be probed in indirect detection than the other models. See Table 2 for more explanation.
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Figure 15: The three types of reactions in the early Universe [171].

type of coupling or the coupling coefficient as shown in Tables 11 to 13 (Appendix
A) into consideration.

The calculation in this section does not contain any boosting factor. For some
cases, such as the p-wave models, boost factor may play an important role, this
needs to be further investigated.

3.5 Coannihilation

In most of the Dark Matter models on the market, when people consider indi-
rect detection, self-annihilation is taken into account. Self-annihilation treats the
interaction between a Dark matter particle and its antiparticle, the two incident
particles share the same mass. Annihilation could possibly happen between two
near-mass particles with small mass splitting. This case is called coannihilation.
Assuming the symmetry is not broken, there are two standard methods to treat
coannihilation. The first was developed in Ref. [171], it has been widely applied
until today, for example in Ref. [195, 196, 197]; the second was developed in Ref.
[198], it has also been applied such as in Ref. [199]. Since both methods are
practical, here the first method is applied in this work to evaluate all the possible
interactions for the incident particles:

XiX;j — XX/
XzX <— XjX/ , (64)
Xi > xiXX

here ;, x; denote the particles in the dark sector, X, X’ denote any particles

in the standard model. The three forward and backward interactions need to be
taken in to account in the Boltzmann equation

dt

dni eq, e ! ! e
= 3Hni—2[(aijv>(ninj—niqnjq)—((Jijv>ninx—(ajiv>njnxx)—]}j(ni—niq)].
7,X
(65)

This expression could be simplified since all the other heavier particles have
finally decayed into Dark Matter particles, so
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N
n= an : (66)
i=1

dn al eq_ e
ar — z‘jzl<0ijv>(ninj —ngnit). (67)

At freeze-out, the equilibrium required approximately

L)

g lio=y (68)

n ned

3

Il
<

So this ratio is defined as

J(14 A)32. —x/\;
Geff
Suppose m; < mo < ms... < m, and Dark Matter is the lightest particle with

mass mq, the mass splitting is

N = (m; —my)/my, (70)
Geff = Zgi(l + A)3/2 cexp(—xl\;). (71)

Then a simple form of the Boltzmann equation of Dark Matter annihilation is
obtained

dn

pri —3Hn — (oespv)(n® —nl,) . (72)
with
N N
Oefy =) 0uriry = ‘7”3;_?;(1 + D)1+ 0)Pexpl—a(Di + A))] . (73)
ij ij ¢

For systems with two Dark matter particles, A; = 0, we note Ay as A .

Gers = g1 + g2(1 4+ D) Pexp(—zl), (74)

Oeff = 011%+012%(1+A)3/26$}7[—$A]+O'QQQZ2£(1+A)3€$]?[—2JJA] . (75)
Yers Yers ers

For two Dirac fermions, g, = g2 = 4, then
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4 4
Oepp = o11( V2401 2(14-0)3exp[—a ]+ ( 2(1+A)eap[—224].
Gefs Gess Yefs
(76)
The efficiency of the annihilation is defined as

= (0. 1 3berr  20c,
g= [T gy o (g + Betty Bst), (77)

zf T Xy Xy l’f

where the acsy, bef, cepy are similar to the expression of o.sf, thus can be got
by replacing o;; with a;;, b;;, ¢;;. For instance

N
gig;
ors = D ariry = Y ays (14 D)V (14 £ epl—a(Ai+ Ay)]. (78)
7 I eff

Then the freeze-out temperature is
be 60c.
45 gMXM lanck (aeff ‘l’ ff + - ff)

e =In(l{l +2)1/ — ) 79
= (it +2)y/ P (79)

And the relic density is

1.07 - 10°
Quh? = — 57— = L0T-10°— &
Jgtotmeplanck Gx mplanck(Gev) < allja + 3611]b/xf + 20611[0/37? >
(80)
I, = ;H fmf T~ aeffdx
with { I, = bif fx 3 pdx
3-m? ofo
c = o Jag T Ceffde‘

For the case of 2 near-mass particles in coannihilation. As shown in Fig. 16 and
Fig. 17, for fermion Dark Matter, we scan the parameter space {m,1, A} to find
the parameters which satisfy Q.h? = 0.12040.001 [6]. For dm = 0.05, 0.1, 0.15, 0.2,
0.25, Dark Matter mass m,, is varied to scan in the range 1GeV < m,; < 1GeV
and 1 < A/m,; <9.

It is found that for all these models, if m,, is fixed, higher A is needed to
produce the right relic density, and A is larger for smaller dm. For several models,
it is impossible to produce the required relic density if ém is not small, such as
the case of a pseudoscalar operator. For ém > 0.20, there is no Dark Matter and
A that could satisfy the requirement of relic density. For the vector interaction,
this is more evident since only dm < 0.15 is allowed. And lower mass is preferred
if coannihilation exists; for high Dark Matter mass, A must not be too large. An-
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other indication is: for several types of operators, even with a very tiny dm, lower
Dark Matte mass is allowed if coannihilation exists, if om < 0.05 for the pseu-
doscalar, vector, pseudoscalar-scalar operators, m,; > 400GeV is not allowed.
This is important since the EFT is only valid when A > 2m,, the corresponding
line is added (black horizontal) on each plot. It is found that m,; > 400 GeV is
only valid for the tensor, alternative tensor, and chiral interactions.

All these figures are for the case of universal coupling. It is more complicated
for Yukawa coupling. For example, in the case of fermion Dark Matter and scalar
mediator, when being considered to annihilate via Yukawalike coupling, it is not
allowed to satisfy the correct relic abundance in the same range of the parameter
space of universal coupling. That is why only the case of universal coupling is
shown in this work.

3.6 Complementary constraints

The upper limits of the annihilation cross section in the indirect detection exper-
iments are collected, as shown in Fig. 18.

For the bb channel, the envelope of the strongest constraining limits from the
experiments is applied.

In the range 10GeV < m,, the CMB observations by PLANCK put the
strongest constraint [44].

In the range [10 GeV, 162 GeV], the strongest constraints are obtained by the
observations of dSphs by VERITAS, FermiLAT and MAGIC [203, 204].

In the range [162 GeV, 2.23 TeV], the IGRB observation obtained by FermiLLAT
is stronger than the other experiments [202].

In the range [2.23 TV, 66.7 T'eV], the H.E.S.S observations of the Galactic halo
give the strongest limits [174].

In the range [66.7TeV,92.9 TeV], the TAIGA Cherenkov air shower array has
the best sensitivity [207], while the best constraint is obtained by HAWC [130).

In the range of m, > 92.9TeV, the HAWC ~-ray observatory has put the
strongest limits with its observations of the Galactic halo [130].

With the precise annihilation cross section required by the relic density ob-
tained in [200], the standard thermal decoupling has been computed with a varia-
tion of the relativistic degrees of freedom associated with the total entropy density.
The corresponding limit is shown with a gray dotted horizontal line. The range
below 100 GeV has been ruled out for this kind of calculation.

The CTA sensitivity in this plot is conservative [179], this may be caused by
the uncertainty of the project, better sensitivities have been shown in previous
work [126] but now is reduced to this level, this might be improved in the future.

This fine partition of the energy range into segmentation is important in the
next step, not just because they are from different observations, but also because
it is required by the calculation of the annihilation cross section. For example,
properties such as the velocity of Dark Matter in these targets need to be con-
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sidered (as shown in Section 3), especially for the velocity-dependent annihilation
models. In this section, the averaged velocity in the targets are considered in the
calculation, for dSphs, v = 10km/s [209], for the Galactic halo, v = 220 km/s
[210]. For more details about the velocity-dependent annihilation, cf. Chapters 4
and 5.
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Figure 18: A collection of bounds (final state bb) from existing instruments and observations
(solid lines) as well as bounds from future installations (dashed lines) compared with the cross
section to match the relic density in standard thermal decoupling scenarios (dotted line) [200].
The most constraining limits are obtained with Fermi-LAT observations of dwarf galaxies [201]
and (more model-dependent) from the intergalactic gamma-ray background [202]. At the TeV-
mass range, H.E.S.S. observations of the Galactic halo are most constraining [174], while ob-
servations of dwarf galaxies fall behind [203, 204, 205]. The CTA sensitivity for observations
from the inner Galactic halo from [179], using a similar method as in [174], is obviously rather
conservative. At even higher energies, the air shower arrays HAWC [130] and TAIGA [207]
provide the best sensitivities. Complementary to the gamma-ray observations, measurements of
the anti-proton component of cosmic rays (AMS-02 [129]) and constraints from the CMB with
Planck data [44] provide excellent constraints at the low mass end [206].

With the envelope of limits in indirect detection experiments, we can scan the
parameter space in {my, Mmeq}, here g, = gpy = 1 is set as well with universal
coupling for fermion Dark Matter and 4 types of mediators. The results are
shown with orange curves in Fig. 19 and Fig. 20. It is found that the sensitivity
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of indirect detection is relatively weaker than direct detection, but it covers the
highest energy range.

The constraints and sensitivities of the collider-based experiments are accumu-
lated as follows.

ILC: the reach of the ILC Dark Matter searches on the ILC project has been
studied for three different proposed energies (250 GeV, 500 GeV. 1000 GeV) and
five types of operators (scalar s-channel, scalar t-channel, vector axial-vector,
chiral vector ) in Ref. |211], then the comparison of sensitivity for two operators
(vector, axial-vector) between ILC and LHC has been shown in Ref. [141]. The
latest results are shown in [142]. To compare with the other experiments, the best
sensitivities of ILC are extracted in this work, so the 30 CL sensitivities for a 1
TeV ILC are computed and convert to the relationship between m, and my,q in
this work. Here the scalar operator is also considered to have universal coupling
in this work, so this assumption is applied in the calculation.

LHC: for vector operator and axial-vector operator, the CMS mono-jet searches
for different CoM energies (8 TeV, 13 TeV and 14 TeV) and integrated luminosi-
ties (30671, 300/61,3000/b~") have been studied [143]. 3 scenarios of them are
taken to make a comparison in this work.

The limits of scattering cross section in the direct detection have been accu-
mulated from the following experiments.

The strongest constraints in direct detection are obtained in Pandax-II [131],
XenonlT [181], Pico-60 [135].

The other experiments which predict excellent sensitivities include DARWIN,
PANDAX30T, PandaX-4T [133|, XENONnT, SuperCDMS-1700 kg, LZ 15.6t-y
[213]. The neutrino background is also shown in these plots to make a boundary
of detectability.

The pink region on the upper left is the part where the EFT is not valid. For
each value of m,, a corresponding m,,.s to produce the correct relic density is
found. This leads to the gray curves in Fig. 19 and Fig. 20.

For all the four operators, only the small regions at high (> 10 TeV) and very
low mass (< 10 GeV) are still allowed. An interesting problem in these plots is
that the sensitivities of indirect detection vary a lot for different operators. For
the case of a scalar operator, the sensitivities of the indirect detection experiments
are extremely incompetent compared with the other experiment which is caused
by the velocity-dependent annihilation. But it offers a unique probe for Dark
Matter searches, cf. Chapters 4 and 5.

Beyond the limitation set by the direct detection experiments, a heavy mediator
is always allowed but impossible to be detected.

3.7 Conclusion and discussion

This chapter applies the EFT supplemented by simplified models to put con-
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Figure 19: Complementary limits for a fermion Dark Matter and a scalar operator (top) or
axial-vector (bottom) with universal coupling: The constraints from direct searches, indirect
searches, relic density, and collider searches are included. Ounly a small region at high (> 10
TeV) and very low mass (< 10 GeV) is still allowed. For axial-vector, the mediator mass could
be larger than that of the scalar mass. Here we have used the ILC sensitivity (dashed) from
[141] and LHC constraints (solid) and sensitivities (dashed) from [143]. For indirect detection,
we have combined the constraints in Fig. 18. For the relic density, we have used the data from
the Planck collaboration [212]. For direct detection, we have collected all the constraints (solid,
spin-independent cross sections) and sensitivities (dashed) with data from [131, 194, 213|. The
results of direct detections are similar to [143].
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Figure 20: Complementary limits for a fermion Dark Matter and a vector operator (top) or
chiral-vector operator (bottom) with universal coupling: the constraints from direct searches,
indirect searches, relic density, and collider searches are included. Only a small region at high (>
10 TeV) and very low mass (< 10 GeV) is still allowed. Here we have used the ILC sensitivity
(dashed) from [141] and LHC constraints (solid) and sensitivities (dashed) from [143]. For
indirect detection, we have combined the constraints in Fig. 18. For the relic density, we have
used the data from the Planck collaboration [212]. For direct detection, we have collected all
the constraints (solid, spin-independent cross sections) and sensitivities (dashed) with data from
[131, 194, 213]. The results of direct detections are similar to [143].
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straints on Dark Matter. Multifunctional codes have been developed to compare
theoretical expectation with observational limits.

The validity of EFT and the connection between the EFT and simplified models
have been discussed for the fermion, scalar, and vector Dark Matter models. The
EFT validity has been investigated to find the valid range of the parameters (G,
A, Mmed, TTLX).

The constraints from indirect detection have been derived at first, the standard
treatment of the Boltzmann equation is revisited to find the z; at freeze-out, which
is then used to get the theoretical value of the relic density today. Dark Matter
models are collected with various operators from several previous publications and
added to the codes. Then 4 general modes of annihilation are found depending
on the types of coupling and the dominating wave term in the annihilation cross
section. With the limits from FermiLAT, H.E.S.S., CTA, MAGIC, and PLANCK,
we have made a comparison with the theoretical values. We find only one of the
4 modes gives the same annihilation cross section required by the conventional
treatment: the case of universal coupling and s-wave. For the other 3 modes, a
lot of the models (as summarized in Table 2) contain non-sensitive Dark Matter
candidates in the current experiments. This means this type of WIMP hypothesis
could not be ruled out. All the scanning work shows heavy Dark Matter remains
to be probed in the future.

The calculation of coannihilation is a natural extension of the hypothesis of a
single particle in the dark sector. A model with two near-mass fermion particles
has been scanned. When they coannihilate, their mass and mass splitting is
limited by the relic density. In all these cases, small mass splitting produces
significant annihilation, and larger cut off energy is needed for low mass Dark
Matter. These results means, in the range where the EFT is valid, Dark Matter
is preferred to be not too high if another unknown near-mass particle exists. This
calculation could be extended easily to the cases with more unknown particles in
DarkSPIDER.

The bounds are collected from existing indirect detection experiments, all the
most constraining limits are shown in Fig. 18. The envelope of indirect detection is
then applied to put limits on the 2D map of {m,, Myeq}. The strongest constraints
are from the direct detection experiments, for which we could also put limits on
the 2D map of {m,,meqa}. So are the collider-based experiments (LHC and
ILC) and the relic density. Four operators in total are considered for fermion
Dark Matter. Most of the regions in the low Dark Matter mass in the parameter
space {my, Mmeq} have been ruled out. Only some small regions below 10 GeV
and above 10 TeV are allowed. This is consistent with the results in the other
methods in this chapter. An interesting case is a fermion Dark Matter and a
scalar mediator; this p-wave annihilating model shows weak constraints if there is
no other boost factor, this is important since a very high energy range could only
be probed with indirect detection observations. And complicated physics exists
in this problem. For this reason, efforts for p-wave annihilating Dark Matter are
done and shown in Chapters 4 and 5.
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Chapter 4 Velocity dependence of Dark
Matter annihilation in the dSphs

4.1 Introduction

Indirect detection looks for primary and secondary particles from the final states
of Dark Matter annihilation and decay. In the non-relativistic limits, the an-
nihilation cross section can be written as a function of the relative velocity of
the incident particles, it is given by (ov) &~ a + bv* + cv!. Most of the indirect
detection studies have concentrated on the s-wave annihilation for which the b,
¢ terms are negligible; the corresponding combined results have ruled out Dark
Matter particle below about 120 GeV as shown in Fig. 18. The latest analysis
from the FermiLAT collaboration found the constraints improved via new asso-
ciations could potentially rule out thermal WIMPs up to 400 GeV (bb) and 250
GeV (7177) [222]. Futural gamma-ray observations from the ground-based imag-
ing air/water Cherenkov technique like TAIGA, LHAASO, CTA will have better
sensitivities in the TeV energy scale [223], but all of them are still under construc-
tion. The direct scattering experiments such as PandaX-II and LUX [64, 65] will
also play a sensitive role, they start touching the irreducible neutrino background,
but no signal has been reported until now. Neutrino detectors like ANTARES,
IceCube, KM3NeT are playing irreplaceable roles and will open a window to the
Wimpzillas (10" to 10'%eV') world [224, 225].

Unlike s-wave annihilation, when the b term dominates, the differential gamma-
ray flux induced by the so-called p-wave annihilation is characterized by Equation
(81), in which we need to consider the influence of velocity on both the annihilation
and the dynamics of the target system. For the sake of simplicity, to compare
with the s-wave case, we convert it to Equation (81). This (ov).rs term could
thus be added to the s-wave (ov) plots to show us the difference in an intuitive
way.

(0) Jaa fros PP Q) av(l Q))dldQ fR 202(rY{(ow(r))dr
eff = Tna fro 021, Q)dld9 foR 02(r)dr

The total gamma-ray flux from the Dark Matter from a dSph is defined as

(81)

) zsﬁnﬂfj YdEy - [ag 1o P21 Q) (ov(l,Q))dld (82)
= Soet [ GRdE, - [ng [, P dIQ (83)
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where m, denotes the Dark Matter mass, % denotes the initial differential
gamma-ray spectrum per Dark Matter pair annihilation, p(l,€2) the inner mass
density profile in the target.

We have observed the GeV excess from the Galactic center (GC), but this is now
less and less likely to be caused by Dark Matter, the most promising explanation
is the unsolved millisecond pulsars in the Galactic center [226]. If there is still
any possibility to show the existence of Dark Matter in the GC, we must have a
better understanding of the physics in it. The biggest difficulty to study the GC
is the gamma-ray background, this forces us to pay attention to the targets with
low background.

The Local Group dwarf spheroidal galaxies (dSphs) are key targets to study
particle physics, astrophysics, and cosmology. Each of them has a high mass to
light ratio and a relatively short distance to us. They are Dark Matter domi-
nated and baryonic emission-free. On the other hand, by studying the Dark Mat-
ter annihilation and decay, stringent constraints on Dark Matter particle from
gamma-ray indirect detection have been given in the last decades by FermiLAT,
HESS, and the other gamma-ray experiments [178, 205, 245, 291, 301, 379, 381].
And it has been sold for years that we are on the threshold of discovery of Dark
Matter particle [227] or the moment of ruling out it. The astrophysical diffi-
culties in gamma-ray indirect detection of Dark Matter concentrate on several
widely known problems which could be tested by investigating the dSphs, like
the ’core-cusps’ problem [47, 48, 49|, the 'missing satellite problem’ [50, 52|, the
"too-big-to-fail” problem [51, 52, 53, 54|, all these rises up during a long time in
the Optical and X-ray observations like the SDSS and Chandra which help in
the understanding of the mass distribution and velocity dispersion profiles in the
galaxies [117, 292, 293, 295, 296, 297, 300].

Until now, unfortunately, there is no observational evidence from dSphs to
support any dynamical Dark Matter hypothesis [228]. There are three possible
reasons for the non-observation: first, we have not yet found the proper model of
the Dark Matter candidate nor the astrophysical targets; second, our detectors
need to be improved for a better sensitivity to get more data; third, we have a
wrong explanation of the existing data.

To find a candidate solution to this problem, we try to develop a method
to revisit the dSphs data with a model-independent analysis. For the dSphs, a
generalized model is developed to describe the dynamics, the anisotropy, and the
mass density; for the Dark Matter particle model, simplified models are called to
calculate the annihilation cross section. Another aspect needed to be considered
consists of the astrophysical uncertainties and boost factors in the calculation,
hence the Sommerfeld enhancement is taken into account since this is the largest
boost factor we know. The other uncertainties and boost factors are discussed in
Section 4.2.4.

Comparison of the properties among different targets shows one of the most
important differences is the velocity dispersion profile which describes statistically
how the stars’ velocity differs from the average value. It is able to reach the order
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of 10 km/s in the dSphs and several 10% km/s in the galaxy clusters [285].

This work starts with confronting the theoretical calculation of the p-wave
annihilation with observations in the dSphs in the absence of the Sommerfeld
enhancement. The Sommerfeld enhancement is then taken into consideration to
make a comparison. The Sommerfeld enhancement can boost the annihilation
when the relative velocity is small (< ¢), and the resonances may play a dra-
matic role to improve the detectability of p-wave annihilating Dark Matter. A
predictable signal is expected to be found by applying this effect in the calculation.

4.2 Relative Velocity in annihilation

To calculate the l.o.s projected velocity dispersion, the mass density profile (NFW
[286], Einasto [287, 27|, Burkert [288]), anisotropy profile, and stellar density
profiles need to be understood first. A method to free all the parameters within
generic models is developed to establish an N-dimension fast scanning algorithm.
The dSphs are clean targets today since the baryonic matter has been stripped
out during the long history. The formation of dSphs is still unknown to us,
otherwise, we should consider the annihilation and decay during the full history
as in the N-body simulation. The dSphs we have observed today are usually
assumed as a steady system in dynamical equilibrium since they have no hot
gases anymore [298|. They contain tiny photon backgrounds since they are old,
star formation in them has stopped a long time ago. There are two ways to treat
it: applying the standard spherical Jeans equation [229, 230, 232, 234] or the
Schwarzschild method [299]. In this work, the former method is chosen.

4.2.1 Jeans Equation

For a spherical and Dark-Matter-dominated system, if it is in a steady state
without streaming motions, its dynamical properties have been studied explicitly
[229, 230, 232, 234] and could be expressed by the standard Jeans equation, reads

d(lo? r GM (r
(drr) +2ﬁ§n)l(7‘)0'z:—l(’l") TQ( )
where the following definitions have been recalled:
r: the heliocentric distance to the system center.
M(r): the total enclosed mass within r.
l(r): the 3D stellar volume mass density.
B(r): the velocity anisotropy factor, 5 = 0 is the isotropic case, cf. Section 4.2.2.
o,: the radial velocity dispersion in the system.
To solve this spherical Jeans equation, all these definitions must be computed
first. The corresponding computation is based on the following calculations.

: (84)
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4.2.1.1 Mass density profile

The Zhao-Hernquist profile and the Einasto profile have been applied in many
papers [149], most of the popular models are included in these two families. The
conventional expression of the Zhao-Hernquist profile is chosen, it is given as

o=n () e (2)] ®

where a denotes the transition slope, w denotes the outer slope, v denotes the
inner slope, r, denotes the scale radius. The profile is cored when v = 0, and
‘cuspy’ when v > 0. When {«a,w,v} = {1,3,1}, it becomes the NFW profile
[286]; When {«, w,~} = {arbitrary,4,1}, it becomes the generalized NFW pro-
files [377]; when {o,w, v} = {7/9,31/9,4/9}, it becomes the Dehnen & McLaugh-
lin profile [378]; etc.

A more general model has been established to unify more models by one formula
[231], but its compact mathematical expression makes it hard to be implemented
in this work.

4.2.1.2 Halo mass function

The enclosed mass depends on the density profile as M (r) = 47 [ s*p(s)ds. With
the Zhao-Hernquist profile, the mass profile can be written as

_ / 2 _dmprd (1T 39 w—y 37 "\
M(r)=4n sp(s)ds—ﬁ . i " ' o o +15_(7) 2 (86)

where F(a,b,c,d) denotes Gaussian’s hypergeometric function [117, 148|.

4.2.1.3 The stellar density

The luminosity density is the deprojection of the surface brightness profile. There
are several popular models of the stellar density, such as the Plummer, Sersic, and
King profiles [235, 236, 237|. In this work, the Plummer profile is applied. The
Plummer profile of luminosity density reads

L 1
(R)=———= 87
(F) 777"3(1+l§—§)27 (87)

with L denotes the total luminosity, . denotes the half-light radius.
For a given I(R), the 3-D dimension density of the Plummer profile reads
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4.2.2 Velocity anisotropy profile

The anisotropy profile of a non-rotating spherical system has been studied explic-
itly [230, 232, 238, it is defined as

by =1~ 20 g o0+ i)

202 202(r) v2(r)’

(89)

where o7, 0, are respectively the tangential and radial velocity dispersions with
the relationship o7 = o7 (r) + 03 (r), with 0, 0, respectively the longitudinal and
azimuthal velocity dispersions, and g, v, are the mean components of the velocity
in the spherical coordinate system (r, 6, ¢), and v} = v3+v7 in this kind of system.

A general anisotropy profile is proposed for any smooth monotonic anisotropy
model on the market [239], as in Equation (90). We vary the parameters to get
the isotropic profile (5(r) = 0), constant anisotropy, the Osipkov Merritt (OM)
anisotropy profile and the generalized OM profiles as shown in Table 3, where '—’
means an arbitrary value. And the normalization factor g(r) corresponds to the
g term in Equation (91).

Bo + Boo(1/1a)*
B(r) = Dot Peelr/ 25) , (90)
L+ (r/ra)
1ding
= -3 - 91
pr) 2 dinr (91)
where 7, is a free parameter.
[ Name  [0] B [Bx| Br | g(r) |
Isotropic - - 0 0 1
Constant 0| const | O Bo r—2P
. ; )% o
Osipkov Merritt | 1 0 1 % ) (1+ )"
General O.M.1 |1 | - 1| Br)= % (Z)~20 (1 + 72;_3)/30—1
General O.M.2 | 1| - - % (Z)~20(1 + :_g)ﬁ()_ﬂoo
General O.M.3 | - - - %W (i)—Qﬂo(l + %)ﬁo}ﬁw

Table 3: Anisotropy profiles. With more parameters, as shown in g(r), the models are more
generalized.
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Comparaison of the 5 anisotropy models, UMI dsph
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Figure 21: Comparison of the five anisotropy models. The data of the projected velocity dis-
persion profile of the UMi dSph is from [117]. Five anisotropy models are shown on this plot.
Here the PSO fitting method is applied with 120 swarms and 10 iterations. The five curves are
the best-fitting results for the five models. The corresponding values of x? are shown in Table
4.

4.2.3 The velocity dispersion

The continuity and closure conditions are taken into account in the Jeans equation,
and it can be solved and compared with experimental data. But equilibrium does
not guarantee stability, slight anisotropy can make the system unstable, so this
method should be used carefully|234]. For simple anisotropy profiles, a detailed
solution to the Jeans equation has been provided 232, 241]. Tt is consistent with
a more widely applied method proposed by Binney & Mamon [242|. It has been
extended to all the recent papers for the case of the non-constant anisotropy, as
in Ref. [148, 243, 244, 245, 246]. To simplify the analysis, we follow this idea and
extend it to the generalized Osipkov Merritt anisotropy profile (gOM) including

Anisotropy model min(x?) | d.o.f | p-value
constant 22.08 12 ] 0.036633
Osipkov Merritt 22.38 11 | 0.023761

Generalized Osipkov Merritt 1 19.87 10 | 0.014702
Generalized Osipkov Merritt 2 18.14 9 0.008629
Generalized Osipkov Merritt 3 |  17.31 8 0.00477

Table 4: The x? for the PSO fitting to the projected velocity dispersion data of the UMi dSph
[117].

63



several simple anisotropy profiles as in Table 4.
In order to calculate o2, the general solution as Equation (92) is taken from
Ref. [232, 241].

7 90) ] Ils) GM(s) ) .

g(s) s°

where g(r) is defined by the anisotropy factor defined in Equation (91), G is
the gravitational constant.

Projecting along the line of sight (l.o.s), together with the anisotropy profile,
the l.o.s velocity dispersion [232] can be obtained.

o2 (R) = % Z (1 - ﬂ(v“)%?) —%dﬂ (93)

The velocity dispersion could be observed with red/blue shift. The data is
fitted with Equation (93) to get the best-fitting parameters. With the parameters
in Equation (92), the value of v, is obtained. In [246|, an approximate relationship
shows v2 ~ 207.

Generalized or modified Schwarzschild’s method [251, 252, 253] searches for
equilibrium solutions, it tries to find appropriate statistical expression to combine
various types of orbit-based models in equilibrium and count the relative contri-
bution of these orbits. It successfully describes axisymmetrical models or triaxial
galaxies. There is no restriction on the potential, the distribution function, and
all the kinetic parameters are included. But the continuity is not considered in
this method; and it causes the so-called fold/cusp catastrophe when unrealistic
line/points are formed as a result of the superposition of the orbits. Another
shortage is its high precision is based on time-consuming [254], it is a great tool,
but to simplify the work, we choose the Jeans equation which is precise enough
for this work.

The binaries can increase the velocity dispersion with the movement of stars in
the system. The study on the ultrafaint dSphs suggested a possible explanation of
the velocity dispersion even without Dark Matter. But Former work found binary
motion may contribute only significantly to low-velocity dispersion < 3—4 km-s~!
such as the ultrafaint dSphs, but highly unlikely can contribute significantly to
the classical dSphs with higher velocity dispersion studied in this work [240].

Different from the CLUMPY code, the substructure as shown in Ref.[255] is not
considered since this boost factor is small compared with the Sommerfeld boost
factor. Another motivation to develop this part is we need to make it compatible
with the DarkSPIDER package. The other uncertainties in the astrophysical
calculations are discussed in the following subsection 4.2.4.
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4.2.4 The astrophysical boost uncertainties

Systematic and astrophysical uncertainties need to be evaluated to calculate the
photon flux. A brief and quantitative description is given to show the astrophysical
effects which play non-negligible roles.

a) The foreground effect

The foreground effect investigates the fore-ground contamination for classical
dSphs and makes us overestimate or underestimate the signal flux and J-factor.
The signal flux could be boosted by a factor ~ 3 if the foreground contamination
for classical dSphs is less than 5% [256]. For the case of Ursa Major II, the
constant velocity-dispersion bias non-negligibly derives an underestimation of the
J-factor by a factor up to 5.

b) The clumpiness

Astrophysical uncertainties of the clumpiness are not negligible. Previous anal-
ysis claims the clumpiness boost factor in the Dark Matter annihilation is up to
100-1000 in the halo [257|. In Ref.[258], it shows a boost factor around 4-15. It is
claimed in Ref. [259] that the clumpiness boost factors are negligible and strongly
disfavored. The CLUMPY group confirmed this boost factor is negligible for the
dSphs, and up to 100 for the galaxy clusters [247, 248|. In Ref. [260], a factor is
obtained up to ~10 for the largest halos (clusters) at small redshift. Furthermore,
some studies at low masses indicate that the concentration-mass relation likely
flattens, making this enhancement negligible [261, 262, 263|.

c) The non-spherecity

The non-sphericity of the baryons and Dark Matter of the Galactic dSphs is
among the major systematic uncertainties in the astrophysical calculation related
with Dark Matter annihilations and decays [265|. It is of particular interest to
us since it is a natural outcome of the merges of galaxies or clusters. The strong
asphericity of individual clusters on surface density profiles may vary by up to
a factor of 3 in the projected density at a given radius depending on the line of
sight [264].

d) The baryonic infall

Baryon infall into forming Dark Matter halos begins at recombination. The
modified gravitation could either steepen the inner Dark Matter profile and then
the velocity dispersion profile by adiabatic contraction, and results in a gamma-ray
flux boost factor between 2-7 in a conservative analysis [266] or even up to 1000 in
some radical analysis [227, 267, 268, 269]. It could flatten the Dark Matter profile
since star bursts will be triggered if the local density passes the limit. So the
boost could be balanced out by the stellar feedbacks. This effect is thus a natural
explanation of the core-cusp problem. An extreme case is a CBH dominated core,
which has been studied for a galaxy with spiky profile. This could be used to
exclude a very large chunk of the Dark Matter parameter space, but that work is
also focused on s-wave [270)].

To conclude, it is clear that all these effects can boost the annihilation rate
or enlarge the photon flux to enable the possibility of detection. But all of them
can not produce a boost factor as high as the Sommerfeld enhancement. So this
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Name 2D 7, Lot Distance \/ (0%) References
[pc] [Lo] [kpc] [kms ']
Carina 254+ 28 | 43755 x10° [ 105+3 | 6.4+0.2 [117, 292]
Draco 220+ 11 | 22707 x10° [ 76+5 | 10.14+0.5 | [117, 293, 295, 296]
Fornax 714440 | 17705 x 107 | 147+3 | 10.7+0.2 [117, 292, 293]

LEO I 295+49 | 50715 x 10° [ 254+ 18 | 9.0+ 0.4 [117, 293, 294]
LEO II 177+13 | 7.8735 x 10° | 233+15 | 6.6+0.5 [117, 293, 297]
Sculptor || 282 +41 | 25702 x 105 | 86+5 | 9.0+0.2 [117, 292, 293]
Sextans 768 £47 | 59770 x10° | 96+3 | 7.1+£0.3 | [117, 292, 293, 300]

Ursa Minor || 445+44 | 39717 x10° | 77+4 [ 11.5+0.6 [295]

Table 5: Parameters of the luminous dSphs. Here the J-factor is not listed since there is a new
definition in Equation (81).

work concentrates on the Sommerfeld factor and ignores the others to get a simple
estimation.

4.2.5 Data

For the observed projected velocity dispersion, it is averaged over the entire galaxy;,

and given by 3(0%) s = W%#‘

The dSphs are difficult to be found due to their high mass-to-light ratio. The
Sculptor and Fornax dSph were first discovered with the 24-inch Bruce refractor at
Boyden Observatory. With the improvement of sensitivities in multi-wavelength
(optical, X-ray, gamma-ray) observations, more dSphs have been found [285|. For
example, we have already confirmed more and more dSphs and their light of sight
velocity up to thousands of stars in them with the SDSS. And the GAIA space
telescope can now characterize the 3D proper motion in the Sculptor, it is found
that o, = 11.5+4.3km s~ ! and 0y = 8.5+ 3.2km - s7![289]. On the other hand,
the annihilation cross section of Dark Matter in the dSphs has also been studied
with different experiments, including HESS [290], HAWC [291], FermiL AT [379],
etc. The latest data of the 8 classical luminous dSphs is collected in this work.
The corresponding parameters and references are listed in Table 5.

4.2.6 The PSO Fitting method

The Particle Swarm Optimization (PSO) has been presented in Chapter 2. This
algorithm can be used for N-dimension scanning. In this work, for the best-fit
curve to the data, the y? technique is applied, c¢f. Chapter 2. The corresponding
parameters are listed as shown in Table 6, with the coordinates given by

(p87 Ts, O, 67 ’Ya Tay 5a ﬁOa ﬁoo) - (zlv X2, 933-.-559)- (94)
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Figure 22: The velocity dispersion of the 8 dSphs being considered in this work. The fit is
performed with the PSO method. The best-fit results are shown with the red curves. The data

of the Draco, Fornax, Leo I, Leo II, Sculptor, Sextans dSphs are from Ref. [293]; the data of
the UMi, Carina dSphs are from Ref. [117].
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Name \ Range
ps [10710,107)
rs(pe)  [100,3000]

a [0.5,3]
w [3,7]
gl [0,2]
ro(pc)  [100,1000]
8 [0,5]
Bo -9,0.9]
Boo [-9,0.9]

Table 6: Range of the PSO fitting parameters.

[logio(ps) | rslpel | o [ w [ v [ralpd | 0 [ Bo | Boo | X* [ Ref |
0

-0.665 474.354 | 1.873 | 4.153 282.093 | 2.111 | 0.271 | -0.756 | 7.085 | [293]
-1.229 611.645 | 1.851 | 3.045 | 1.0 | 635.588 | 1.359 | -1.666 | -1.676 | 5.763 | [293]
-0.712 394.310 | 2.591 | 5.163 | 0 | 498.249 | 3.718 | -0.209 | -6.673 | 22.722 | [117]
-1.399 863.525 | 1.913 | 6.299 | 1.0 | 454.842 | 4.404 | -0.786 | -4.906 | 20.482 | [117]

Table 7: The best-fit parameters and x? for the fit to the velocity dispersion data of the Draco
dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt 3; and the
inner slope 7 is set to be 0 or 1. The degree of freedom is 9.

4.2.7 Results and interpretations of the fit

The optical observations on the Fornax, Sculptor, and UMi dSphs show a core
profile (oc 7°, with v = 0) in their inner part [117, 256, 282, 283, 306], and the
N-body cosmological simulations indicate a steeper (cusp) profile, which is oc 7!
with v = 1. This discrepancy is named as the 'core-cusp’ problem. The inner
slope v determines the shape of the profile. Profiles with v = 0 are centrally
cored. Profiles with v = 1 are centrally cuspy, it is the same as the NF'W profile.

Two types of fit are performed in this part. In the first fit, all the 9 parameters
are free, and we let them vary in the range defined in Table 6. In the second, the

Llogiolps) | mslpe] | o [ w | v [ralped [ 6 | Bo | Bosc | x* [ Ref |
0

0.123 557.680 | 0.845 | 4.953 440.334 | 1.133 | -0.499 | -4.043 | 49.794 | [293]
-1.358 1146.117 | 1.213 | 6.699 | 1.0 | 999.609 | 1.704 | -1.432 | -6.729 | 51.111 | [293]
-0.022 1577.549 | 0.619 | 4.844 | 0 | 747.265 | 4.780 | -0.140 | 0.303 | 36.943 | [117]
-1.864 2345.055 | 1.517 | 4.797 | 1.0 | 206.478 | 2.048 | -0.715 | -0.101 | 40.706 | [117]

Table 8: The parameters and x? for the fit to the velocity dispersion data of the Sculptor dSph
from Ref. [117, 293|. Here the anisotropy profile is the Generalized Osipkov Merritt 3; the inner
slope 7 is set to be 0 or 1. The degree of freedom is 28.
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inner slope v is fixed to be 0 or 1 and the other 8 parameters are free. In the
PSO, 120 swarms are sent to scan the parameters space in 100 iterations.

The Draco dSph is scanned with the two methods. Two groups of data are
extracted from Ref. [117, 293|. As the best-fitting results of the first method
shown in Table 7, both groups of data are better fitted when the inner slope
~v =~ 1. With the second fitting method, the results show a similar conclusion. As
shown in Tables 16 to 19, for both data set, it is easy to get to a better fit wit
when 7 is set to 1, and x?2,,, = 5.763. When 7 is set to 0, the x2,;,, = 7.085. But
the difference between them is small.

The previous study shows the Sculptor dSph suggests a cuspy profile [289], this
is not consistent with this work, as shown from Table. 20 to 23 (Appendix C).
v =~ 0 is preferred by the fit to the data from Ref. [117, 293|.

As shown in the other tables in Appendix C, similarly, the second fit method
is applied to the data of the other 6 dSphs. The fitting results for 2, (v = 0)
and x2,. (7= 1) are listed in Tables 14 to 49. The x?2 . of the fits to the LEO2,
LEO1, Carina dSphs data from Ref. [117, 293] are smaller when ~ ~ 1. This is
similar to the results of the Draco dSph. The 2. of the fit to the Sculptor dSph
is smaller when v ~ 0. For the Sextans and UMi dSphs, the x2 ,, of the fit to the
data from Ref. [293, 295] is larger with v ~ 1 than with v ~ 0, but smaller when
the fit is done to the data from Ref. [117].

However, the differences between the x2, (v = 0) and 2., (y = 1) are very
small for all the dSphs. It is not reasonable to claim they are cored or cuspy from
this analysis.

If we strictly classify the dSphs by the inner slope 7, it must be more cored,
and the Draco, LEO2, LEO1, Carina dSphs are more likely to be cuspy. In Ref.
[273], the APOSTLE simulations show a solution that does not require cores in
the Dark Matter profiles in the dSphs. This work shows a similar conclusion for
the 8 dSphs.

To conclude, with different parameters of the anisotropy, halo mass function,
and density profiles, both v = 0 and 1 allow a good fit to the data.

4.3 Velocity-dependent annihilation cross section

In the non-relativistic limit, the annihilation cross section can be parameterized
as

ov =a+b? + vt (95)
where a, b, ¢ terms denote the s, p, d waves, cf. Chapter 3. The s-wave
annihilation cross section has been studied for decades, few efforts have been
made on p-wave until recently. A list of p-wave models has been collected as
shown in Ref. [274].
Simplified models are characterized by four independent parameters
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{mX7 Muped; 9SM gx}a (96)

which denote respectively the mass of Dark Matter; the mass of mediator; the
coupling factor between the mediator and particles in the SM; the coupling factor
between the mediator and Dark Matter particle.

One of the most studied p-wave models is the case of a fermion Dark Matter
and a scalar mediator [168|. In simplified models, the corresponding thermally
averaged annihilation cross section reads

2 (1 o ﬁ)3/2

2 2 m
IsmYx o X mg 2
ov) = N, ve, 97
< > (f) 167 yf (mgned - 4mi)2 + Fg,totmgned ( )
Fs,tot = Z sz + Fgoz + F;OZ’ (98>

f
where I' denotes the decay width of mediator, it is the sum of the decay widths
into all the possible SM particle pairs and reproduction of Dark Matter pair. For
the fermion, Dark Matter, and gluon channels, their contributions read respec-
tively as

2.2 2
£ YrGsnrMmed 4mf n
/= N, i 1— 2 99
2 2
— Yy Mmed 4mf n
- (100)
med
a?gdy md.. 4m?
Fgg = 32;?:]3\4 02 d|fscalar( B ! )|2a (101)
med

where
fecatar(T) =7+ (1+ (1 —7) - (tan™*(

1 2
NSOl (102)

and the color number of fermion N.(f) = 3 for quarks and 1 for leptons, the
power index n = 3 for the scalar mediator.

The Yukawa potential in the fermion Dark Matter annihilation via a scalar
mediator is characterized by the coupling term y;. It is proportional to the mass
of the final state particle with m, = yfmf/\/i where my ~ 246 GeV is the Higgs
vacuum expectation value [107, 370, 109, 374|.

Assuming the particles in an isothermal sphere have a velocity distribution de-
scribed by the Maxwellian or Maxwell-Boltzmann distribution, the relative veloc-
Zié ). For the particles
at a point in the isothermal sphere, the mean square speed v2 = 302 [234].

For the annihilation of two particles with the same mass m; = my = m, the

mi-ma

reduced mass is u = e = 5. We note v, as the relativistic relative velocity,

ity distribution is characterized by f(v.e) = vfelﬁexp(—
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and v, the non-relativistic relative velocity. In the comoving frame, the non-
relativistic case means v, ~ v, < 1, the thermally averaged annihilation cross
section (ov(r)) in Equation (81) is

<UUT>nT /Unrvrf Urev dVr \/7/dyrx2yzex 4 OpyVr, (103>

with = /T depending on the reduced mass p and temperature T [250].

For systems with low-velocity dispersion, like the old dSphs, the non-relativistic
formula is applicable. If there are violent dynamic behaviors in the system, like
the cluster merges or collision between huge targets, we can cut off at v > 0.1c
and start to consider the relativistic case. In this case we have [198]

(3} A(s,m2,m3) Vs
(OVre) el = Jimmaye 457 KGO ) (104)
retfre 8THZm12KQ($2) ’

with x = m/T, K, (x) is the n-th kind modified Bessel function, s is the Mandel-
stam variable defined as s = (p; + p2)?, and A is the triangular function defined
as Eqaution (96) (249, 250].

A(s,m2 m3) = [s — (my +ma)?][s — (my — ma)?]. (105)

4.4 Thermal relic density

The solution to the Boltzmann equation allows us to find the masses which could
produce the required relic density in today’s Universe. We continue to find the
annihilation cross section of the Dark Matter in the dSphs. The value varies since
the velocity dispersion varies between the targets, but it is always considerably
lower than (ov) = 2.7 -10"%cm?s™! [58]. The value also depends on the final
state in the annihilation.

The standard freeze-out scenario happens when the WIMP particles in the
early Universe is cooled down to an average velocity at about g, ~ 0.25¢ —
0.3c¢ [306, 307, 308]. After this moment, the annihilation rate is balanced by
the expansion, when it is below the Hubble rate H, chemical equilibrium is thus
established and kept until now, this related to x = m/T =~ 20 — 30, and the
frozen Dark Matter relic density is the so-called "WIMP miracle’. If we consider
the simple case, the corresponding Boltzmann equation and chemical decoupling
equation read as follows:

dn
d_tx = —3an - <0"Urel>eq(ni - ni,eq)’ (106>
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dy  s{ov) 1d(Ings)
@ H: 173 d(InT)
Here we have considered the variation of g, when the temperature T decreases.
For more details of the Boltzmann equation, cf. Section 3.4 in Chapter 3.
Choosing the masses of Dark Matter and mediator, applying them to solve the
Boltzmann equation, we get the relic density of Dark Matter today. Compare with
the relic density found by the Planck collaboration, Qh? = 0.1211 [6], the required
parameter set m,, Myeq can be found. In the simple case, we assume naively the
annihilation cross section at the freeze-out is (ov) = 2.7 - 10729 cm3s™!, as the
temperature drops down, the velocity is slowed down to several km /s in the dSphs.
As shown in Chapter 3, if we project the required mass for each coupling strength
on the top left panel, we can get the annihilation cross section in the targets. For
the example of the Cluster MS-1054.4-0321 with an average velocity dispersion
~ 1113 km/s, if Dark Matter is a fermion, and the mediator is a scalar, then the
total annihilation cross section is around 1072® em3s~!. If we assume the Dark

(Y2 —Y?). (107)

eq

s
Matter pair annihilates to each type of SM particle pair with a 100% branching
ratio, then the annihilation cross section reaches as low as 103! em3s~!. But in
the dSphs, as shown in the last section, the typical velocity is around 10 km/s, if
there is no other boost factor, it is impossible to be detected.

4.5 The Sommerfeld Enhancement

This work focus on the enhanced p-wave annihilation mediated via a Yukawalike
potential. For the details of calculation of the Sommerfeld boost factor, cf. Section
5.5 in Chapter 5.

4.6 Analysis

With the Dark Matter model, the annihilation cross section required by the relic
density can be obtained by solving the Boltzmann equation. With the velocity
dispersion in the dSphs, the parameters allowed by the correct relic density is
applied to calculate the annihilation cross section. The annihilation cross section
without the Sommerfeld enhancement is calculated first, and then the Sommerfeld
enhancement is taken into consideration.

4.6.1 Without the Sommerfeld enhancement

For the simplest case, in a p-wave annihilating Dark Matter model, since ov ~ bv?,
the annihilation cross section increases as the velocity increases, so it is much
lower in the low-velocity dispersion systems (like the dSphs) than in the high-
velocity dispersion systems like the galaxy clusters. An example is shown in
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Figure 23: The total effective annihilation cross section of fermion Dark Matter via a scalar
mediator. Here the effective annihilation cross section to the 12 fermion final states are summed
up. The mediators is set to 8 constant values, the Dark Matter masses required by the relic
density are shown on the upper right. As required by the model, we found m,;,cq must bex~ 2m,,.

Fig. 12 of Chapter 3. The annihilation cross section in the dSphs is much lower
than the s-wave annihilation cross section. In that example, it reaches as low
as < 1073em®s~! in the bb channel, it is much less than the conventional value
required by the relic density (2.7 x 10726c¢m3s™1), which means we need much bet-
ter sensitivity to find it. The systems with high-velocity dispersion are interesting
to study. A simple estimation shows detectable signal can only be produced in

10-31
in the dSphs. This kind of targets contains the galaxy clusters, the merge of
clusters. But they have complicated photon background, and are unlikely to be
good laboratories to study p-wave annihilating Dark Matter since photons from
annihilation is a small fraction of the mement of freeze-out.

With the p-wave model treated here, as shown in Fig. 23, the masses of Dark
Matter and the mediator allowed by the relic density can only produce a very
tiny annihilation cross section in the dSphs. It is impossible to be detected in the
existing indirect detection experiments.

the targets with a relative velocity > \/w = 519.6 times larger than that
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Figure 24: The Sommerfeld enhanced effective annihilation cross section in the dSphs. It is still
tiny compared with 2.7 x 10726¢m3s~!. This means there is no possibility to detect this type
of p-wave Dark Matter in the dSphs.

4.6.2 With the Sommerfeld Enhancement

We expect p-wave annihilation in the low velocity systems to be boosted a lot by
the Sommerfeld enhancement, such as in Ref. [216, 330]. So the calculation is
repeated with the Sommerfeld enhancement, as shown in Fig. 24. Unfortunately,
the boost factor for the parameters allowed by the relic density do not possess a
large Sommerfeld factor. The effective boosted annihilation cross section is still
much lower than that required by the relic density.

4.7 Conclusions and outlook

Inspired by M.G.Walker’s idea of a universal mass profile for the dSphs, a N-
dimension global optimization tool is developed to describe the velocity dispersion
profile. This model is defined without pre-assumption on the density, anisotropy,
and luminosity profiles. The generic Zhao-Hernquist density profile is applied,
along with the generalized Osipkov Merritt profiles.

There are two kinds of fit to the dSphs data in this work. In the first method,
all the parameters are set to be free in the efficient N-Dimension PSO scanning
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algorithm. The best-fit parameters of the velocity dispersion in the dSph galaxies
appear to fall into two categories. The differences between the core and cusp
profiles arise thus from different values of these parameters. In the second method,
the inner Dark Matter slope 7 is fixed to be 0 and 1 to compare the corresponding
X2.in- It is found that their differences are very small in the fits to all the data
treated here. Both the cored and cuspy profiles can describe the dSphs with
different parameters of the density, anisotropy, and luminosity. It shows that
neither core nor cuspy is really needed, this conclusion is the same as Ref. [273].
But this is just a phenomenological description, a better understanding of the
physics in the dSphs is needed to make a clear explanation of this result. For
example, in Ref. [311], the "cusp vs core" issue is better characterized as an
"inner mass deficit" problem than as a density slope mismatch.

There are several ways to improve the calculation of the velocity dispersion
in the dSphs, two of them are interesting to this work. First, the generic Zhao-
Hernquist density profile has been upgraded to unify more density profiles [231]
into a compact mathematical expression, that work is still underappreciated, and
could be compatible mathematically with G.Mamon’s work in [241, 232| which
has also taken the baryonic matter into account. Second, in these generic profiles
the black hole in the galaxies is not considered, with which the velocity dispersion
curves in this work should be different, and useful to rule out some particle models
as shown in [270].

This chapter tries to develop a new Dark Matter particle/mediator identifica-
tion method with only dSph data, but does not succeed with the models in this
work to find any signal. This type of Dark Matter is still not detectable with only
the dSph data. The Dark Matter parameter allowed by the relic density does not
allow a large Sommerfeld boost factor. There are several possibilities to improve
this work. For example, as shown in Fig. 24, only Dark Matter masses close to
~ 2Myeq are allowed by the relic density. The Boltzmann equation in this work
is standard, there are other derivatives of the Boltzmann equation. If the detailed
time scales are taken into account, the kinetic decoupling happens much later
than the chemical decoupling, this case is more complicated. Subsequent analysis
has been done in Ref. [302, 303, 304, 305].

Originally, the particle model is specially designed for the Dark Matter searches
on the collider, any other particle model with annihilation boosted by the Som-
merfeld enhancement can replace the particle model in this work. The difficulty
is there is not enough investigation on the Sommerfeld enhancement. Until now,
only in a few particle models the Sommerfeld enhancement have been computed
[417]. Once the Sommerfeld enhancement in any other p-wave Dark Matter model
has been treated, this work could be extended to it.

In this calculation, there is no other boost factor, as discussed in Section 4.2.4.
But the substructures, the non-sphericity may also contribute to improving this
work, but they need to be studied quantitatively.
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This chapter is prepared for publication at JCAP

Chapter 5 IGRB constraints on p-wave
annihilating Dark Matter

The leading term in the p-wave annihilation cross section is proportional to the
velocity squared. As many p-wave models have parametrically suppressed cou-
plings to SM particles, they are not accessible in direct detection or collider-based
experiments |70, 310]. Then astrophysical searches become the unique probes of p-
wave Dark Matter. We attempt to interpret the FermiLAT IGRB data by adding
p-wave Dark Matter annihilation via a single or two mediators to the extragalac-
tic y-ray sources. With a fermion p-wave Dark Matter and a scalar mediator,
We attempt to model the ~v-ray signal from the prompt emission along with the
inverse Compton scattering on the cosmic microwave background (CMB) photon
bath. The Sommerfeld enhancement acts as a boost factor to raise the possibility
to detect Dark Matter. Our analysis is derived by varying Dark Matter mass
and mediator mass to perform a fit to the data, the Ax? analysis points out the
excluded parameter regions of the existence of Dark Matter at different C.L.s and
the improved ereas with reduced y?. With three background models implemented
in the x? statistic, no significant signal has been found in this analysis. And only
some regions below 50 GeV are excluded. No solid conclusion could be made for
the range of higher mass up to 100 TeV.

5.1 Introduction

Despite decades-long efforts, the properties of Dark Matter remain elusive. In
the view of a quantitative description, only the relic abundance of Dark Matter
Q.h? = 0.120 £ 0.001 was obtained by the Planck collaboration [6], which con-
stitutes about 85% of the total mass content of today’s Universe. One of the
most studied Dark Matter candidates is the weakly interacting massive particle
(WIMP), which is a thermal relic produced by decoupling from the thermal bath
and then cooling during the expansion. It becomes constant since the freeze-
out. Classified by the interactions with the Standard Model particles, there are
in general three approaches to look for its signal according to the timeline of the
Feynman diagram in possible relevant interactions: the indirect detection to look
for the final products from the annihilation and decay; the direct detection to
look for the nucleon-Dark Matter scattering product in the target materials; and
the collider-based experiments to probe the production of Dark Matter particles.
Unfortunately, none of them has provided any convincing proof of Dark Matter
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in the energy range up to several hundred GeV [313, 314, 315|.

Experimental progress has been made to improve the sensitivity in indirect de-
tection from GeV scale to TeV scale [207, 223, 316, 317, 318, 319, 320, 321, 322].
In the theoretical aspect, under the assumption that there could be some hidden
signal in the existing data but previously ignored, it is reasonable to pay more
attention to the specific particle models. Efforts have been made in pioneering
papers on boost factors in indirect detection of Dark Matter, such as the coannihi-
lation, the Breit-Wigner effect [323, 324] , the overdensity [325], the substructure
[326], etc.

Most of the previous work is focused on s-wave annihilation, which is velocity-
independent thus irrelevant to the dynamics in the investigated targets. Recently
velocity-dependent annihilating Dark Matter has spurred interest, and efforts has
been made to probe its signature, such as [327, 328, 329|. Some of the plausible
targets for the p-wave Dark Matter have already been investigated with data
from different experiments. In Ref. [330], the indirect detection constraint on
p-wave Dark Matter from the anisotropy of the CMB is presented by considering
annihilation to bound states before decaying to SM particles. For the galactic
center (GC), Dark Matter particles receive higher velocities since a massive central
black hole is assumed and causes spike-like overdensity of Dark Matter. That
analysis shows no significant excess of y-rays in the energy range 6 GeV - 600
GeV [310]. The combination of the Sommerfeld effect and the other boost factors
has exceptional attention, for example, the combination with coannihilation [335],
the combination with substructure [336].

The origin of the isotropic diffuse y-ray background (IGRB) remains unclear
and is one of the most intriguing questions in astrophysics. The IGRB anisotropy
has been studied as a tool for the indirect Dark Matter searches with gamma
rays [312]. Work on the p-wave annihilating Dark Matter in the GC excess pre-
dicted an enhanced annihilation in galaxy clusters and then a signal in the IGRB
[337]. Some analysis on the energy spectrum observed by FermiLAT suggests that
the main contribution is from the unresolved misaligned Active Galactic Nuclei
(AGN), Blazars (BL), and Star-Forming Galaxies (SF) [111]. Another work shows
it may be dominated by Radio Galaxies and Radio Quasars [338]. The debate
on this question is still undergoing. A possible contribution may arise from Dark
Matter annihilation or decay in the halos of the galaxies. Previous inspiring work
on IGRB has been done for velocity-dependent Dark Matter annihilation boosted
by the s-wave Sommerfeld enhancement in Ref. [339] where an extension to MSSM
has been considered in a robust calculation to predict the v-ray intensity. This
could be renewed now with generic models to confront the latest observations.
Hence in this work, pure p-wave annihilating Dark Matter is considered to probe
Dark Matter signature in the FermiLAT data.
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5.2 The total y-ray flux from the extragalactic sources

The total extragalactic v-ray background (EGB) is the sum of the flux from
resolved and unresolved sources. The isotropic v-ray background (IGRB) is
attributed to all the faint or diffuse extragalactic emissions difficult to be re-
solved, namely thus the unresolved sources and any isotropic residual Galactic
foregrounds [111, 340].

Dark Matter can produce additional emissions to the known signal sources; thus
it is popular to look for its contribution by analyzing the high energy cosmic ray
or y-ray excesses, such as the positron excess by PAMELA (341, 342] and AMS-02
[343, 344], y-ray excess by FermiLAT and DAMPE [345, 346]. The difficulty in the
interpretation of astrophysical observations is that they could also be explained
by other astrophysical effects.

~-ray emission induced by Dark Matter and its contribution to IGRB has been
studied a lot, but only for s-wave annihilating Dark Matter. The corresponding
upper limits have been derived [111, 347]. SIDM has been discussed recently in
Ref. [368], but it focuses on the prediction strategy and modeling uncertainty, so
no limit has been derived.

Boosted factors are needed to provide detectable signals since p-wave anni-
hilation rate is tiny compared with s-wave annihilation rate. The substructure
needs to be considered for astrophysics at the scale of galaxy clusters. Hence in
this work, we focus on the clumpiness factor. For particle physics, since we are
interested in p-wave models, the Sommerfeld effect is taken into account.

The astrophysical background sources

We recall the former work on IGRB in [111], in which the astrophysical interpre-
tation of the FermiLAT IGRB data in the energy range 100 MeV - 820 GeV has
been fitted with different extragalactic populations.

These background sources consist of the components as follows:

(1) Active Galactic Nuclei with misaligned jet (MAGN);

(2) Milky Way-like star-forming galaxies (S MW);

(3) Starburst galaxies (SF PL);

(4) Blazars with strong broad lines in the optical and UV spectrum which is
named flat-spectrum radio quasars (FSRQs);

(5) Blazars with the absence of a strong broad line in their optical and UV
spectrum named BL Lacertae (BL lacs).

The components of the Galactic foreground have been studied. Three models
referring to the FermiLAT data are obtained, namely models A, B, C. The dif-
ferences between these models are characterized by the normalization factors of
these components in the best fit. In order to apply the Ax? analysis, we extract
data from their results. Then the flux from the p-wave Dark Matter annihilation
is added to the interpretation and calculate the new x?2, see details in Sec. VI.
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The expected Dark Matter signal

The flux induced by Dark Matter in a single target such as a dSph is too small to
be observed, as shown in Chapter 4. The IGRB might help to overcome this prob-
lem since all the photons induced by the extragalactic Dark Matter at different
redshifts are accumulated. Therefore, although the uncertainties in the analysis
of the IGRB components are large, the investigation on the contribution of the
Dark Matter- induced v-ray flux in the halo of the galaxies remains a possible
way to reveal the nature and properties of Dark Matter.

The conventional calculation of s-wave Dark Matter is no longer valid in the
case of p-wave annihilation.

In Ref. [303], the Sommerfeld enhanced velocity-dependent annihilation of
Dark Matter has been especially mentioned. A similar calculation has also been
proposed in Ref. [348|, but no further work on p-wave has ever been done. In
this work, the expression of the differential v-ray flux for the p-wave annihilation
from the extragalactic Dark Matter [366, 368]| is recalled, reads

(l + Z/)?’AQ(Z/) dNtot(E/) ) e—T(Z7ni'rL§7Z/7E/)

p—total Y (1 + Zmin) Qch 0 /Z maz
Pog " (B, Zmin) = 4 - 2m2 Pzl H(2) dE'
(108)
with a boost factor
DNyir(2) 2) [ p*(z)(ov)a?dx
N2 (7)) = =227 dMWMW 3 109
(Z) 3:0x 0 / der f p xle. Lmazs ( )

where 2,,i, is the minimal redshift, usually set to 0, or a tiny value, it is fixed as
107%; and 2,40 = my/E — 1 is the maximum redshift that a photon with energy
E can reach us [147|. The attenuation of 4-ray in the intergalactic medium is
expressed as exp(—7(z;, 2, E')).

This expression differs from the equation of s-wave annihilation with a J-factor
involving the (ov) term in the substructure factor A?(z). For s-wave, the anni-
hilation cross section is a constant supposed to be {(ov) ~ 3.0 x 10725cm3s™! | so
the particle physics factor is independent of the astrophysics factor (the J-factor)
in the calculation of the differential flux, or the intensity. But p-wave annihilation
depends on the relative velocity of the incident particles, thus also depends on
the velocity dispersion in the studied system. If there is no other boost factor,
for a flattened rotation curve, the corresponding annihilation rate is tiny in the
core, then it increases until the plateau is reached, and gets its maximum on the
plateau of the rotation curve. For p-wave, this (ov) term can not be kept in the
particle physics factor, as shown in Equation (109). The 3D squared total velocity
dispersion is defined as (v?(r)) = 3vZ(r) where vy/(r) is the projected line-of-sight
velocity dispersion [217]. In the same paper, a similar calculation has been pro-
posed to consider the energy injection into the intergalactic medium induced by
Dark Matter annihilation.
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In Ref. [368], the isotropic extragalactic y-ray intensity from Dark Matter anni-
hilation has been computed and updated by reducing the modeling uncertainties.
The total intensity is boosted by a factor of 1.5 by considering the substructure.
For the SIDM candidates, the signal of the low bound of the intensity is reduced
by a factor of 3.

5.3 Generic models of p-wave Dark Matter

In general, the velocity averaged annihilation cross section of Dark Matter could
be expressed as (ov) = a+b-v? + c-v* for any type of Dark Matter particle and
mediator. These annihilations are classified according to the values of the a, b, ¢
terms, named respectively the s, p, d waves. Since the Dark Matter particles in
the dynamic systems in equilibrium are believed to be nonrelativistic in today’s
Universe, the b, ¢ terms are thus negligible compared with the s-wave term. But
there are some Dark Matter particle models with an s-wave term close or equal to
0, and the p-wave dominates. In the p-wave cases, the annihilation cross section
is oc v2, not anymore a constant, thus it depends on the dynamics in the target
systems.

Simplified models are primarily designed to analyze data from the collider-
based experiments, such as in Ref. [371], and then extended to the other ap-
proaches, such as the y-ray probe of Dark Matter with data from the solar obser-
vation [372].

Simplified models of Dark Matter are model-independent approaches that con-
tain some well-motivated candidates. They provide a generic description of inter-
actions between Dark Matter and particles in the SM. Simplified models add only
a few degrees of freedom, and they overcome the drawbacks of the EFT. Simplified
models are used since they are among the most model-independent tools with the
least number of dimensions of parameter space. Simplified models are established
to adapt to new search strategies and experimental data, it is between the effec-
tive approach and the UV complete models. For this work, simplified models are
essential since we need to introduce the mediator to compute the boost factor of
the Sommerfeld enhancement.

However, there are several p-wave models as shown in Chapter 3,. Instead of
investigating all of them, it is better to focus on only one of them to present what
kind of changes p-wave Dark Matter will bring to us in the IGRB. One of the most
popular generic models is composed by light Majorana fermionic Dark Matter y
which is coupled to the SM final states particles via a light scalar mediator ¢. In
the allowed annihilation case m, > m,, and the annihilation is dominated by the
p-wave process xx — ¢¢ with two mediators. The corresponding annihilation
cross section [373] is:

ki, Imy — 8mim3 +2my
<Uvrel> = 27 \/ mi - mé (2m2 —_ mi)4 Upel (110)
X
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where k is a factor found to be insensitive to m,and mg, and k£ =~ 0.1.
This value is proportional to v2,, so it is much larger at target systems with
higher velocities. The Sommerfeld enhancement boosts a lot the annihilation
in the annihilation process, which could be dominant in the contribution to the
gamma-ray flux at low velocity (see section 5.5).

Although the annihilation via two mediator dominates, the annihilation process
via a single mediator yxy — ¢ — ff is still kept in this work with a relatively
much smaller branching ratio < 10%, the corresponding Simplified models are

characterized by four independent parameters

{my,, Mumeq(or denoted as my), gsm, gy} (111)

which denote respectively the mass of Dark Matter, the mass of mediator, the
coupling factor between the mediator and particles in the SM, the coupling factor
between the mediator and Dark Matter particle. The corresponding annihilation
cross section reads as

2
2 MEN3/2
2 2 _ s
9smIx 2 my(1 mi) 2

(Y
167 yf (mgned - 4m§<)2 + Fg,totmgned

<0vrel> - Nc(f)

(112)

rel*

5.4 Prompt emission and inverse Compton scattering

The processes involved in this work can be presented as

v _>{¢¢ +Sommerfeld_>{SMS_M — vy Prompt

¢  +Sommer feld etem 3 4y cs (113)

The Sommerfield enhancement plays a role when there are one or two media-
tors. After the annihilation, photons are produced via different mechanisms in-
cluding intermediate and final state radiation, decay and hadronization of the final
state particles from the prompt emission. The other important processes contain
inverse Compton scattering on the low energy photon bath, synchrotron emis-
sion from the Dark Matter-induced electrons and positrons, and bremsstrahlung
emission. With relativistic electrons induced by Dark Matter annihilation, the
ICS dominates in the galactic halo with a typical magnetic field ~ 1uG [394].
Similarly, for the extragalactic study, there are several reasons to neglect syn-
chrotron and bremsstrahlung in this work. There is insufficient knowledge of the
magnetic field in the halos, so it is natural to do the similar treatment as that for
the galactic halo. These processes are subdominant with respect to the ICS. And
Dark Matter-induced synchrotron signal lies at radio frequencies, which is beyond
the range of y—ray [375]. Finally, the total y-ray flux is given by the sum of the
prompt emission and the ICS emission, reads
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dNtot (E,) derompt,tot dNICS,tot

- 114
dr’ dE' dE' (114)

where the photon energy range at redshift z reads
E'=FE-(1+2)/(1+ Zmin). (115)

de’V'O"Lpt,tOt
dE’

Dark Matter annihilation, and
ton scattering per annihilation.

The total spectrum contains all the final states. It is characterized by the
branching ratios and the spectrum of each final state. A general expression can
be applied to sum up the final states as follows

Here denotes the spectrum of photons from prompt emission per

dN1Cs,tot

15 denotes the spectrum from Inverse Comp-

(116)

der;E/pt,tot — ZZ B’L (il]él (E) Prompt

Wicsior — [ 5S> BUN(E,) - [1c(E., E,r(\,¢))dE. 1CS

Here B; denotes the branching ratio into the ith final state, I;¢ denotes the

halo function for the ICS. For more details about this part, cf. Section 5.4.1 and
5.4.4.

5.4.1 Prompt emission

8 SM final states are considered for the annihilation via two mediators:
XX — b — {yy, WHW =, bb, hh,gg, 757, utu=, ete }.
9 final fermionic states are considered for the annihilation via a single mediator:
XX — ¢ — {tt, bb, 85, c¢, dd, uii, 777, ptp~, ete ).
The spectrum of photon 4% (E) and electron (‘g:'(Ee) can be read from the

CascadeSpectra table [349] and the PPPC4DMID table [112, 350]. For the case
of y—ray emission, the value of ¥ is presented in this table; we have

dlog10xz
dN  dN dE, 1+z dN 17
dE,, — dE,,dE,, — 1+ 2 dE,;’
with E;h = Epn(1+ 2')/(1 + 2) the redshifted photon energy at z’.
Defining = = E,,/m,,
dN dN dx 1 dN dz 1 dN
_ oV oar - o (118)
dE,, dx dE,, In(10)z dlogio(x) dE,, — Eup, - In(10) dlogio(x)
dN 1 1 dN 1 dN
i - (119)

dE,, T 142 ph - In(10) dlogio(z)  E,, - In(10) dlogio(z)’
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vy-ray spectra ete™ spectra
dependence | 1st column | type dependence | 1st column | type

Yy no €f 0 yes Mg 1
WTW= yes €f 2 yes €f 2
bb yes €f 2 yes €f 2
hh yes € 2 yes € 2
qg yes Mg 1 yes Mg 1
T~ yes €f 2 no €f 0
wrp yes €f 2 no €f 0
ete” yes €f 2 no €f 0

Table 9: Summary of the method to read the ~-ray spectra and eTe™ spectra in the Cascade-

_ > mswm
- m

level of final state radiation and hadronization. The first columns in the tables are different,
depending on the mass of the final state particles and the mediators.

Spectra table. These final states are classified into 3 types. Here €/ represents the

dN 1 dN
- = . 12
dx  x-1n(10) dlogio(z) (120)

There are 3 types of data in the CascadeSpectra table as summarized in Table
9. The CascadeSpectra is obtained by considering a dark-sector state that decays
to the SM via multi-step cascade YX — Gnbp — 2 X Gp_1On_1 — ..2" L X d1p1 —
2" x SM final states. Some examples are shown in Fig. 25.

5.4.2 Clumpiness boost factor

The intensity multiplier 6 characterizes the annihilation booster caused by the
inhomogeneous Dark Matter distribution, p(£2, z) = 0(£2, 2) X p(£2, z). The boosted
annihilation rate is proportional to the squared density, so the intensity multiplier
could be expressed as (62) = 1+ Var(d). It is equal to Var(§) for high overdensity
[368]. The smoothly distributed Dark Matter gives a unity multiplier § = 1, and
it is also named as the clumpiness factor [366], and noted as A? in Equation (121):

Avir
A2(z) = LvrlZ) / AM,s Myiy f1 (M) | (121)
3Py
with ;j\}(?) the halo mass function, A\;.(2) the virial overdensity, M, the virial

mass, and Z; the Dark Matter density, the function form reads

dn(z 0*(z)x?dx
fl(Mvir): ( ) fe ( )2 Qxfna:c’
dMyiy (f p(z)x?dz)
All the plots about the functions utilized in this part are shown in Fig. 26 and
27.

(122)
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Figure 25: The photon spectra (left) and positron spectra (right) emitted from the Dark Matter
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annihilation to bb via two mediators xx — ¢¢ — bb, with two different examples of Dark Matter
mass m, = 300 GeV (top) in the WTW ™~ channel, m, = 50 GeV (bottom) in the bb channel.
The colors represent different mediator mass mg. Here the 1st step (n = 1) is chosen in the

multi-step cascade.
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5.4.2.1 Halo mass function

For a structure formation that originates from a Gaussian perturbation, the halo
abundance could be expressed analytically by the Dark Matter halo mass function
[351, 352, 353]. At redshift z, the halo mass function is the comoving number
density distribution defined as the number of halos of M per unit volume per unit
mass. A general form of this function is given by

dn pmo din[o™1 (M, z)]
dei'r‘(M,Z)_f(o-)Mvir dM )
with o (M, z) the shape-governing function (see Equation (139)), f(¢) the func-
tion form, M, the virial mass, p,, o the average matter density today.

There are several accurate models of the Gaussian initial condition, such as
the Press & Schechter model [355], the Tinker model [353], the Sheth & Tormen
model [354], etc. A summary of these models has been done in Ref. [356].

The Sheth & Tormen model provides a description of small halo mass with
high accuracy, so it is applied in this work, the corresponding function form reads

(123)

[2a  6.(z) ad?(z) 0% (Myir) \p
— A2 e\ [ 4 (e 124
fST(U) T U(Mvir) 633‘]9( 20_2(Mm'r>>[ + ( a(gz(z) ) } ) ( >
with A =0.322, a = 0.707, p = 0.3.
Then if we note v = %, the following expression is obtained
. =1.686 - D(z), (125)
where the growth factor reads
5,

D(z) =~ 7 : (126)
2(1+ 2)[l7(2) = Qu + (14 Qu((2)/2)(1 + Q4 (2)/70)]

it is normalized as D(t) = 1 at z = 0, leading to the following expressions (See
Fig. 27 for the plot):

de(2)
= 12
! U(Mvir) ( 7)
dn Pzo [2a ooy —av2/a AU
M,z) =A== [ =(1 P)ema /2 : 12
deir( 72) Mvir m ( * (av ) )e deir ( 8)
The matter density is the sum of the baryons and Dark Matter, so
Pm = Px + pp = pc(Qc + Qb) (129)
At redshift z,
py(2) = pyo(1+2)% = pQu(1 + 2)°. (130)
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Figure 26: The functions applied in the calculation of the intensity multiplier. The linear transfer
function for CDM decreases as the wave number k decrease (top left panel). The matter power
spectrum for CDM model with cosmological parameters from Ref. [361], this result is consistent
with previous results [357] (top right panel). The normalization method is applied to find the
As, with og = 0.830 + 0.015 at R,, = 8h 1 Mpc (bottom left panel), this plot is consistent
with page.268 in Ref. [358]. The root of the mean variance of the density field is shown in
bottom-rgiht panel. It is constant for small virial mass and decreases a lot at large virial mass.
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For an infinite volume, the rms overdensity field o is characterized by the
average variance

0% (M) = T;/Wz(kRm)Pg(k)k:Qdk, (131)

where the density field is smoothed with a filter to enclose the viral mass M,;,
at the average matter density. The window function here is the top-hat filter, it
is described as

W (x) = 3(sin(z) — x - cos(x)) /. (132)
The formula of the virial mass is given by
4
My = = pm ()7 Do (2), (133)

and for the expression with the mean radius R,, in the region enclosing the
viral mass, leading to

47 47

Then
3Myir |1 chm(l + Z)ngirAUiT‘(Z) 1
= ()7 = G )8 =rur(L+ 2)A002). (135)

Ps(k) is the matter power spectrum reads as

Py(k) = Ay(k - Mpe) (k) (136)

with the linear transfer function T(k) expressed as the following form [360]:

In(1+ 2.34q)

T(k) = 2.34q

[143.89¢ + (16.19)% + (5.46¢)% + (6.71¢)] 7. (137)
where ¢ = k/I", and I" = (2, oho - exp(—$20(1 + W\/T};))hMpcfl.
For the normalization factor As, it is determined by o3 = o(Msg, 0), leading to

Mg = (8h™ ' Mpc) HiS),, /2G. (138)

The recent result of the Planck collaboration and the other related observations

(PLANCK+ JLA + BAO + R18) show o5 = 0.830+0.015 [361], and p, o = peo(1+
)3 = 321 4 2)3 = 2.7753Th~ (1 + 2)> My /(h " Mpc)?, then A, = 2.992 - 107

The power spectrum depends also on the redshift, so does 0. For different

redshifts, the linear growth factor is taken into account [362, 363, 364].
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Figure 27: The functions applied in the calculation of the intensity multiplier. The C;, depends
on the redshift, it is close at high M,,;, and much larger at low M,,;,.. The linear growth factor is
large at small redshift and decreases to almost 0 at large redshift (top right) with cosmological
parameters from Ref. [361]. The critical overdensity is larger for small viral mass, and it
decreases as the redshift increases (top right). For small z, the halo mass functions are very
close, but it decreases a lot at high redshift (bottom left).
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o?(z, My;,) = 7?2 D2 / W2(kR,,)Ps(k)k*dk, (139)

dv 1.686 do

dMUir D(Z)O-Q(Mvir) dei’r ( O)
The Hubble constant depends also on the redshift, it is given by
H2(z) = HJE(2), (141)

with E(2) = [Qno(1+ 2)% + Quo(1 + 2)* + Qi o(1 + 2)? + Qp 0] /2.
So for the cosmological parameters, it is given by

5= £nle) _ oml2) PO +2)" () (1+2)
i) perit(2) 3H2(Z)8 = 3HG (2 )E2(2)8 G = thno E?(z) (142)

QA(Z) = QA’OEQL(Z)'

The recent result of the Planck collaboration and the other related observations

show Q,,, 0 = 0.3000 £ 0.0067, 2,9 = Qo = 0, Q40 = 0.7000 £ 0.0067 [361].
Now there are three terms depending on the redshift z: p,,M,;

(143)

dv
dM'v'L'r ’

5.4.2.2 Density profile

The density profiles have been discussed in Chapter 4. A general description
has been developed to characterize the structure of CDM halos. One of the
most popular profiles for the cluster-scale systems is the Navarro-Frenk-White
form (NFW), it fits well with the observations and simulations of clusters. A
generalized NFW profile (gNFW) [377] reads

i) = 2 ! (144)

ps (=) (L+ =)
where a central power-law cusp is estimated with dé;)oggpf |0 = —y . When the

slope v = 1, the universal NF'W density profile can be expressed as

1
v (12 < vir
play = £ = e TS T, (145
Ps 0 otherwise
and the characteristic overdensity for an NFW profile p, reads
200p, 3
pale) = : (146)
3 log(l+c¢)— S
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The power-law fit can be applied to get the concentration-to-mass parameter c.
Otherwise, defining x = -, with 7, as the scale radius describing the transition
between the different slopes (3, the maximal value of this x term is ,,,, = "2 =

Ts

Lvir  The value of ry can be got from the virial mass M, with Equation (134)

Ts

since

L (147)
Coir
For the concentration-to-mass parameter ¢ = T%, with ro99 the radius which
encloses Mgy with a overdensity of 200 times of the critical density [377|. The
polynomial formula of the concentration-to-mass parameter [379] is given by

4
M .
In(cE1M) =37 e s fin( L, (145)
=0 ©
1
Cvir(z) = mcvh"(o)a (149)

with /'™ = {4.265, —0.0384, —3.91 x 1074, —2.2 x 1075, —5.5 x 1077}

The minimal halo mass M,,;, has been investigated for a long time 383, 384].
A parametrization for the concentration-to-mass relation ¢ works precisely down
to Earth-mass halos (~ M,,;,, = 107%M) [385]. This limit has been cited by
several work such as [366], in which the low M,,;, can produce about 10 times
the gamma ray flux as that from high M,,;,, but the resolution of the N-body
simulation to get this conclusion is not good. Additionally, it is known that
parametrization fits are treated with a lot of cautions of the halo mass, redshift
or cosmological parameters, thus the results are less reliable [388]. On the other
hand, most of the well resolved simulations consistently limit the halo mass in
the range from 10 to 10" M, [386, 387, 388] despite their larger uncertainties
at high redshifts, the report data also confirm the abudance of halos in this range
[385]. The mean halo mass at z = 0 is of 8.6 - 1013 M, [389] and the available data
is scarce below 5-108M. At larger redshift, the simulated number density of low
mass halos decrease evidently when the mass is smaller than 107 M, in most of the
dwarf galaxies. With the models in this section, we found the clumpiness factor
depends slightly on the minimal halo mass at high redshift compared with the
Sommerfeld enhancement. A robust lower bound on the sensitivity in Ref. [368]
shows a factor of 5 to relax the limit on extragalactic Dark Matter annihilation
compared with the FermiLAT collaboration by revising the gamma-ray data from
it.

5.4.3 y-ray attenuation

The mechanism of y-ray attenuation is complicated at a cosmological distance, it
is composed of several processes such as pair production on the baryonic matter
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Figure 28: Optical depth due to y-ray attenuation. The data is read from the PPPC4DMID
table [113]. Three modes are shown for different UV background models. The minimal UV
background model involves the blazars, the maximal UV background model corresponds to 1.5
times minimal UV background. The no UV background model assumes UV background does
not exist. The attenuation is strong for more energetic photons, but tiny for low-energy photon.

and ambient Photon Background Radiation (PBR), photon-photon scattering on
PBR, and Compton scattering, etc [367].

Detailed work on the opacity of the Universe has been done for high and very
high energy ~-ray [365]. All the popular extragalactic background light (EBL)
models have been collected in it. However, in all the accumulated tables, the
maximal redshift is 200 in the Kneiske EBL model.

Meanwhile, the attenuation value could also be read from the PPPC4DMID
table as well [113], including optical depth in the redshift from 107> to 1000.
Three distinct models are taken into account depending on their UV background
models: non UV, maximal UV, minimal UV. The corresponding optical depth is
shown in Fig. 28.

5.4.4 Inverse Compton scattering

After Dark Matter annihilation, the primary or secondary electrons and positrons
from the final states do not keep their high energy; they are cooled down due to
several mechanisms, including inverse Compton scattering on background photon
radiation, synchrotron radiation, ionization, Bremsstrahlung, and Coulomb losses
[394]. The scattering between an electron and a photon changes the energy state
of the two incident particles. When the electron gains energy from the incident
photon, it is the Compton scattering; when the incident photon gains energy from
the electron, it is the case of inverse Compton scattering. For relativistic electrons,
the inverse Compton scattering becomes important in magnetized and compact
systems, such as in pulsars, microquasars, and SNs; it is also the dominant energy
loss channel in some extended systems such as the CMB radiation [396, 397, 398,
399].

The densest photon background in the extragalactic scale is the CMB photon,
n~ ~ 407 photons/cm?®. The second important sources are the infrared and optical
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radiation produced in the combinations of galaxies, which is less than 1/1000 of
the CMB density [400]. Additionally, as discussed at the beginning of this section,
the ICS is dominant over the other mechanisms in the halos [394]. The energetic
electrons enter into the thermal bath and lose energy in elastic scattering with
low energy photons and the photons gain energy and thus give birth to a y-ray
emission. Finally, the energy of the initial Dark Matter particles transfers finally
into the CMB. The cooling rate of electrons is higher than at low redshift, since
the number density of photon depends on 7% and the energy depends on T, then
the photons energy density obeys a power law dependence on 7%, or R~ or on z
as (1 + 2)*. The CMB black body spectrum [403] is given by

1 Eﬁm

YA o ,
T (hc) exp( KBTC]}WlB(Z)) -1

with T'(2) = Temp(0) - (14 2), Eppy the energy of the incident photon, Kp the
Boltzmann constant.

To study this effect, we refer to two excellent papers highly cited in the last 5
decades 404, 405]. There are two derivatives developed based on the 2 papers in
the application of Dark Matter searches.

For the first derivative, if we note the Lorentz factor of the electron as ~ |
the first derivative gives the approximative computation in the Thomson regime
where M < 1, and extreme Klein Nishina regime 2 —2il > 1, corresponding
to the outgomg soft ~-ray photon with energy peaked at X ray range band [110,
391, 392, 393|. For F < 10°GeV, ICS on the CMB is presented in the Thomson
regime. To reduce computational time, the Delta-function approximation has
been introduced [395]; it is believed to be precise in any energy range. A more
detailed theoretical approximative expression has been done in Ref. [359, 401].

The second derivative offers a generic formula that is also available in any
energy range, it is applied in the IGRB Dark Matter searches such as in Ref.
[147].

Both methods are applied in this calculation. To ensure their validity, their
results are compared and shown in Fig. 29. A study on the general appearance
and temporal behavior of spectral features has been done to provide a simple and
efficient computation as in Ref. [402]. The results in this work are consistent with

the conclusions in that paper.
The differential spectrum of the Inverse Compton scattering is written as:

(150)

nphl(Ephla Z) =

dNICS 1 /mx Ph27 Ee7 < /‘mx dN !
= —__dE'}dE 151
dEys  Eono b(E,, 2) TWE.) dE! ebdEpn2, (151)

where F,2 denotes the energy of the outgoing photon.
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Figure 29: The functions applied in the calculation of the ICS. As proved in this section, with the
condition in Equation (171), if Equation (169) is multiplied with E,s2, its value is independent
of T*. The test is done with z = 0, and T = 2.727K, 20.727K, 80.727K, and m,, = 200GeV,
20000GeV. It is evidently true in the Thomson limit, as shown on the top left panel and the
top right panel. Some curves are not smooth at high energy beacuase there is some missing
information between the bins in the PPPC4DMID table. The independence of Equation (175)
on T is shown on the bottom left panel. Different methods are applied to ensure the precision.
The formulae in [391, 408] are taken to compare with m, = 2000 GeV, 20000GeV at z = 0. GQ
and Trape denote the Gaussian Quadrature and Trapezoidal integration methods. The three
methods produce the same result, as shown on the bottom right panel. .
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In the PPPC4DMID table [112], the value of dlg;\lf()z for e is presented, the

value for e” is assumed to be the same. The e~ channel differs from the photon
channel, the effect of redshift is neglected, then the spectrum per annihilation

reads
dN, B dN, dFE, B dN,

dE'  dE,dE,  dE,

Defining = E./m,,, finally the electron spectrum per annihilation is given by

(152)

dN. dN dx 1 dN dx 1 dN 1 dN

dE. ~ dx dE.  In(10)z dlogio(z) dE. ~ myx - In(10) dlogio(z)  E. - in(10) dlogio(z)
(153)

From Blumenthal’s calculation in 1970 [405], for a blackbody radiation, the
total energy density reads

% e 8m a * @ _
/ Ez(m V20 (Bt )d By = W(KT)( +5)/2/ ¢TI (et —1)"Mdg,  (154)
0 0

Eph2
4’72 Ephl

follows the power law: N(v) = K.y~ %, and

with ¢ = , a is the power law index of the electron energy distribution

< _ a+5, . ,a+5
| e g =t o) (155)
0
The emissivity reads
1 dN
’ = —FEppy———————N(7v)dydE. 156
s = | | 5 Emep g NO)E (156)
Ephl’y
. ?)CO'TE h2 n(E hl) N(”}/)
s = / [ Epz;l Fla) =5l By, (157)
Epn1 Y
, 8nor_,a+5, _ a+5H “ —(%51)
jEthZf(a) h3c2 F( 2 )C( 2 )(KT)( +5)/2K6Eph22 ’ (158)

with f(a) = %2“‘2% and or = 6.65246 - 10725 ¢m? the Thomson
cross section, F,(z) = 2zln(z) + = + 1 — 22°.
In the Thomson limit, Eppy = Ephﬂz. For electrons at z with energy E,, the

differential power emitted to the outgoing photon with energy E,s is given by

30'T

P(Epps, Ee, z) = 4_’y2

1
E
Epo / W[Zylny byt 1-—2dy.  (159)
0

The energy loss rate is:
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. dory? [
b(Ee,2) = Eé(Ee, 2) = 3 dE,pin(Epnt, 2) - Eppy. (160)
0
In the inverse Compton scattering, m. < Ein and Epp < Eppe < B <

Ee maz < my. The Thomson limit is valid when

4Eph17 _ 41F hlE
Me m?

T, = <1, (161)

and E; = 7”“ < 1, 50 Eppy < E. (from Equation (2.68) in Ref. [405]), it is
not valid when E,;2 gets close to m,,.
In the Thomson limit, with the Klein-Nishina method, there is

(Feq)*(1 = q)
2(1+Tq)

This is valid for ﬁ < g <1land I, — 0. Otherwiese: KN.s(Epn1, Ee, Epp2) =
0, with
or = 6.65246 - 1072%cm? as the Thomson cross section,

v = E./(m.c®) as the Lorentz factor of the electron,
F o 4Eph17 . 4Eph1Ee

€T Tmei T (mecd)2

— _ B2
q - Fe(Ee_Eth) :

Following the calculation for the CMB radiation and ICS in Ref. [406, 407],
the density of photons of a blackbody radiation field is expressed as

KNes(Epnis Ee, Epp2) = 2qing+ (1+2¢)(1 —q) + ]. (162)

472E

nevs(©) 2/ dE,pincyvs(Epn ©), (163)
0

where © = kT /m.c? is the dimensionless temperature of the radiation field.
Here neyp(Epn ©) is the spectral photon density (dN/dVdE,,;) of blackbody
radiation.

neas(0) ~ 407(1 + 2)3( Yem™2. (164)

2.712TK
The mean photon energy of a blackbody radiation field is

Jo dEpm Epyy/lexp(Epn1 /) — 1
Jo dEpm By /lexp(Epni/©) — 1]

The CMB energy density is

(Ecnp(©)) = =1.24x 1077 (142)(

2oV
(165)
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’ ‘ f dE EthdEph2

2.727 8.3379-10 13
10.727 8.3302-10~ 7
20.727 8.3139-10~ 17
40.727 8.3034-10~ 13
60.727 8.2835-10~ 13
80.727 8.2575-10~ 13
100.727 8.2485-10~ 13
150.727 8.2093-10~ 13
200.727 8.1596-10~13

Table 10: The numerical results of Equation (175). The integral is proved to be independent of
T (see Fig. 29).

UCMB(@) = meCQ<ECMB(@)>TLCMB<@) = 025789(1 + 2)4( )46V . cm_3.

2.727
(166)
Then iE A B
b(E,, z) = | dt‘f\ = gUTUCMB(Z =0)(1+ z)4c(i)2 (167)
17 E 2 -1 4
=2.655-107"(1 + 2)*(=—=)2GeVs™( )t (168)

GeV

To conclude, the energy loss rate is oc T%.
From Equation (157),

2.712TK

dEth BT* 4 £ Ephl ’}/ Me
phl el
. 3CUTEph2/ n(Ephl)/ N(v)
= F.(q)—=—=dv|dE, . 170
JEpha 16m [Ephl (q) 2 7] phl (170)
Epn1 Y

From Equation (157), if we take a = 3, so N(y) = K.y, then jg ,, o< T*
Compare Equations (169) and (170), if % o N(v) =~72, for example, if

fe(my,v) = EQV_?’ (171)
and we multiply Equation (169) with Ep;2, then 2=~ Ephg must be independent

of T, as shown in Fig. 29.

The total energy of the outgoing photons is expressed as
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Figure 30: The comparison between the prompt and the ICS emission of gamma-ray induced by
Dark Matter annihilation to bb via a single mediator (top) and two mediators (bottom). Four
groups of results with different redshifts (z=0, 5, 10, 20) are shown for a Dark Matter of 1TeV.
In these examples, the ICS on the CMB contributes much less than the prompt emission at high
energy, but it is dominant at lower energy. And the flux at the higher redshift is higher than
that at the lower redshift. The case of two mediators also depends on the mediator mass m.
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1o a-+5 a+5 "
Eior = f(a) h%?TF( ; )C( 5 )(KT)( +5/2K/ dEth. (172)

Epn2

In the Thomson limit, E,ue ~ v2KT, so there is

(a 1 1 _QT_IJ'_l EP ,ymax 1 3 max
[ B e = o R = (T
2 2
Eph2
(173)
8mor ,a+5  a+5H 4 2 3
E,; = r KT)YK,—— a a 174
tot f(a) h302 ( 2 )C( 2 )( ) EB_G(P)/max P)/mzn> ( 7 )
Then we get
dN h2 3CUT/ n(E hl)/ N(v)
dE P P F. dy|dE 1 YdE
/dEphg ph2ALph2 = /{BT4 [ o (Q) 2 ’Y] phl} ph2)
Epn2 phl v
(175)

which must give a T-independent value. The results are shown in Table 10,
and the plot is in Fig. 29.

To ensure the accuracy of computation, three integrators (the Simpson’s 3/8
rule, the Trapezoidal rule, the Gaussian Quadrature) are developed by applying
expressions from Ref. [391 408|. Very close results are found by implementing
the Trapezoidal integration and Gaussian Quadrature methods as shown on the
bottom right panel of Fig. 29.

5.5 Sommerfeld Enhancement for p-wave Dark Matter

The exchange of mediators in a non-relativistic two-particle system creates a
Yukawalike potential in a short interaction range. This potential distorts the
wave function of the incoming particles, thus a bound state is formed. The anni-
hilation cross section can be boosted a lot when they drop to enough low kinetic
energy. Since Dark Matter is cooled to low velocity in today’s Universe, it falls
into the non-relativistic regime. So it is natural to take the Sommerfeld effect into
account.

Until now, the Sommerfeld enhancement for s-wave annihilation of Dark Matter
via a single mediator has been widely studied [410, 411, 412|, and much less work
has been done for the case of p-wave annihilation. The Sommerfeld effect can be
considered as the limit of perturbative Feynman diagrams with specific mediators,
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Figure 31: An example of the Sommerfeld enhancement as a function of m, for the case of a
single mediator, this result is the same as that in Ref.[115, 116]. There is a peak around 2.5-10*
GeV.

and the value of this effect depends on the non-perturbative 4-point vertex I, as in
[327, 328, 329]. For the sake of simplicity, an approximative analytical Sommerfeld
factor of Yukawa interactions is given for arbitrary partial wave processes. And a
corresponding numerical solution was developed independently in Ref. [115, 116]
by applying the field theory diagrams and finally be expressed in the form of a
wave function.

In [413], the Sommerfeld enhancement for Dark Matter annihilation via a vec-
tor, scalar, and pseudoscalar mediator have been reviewed to gain constrains from
the AMS-02 positron excess. The force-carrier plays an important role in the un-
derstanding of the Sommerfeld enhancement in Dark Matter annihilation and in
the production of the relic density. All these three types of force-carriers are able
to accommodate the AMS-02 and FermiLLAT results.

The interaction between two Dark Matter particles is considered to proceed
under a Yukawa-like potential V3 when the force carrier is a scalar or vector. The
partial wave function can be obtained by solving the Schroedinger equation
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Figure 32: Distribution of the Sommerfeld boost factor on the 2D map of {m,,mueq} for
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maximums are located in the regions with a higher ratio of mass mm"d.
me
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Figure 33: Distribution of the Sommerfeld boost factor on the 2D map of {m,,muq} for
Vo = 1/30. Method 1 (top) and Method 2 (middle) are compared here to compute the boost
factor. The distribution of the boost factor for two relative velocities v = 1.0 - 10~ %¢ (left)
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v = 1.0 - 10~*c (bottom left). But evidently, the difference between the two methods at v =
1.0-10~°¢ is large in certain regions on the 2D map (bottom right). The maximums are located

in the regions with higher ratio of mass mm"d
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where the Yukawa potential is given by

VWw=——7"""—7—, (177)

with m,,.q denotes the mediator mass, r denotes the distance between the two
particles, m, = m, /2 denotes the reduced mass, R,,; denotes the radial part of the
wave function. Unfortunately, there is no exact analytical solution to Equation
(176). We take 3 values of Vj = %, ﬁ, ﬁ in the calculation. Two numerical
strategies have been proposed in Ref. [115, 116] to solve this problem. They are
similar, so only one of them is recalled here.

R, could be written as

Ryi(x) = Nppi(z)/z, (178)

where p = m,v = Fv and x = pr. And ¢;(z) is a second order differential
equation given by

” 2 I(l+1
¢, + (1+?ae_bx— =+ >>901=0, (179)

72
where a = (¢?4n)/v and b = u/(m,v) with the initial condition

Q1(x) gm0 = 2. (180)

For the p-wave case, ] =1. And the asymptotic behavior of ¢; is estimated as

cos(x — 2 + 51))

(181)

. Im
1) 200 = C - (sm(x -5 + ) + -

Then the Sommerfeld factor is given by

o (1.3.5..0.(2l+1))27 (182)

where C denotes the amplitude of the asymptotic expression of ¢;.

For a massless mediator, the analytical solution also exists since the Yukawa
potential can be approximated as a Coulomb potential or a Hulthén potential
[327, 348, 416]. But this is not the best solution in this work since massive
mediator is taken into account. In the DarkSPIDER package, routines about the
approximative methods are kept for the users.

Then we can either follow the method in Ref.[115, 116] to get the value of C?
at large x, or numerically solve Equation (179). Here C is the maximal value of
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The results of the two methods are shown and compared in Fig. 32 and Fig.
33 for Vy = 1/30. At certain Dark Matter and mediator masses, the Sommerfeld
factor is large, which leads to an enhanced annihilation cross section. The Som-
merfeld factor is scanned over a 2D map for m, in the range of [2 GeV, 20000
GeV], Mpea in the range of [6.3 - 1079GeV, 50 GeV]. Four velocities have been
tested. Large Sommerfeld factors are achieved on the lower right of the map. The
two methods show almost the same results at higher velocities, but differ a lot at
v = 1075¢c. The largest boost factors are obtained at 10~*c.

For the case of multiple mediators exchanges, the calculation follows the method
in Ref. [331, 332] where the Yukawa potential approximates to a Hulthén poten-
tial, then the Sommerfeld boost factor (method 3) for s-wave and p-wave annihi-
lation are respectively

T sinh(2mjk)
%= J cosh(2mjk) — cos(2m\/k — (jk)?)’ (183)
(k=124 4(jk)? (184)

P 14 4(jck) >

where j = v/2V, and k = 6Vom, /(7*Mmea) -

The comparison in Fig. 34 shows the Hulthén approximation is close to method
2 (so also method 1) at relatively high velocity, but it produces a much smaller
boost factor at relatively low velocity and a slightly larger boost factor at high
velocity. For the parameters {m,,, mmeq} giving tiny annihilation cross section, the
gamma-ray flux induced by them contributes slightly to the total flux compared
with the background in the IGRB. When the Sommerfeld factor is large enough,
the flux induced by Dark Matter annihilation is comparable with the other sources.
So methods 1 and 2 are preferred in this analysis to find an optimistic result.

In Ref. [334], for the s-wave Sommerfeld enhancement, the partial-wave unitar-
ity limit is compared with the naive Sommerfeld factor obtained with the Hulthén
approximation near a resonance peak. It is found the naive factor is above the
limit at low velocity and below the limit at high velocity. Since the p-wave Som-
merfeld enhancement factor is proportional to that of the s-wave at a certain
velocity as in Equation (184), although there is no previous study yet on the gen-
eralization of this unitarity work to p-wave, it is clear in Fig. 34 that method 2
(so also method 1) in this work behaves similarly as the unitarity limit at both
low and high velocities. But a quantitative study will show how well they match
each other once the generalization to p-wave is ready.

At the freeze-out, Dark Matter particles have velocity ~ £ (See section 3.2 of
Chapter 3). Then during the expansion Dark Matter cools down to low velocity,
so the p-wave annihilation rate is tiny if there is no large boost factor. This
explains why we have not yet found its signal in indirect detection. In today’s
Universe, the typical mean velocity of Dark Matter is around 10km /s in the dSphs
, around 200-300km /s in the galactic halo, and up to several thousand km/s in the
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Figure 34: Comparison of method 3 and method 2 to compute the Sommerfeld enhancement.
The distribution of the boost factor for two relative velocities v = 1.0 - 107 2¢ (left) and v =
1.0-10~*¢ (right) are shown here. The two methods produce very close results for v = 1.0-10~2¢
(bottom left). But at v = 1.0-10~*¢, method 3 with the Hulthén approximation produces much

smaller Sommerfeld boost factor.
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galaxy clusters. If there is an overdensity in the substructures, relative velocity
gets higher. The Sommerfeld effect is more significant at a certain low velocity, it
is negligible at the freeze-out, and becomes important again at certain moments
during the long cooling time. when v < ¢, the p-wave enhancement behaves
roughly like o< 1/v* and saturates at around v ~ m.q/2m, (216, 333].

5.6 Analyses
5.6.1 Method

The parameter space {m,,Mpeq} is scanned in different energy ranges. Two
scanning results are shown in this chapter: in the first, the Dark Matter msss m,, is
chosen in the range [1,101] GeV, the mediator mass my,eq is in [1078, 1] GeV; in the
second, the Dark Matter msss m,, is in [101, 1001] GeV/, the mediator mass m.q
is in [1074,400] GeV. The gamma-ray flux contains photons from the annihilation
via two mediators Yy — ¢¢ — SMSM and one mediator Yy — ¢ — SMSM.
The total contribution from them is expressed by

Doty = - Po(X\X — ¢ — SMSM)+(1—a)- O (xx — ¢ — SMSM), (185)

where @, pyr denotes the total flux from Dark Matter annihilation, ®5 and
®, denotes respectively the flux from annihilation via two mediators and one
mediator. Different ratios a are set to test the contribution of x? from the two
types of annihilation. The annihilation via two mediators is considered to be
dominant, so & = 1 and a = 0.9 are assumed firstly.

The new fit is done by adding the Dark Matter-induced flux to the background
flux to make a theoretical prediction of the total flux [123, 202]. The Chi-2
statistics in this work reads

N
XQ :Z (cbz,obs (I)((J)-,z q)l,DM)Q. (186)
i=1 ’

In the ith bin, the photon flux from the other extragalactic sources ®g; is
the background, and the flux induced by Dark Matter ®; pys is the sum of the
contributions from prompt emission and ICS emission, ®; s is the FermiLAT
IGRB data.

The IGRB data is firstly fitted with the Models without Dark Matter, and
the corresponding x? is calculated. The main 7-ray sources of IGRB contain
BL Lacertae (BL Lac), active galactic nuclei with misaligned jet (MAGN), star-
forming galaxies (SF), flat-spectrum radio quasars (FSRQ). Three models have
been established in Ref.[376] by varying the weighting factors of these extragalactic
sources. Fixing the contributions from them, a fit is performed with m,, and mq.
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Figure 35: Four examples of fitting the FermiLAT IGRB data with Dark Matter and the other
extragalactic sources are shown on the two top panels. The dashed lines correspond to the best
fitting results with baryonic components to a model without Dark Matter (model C in Ref.
[111]). In this work, a Dark Matter and a mediator are added to do a new fit. Three examples
are considered by assuming yx — bb with a 100% branching ratio (two left panels and bottom
left panel). Two different contributions of Dark Matter-induced ~-ray flux are shown. The
best-fitting result is shown. The x? has been reduced by 6.11 with o = 0.9 (top left) and 10.36
with & = 0.1 (top right). Another example with slightly different m, (bottom left) produces
a much smaller flux since it does not allow strong Sommerfeld enhancement. This shows the
Sommerfeld enhancement can play an important role in the detection. In most of the parameter
regions of this p-wave annihilating Dark Matter, the flux from Dark Matter annihilation via
two mediators or a single mediator is very tiny compared with the background radiation, even
when boosted by the Sommerfeld enhancement. An example with both yx — ¢¢ — ete™ and
¥X — ¢ — eTe™ is shown on the bottom right panel. In this example, the flux from annihilation
via two mediators is larger than that via one mediator, but both are too tiny to be detected in
the IGRB.
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Then among all the configurations with a x* < x2.. +Ax?, the parameters which
give Ax? =2.3, 6.18, 11.83, 19.33, 28.74 determine respectively the 1 to 5 o limits.

It is found that x? can be reduced only in the range m, < 100 GeV, in which
the branching ratios of of the bb, 7777, gg, c¢ channels are set as they dominate
subsequently the annihilation of the Higgs boson [421].

So it is reasonable to assume a naive branching ratio B(xy — bb) = 100% as
the first step in the calculation.

The results for the annihilation via both the xxY — ¢ — bb and yx — ¢¢ — bb
channels are presented in Fig. 35. The previous work without Dark Matter fits
well in the range of several hundreds GeV. The annihilation cross section of p-
wave Dark Matter is tiny compared with the s-wave models if there is no boost
factor. If the Sommerfeld enhancement factor is large, a bump of flux could be
produced. The total differential flux could also be overproduced if the boost factor
is too large. Two examples in the two top panels of Fig. 35 show improved fits by
adding a p-wave Dark Matter and a mediator, the A? has been reduced by 6.11
and 10.36 in them. An example of the yy — ¢ — ete™ and xx — ¢¢ — ete”
channels is shown on the bottom right panel. For p-wave Dark Matter with
higher mass, not only the annihilation via two mediators but also the flux from
the Sommerfeld boosted annihilation is tiny compared with the background, so
this kind of candidate could not be detected in the IGRB.

If we assume the annihilation channel yy — bb dominates, an example of the
distribution of y? of this new fit is shown in Fig. 36. This example assumes
Dark Matter annihilates with a = 0.9. For model C, the x?2 . of the fit without
Dark Matter is 33.48. The new x?2,, = 27.37 is obtained at m, = 27.37 GeV
and Mpeq = 9.35 - 1077 GeV. The flux induced by this annihilation helps to
improve the fit to the IGRB data. However, in most of the parameter space,
the annihilation cross section of p-wave Dark Matter is tiny compared with the
contribution from the other sources. Thus even if this Dark Matter candidate
does exist, the y-ray flux induced by its annihilation is still not detectable with
FermiLAT. Additionally, there is not yet IGRB data above 1TeV, thus no further
conclusion could be made for masses in this range.

It is found in the regions with reduced y?, there are also some regions with ex-
tremely large x2, where the corresponding Dark Matter should be excluded. This
makes the plots difficult to read. We split this kind of plots into two parts: one
plot to show the excluded parameter regions, another plot to show the parameter
regions where the fit is improved as shown in Fig. 36.

On the left side, the contours correspond to the 1o to 5o parameters regions
accounting for a larger theoretically predicted y-ray flux than the observations of
IGRB. On the right side, the colored regions show the parameters of {m,, Myeq}
which give an improved fit to the IGRB data.

5.6.2 Results

The scanning work is done from m, = 1 GeV to 1001 GeV, but only in the range
of m, < 100 GeV a reduced x? could be found. In this range, there is still some
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Figure 36: Two examples of the original distribution of x? of the new fit with Dark Matter with
a = 1.0 (top) and @ = 0.9 (bottom). The fit is performed by adding two parameters {m,,, Mmea}
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108

log10(Mmeq) [GeV]

log10(Mmeq) [GeV]

0_
14 X2, = 33.48
_2 -

50
3] 40
_4 -
_5 -
_6 F
4]
1 2I f|> 1|5 4|0 101
my [GeV]

0,
14 Xﬁ:m= 27.37
_2 -

50
5 40
4
_5 -
—6 - =
_7 p
1 2I é l|5 4|0 101
my [GeV]

logio(x?)

2.4

2.2

2.0

18

16

logo(x?)

2.4
2.2
2.0
18

16



space that allows Dark Matter to exist. So the results between 1 GeV and 101
GeV is firstly shown.

There are three models of the background named as models A, B, C in Ref.
[111]. The fit without Dark Matter is repeated, the corresponding x2 , for them
are respectively 29.87, 25.71, 33.48. The best-fitting results from each of them are
extracted to do the new fit by adding the flux induced by Dark Matter annihila-
tion.

Two kinds of scanning work are performed: firstly, the final states with only
one type of particle, secondly, the final states with multiple types of particles.

For yx— the SM final states including

XX = ¢p — {yy, WTW =, bb, hh, gg, 757, ptp, ete },

XX — ¢ — {tt, bb, s5, c¢, dd, uii, TH7~, ptpu~, ete },

the differential flux of each final state is calculated independently for the first
kind of scanning work.

In Fig. 37, the distribution of x? on the 2D map {m,, Myeq} is shown for
the xx — 777~ channel. Both the exclusion plot and improvement plot show
weaker statistics when « is larger. The reason is that in most of the parameter
space, the flux from annihilation via two mediators is small even the Sommerfeld
enhancement exists.

The calculations in the other channels to a single type of final state particles
show similar results.

In the bb, 7777, cé channels, the flux induced by p-wave Dark Matter annihila-
tion to a single type of final state particle excludes some regions in the parameter
space. For the other channels to a single type of final state particle, they are
insensitive to the IGRB data. Some examples are shown in Appendix D.

In the generic models, it is popular to assume that all the fermion final states
share equally the branching ratio with a color factor 3 for the quarks and 1 for the
leptons [103, 104, 275, 109]. The Higgs decay suggests that B(yxx — bb) ~ 60% in
the energy range below 100 GeV [421, 422], followed by the other sub-dominant
channels which share the rest of the BR.

So for the annihilation to multiple types of final state particles, three naive
assumptions are made as:

(1) B(xx — ete ,utu~, 7t77) = 33.3% for each of them [349] (see an example
in Fig. 38),

(2) B(xx — bb) = 60%, and B(xY — ete™,uTpu~,7777) = 13.3% for each of
them (see an example in Fig. 39),

(3) B(xx = ete ,hth™,gg,n =, 7777, vy) = 3.33% for each of them, B(xy —
bb) = 60%, and B(xY — WHW ™) = 20% (see an example in Fig. 40).

The same scanning work is also performed from 101 GeV to 1001 GeV, but
neither improved nor excluded region is found. This suggests this kind of p-wave
annihilating Dark Matter is not detectable in the IGRB data. Some examples are
in Appendix D.

The improved regions locate mostly between 1 GeV to 50 GeV. When Dark
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Figure 37: The Distribution of x2 on the 2D map of My and Moped.
Piot,pm = - Pa(Xx = ¢p) + (1 — ) - P1(Xx = ¢) (188)

with @ = 0.9 and B(xY — 777~ ) = 100%. And the annihilation of Dark Matter is Sommerfeld boosted.
The extragalactic sources of IGRB are considered together with Dark Matter to fit the FermiLAT IGRB
data [376]. The confidence contours are shown in different colors to enclose the best-fitting regions.
The exclusion fit and improved fit are respectively on the left and right side with colored contours. The
models A, B, C of the extragalactic sources producing similar results are from the top to the bottom
panels. 110
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Do, o0 = - P2 (XX — ¢P) + (1 — ) - P1(Xx — @)

with @ = 0.9. The branching ratios of the 3 final states are assumed to be the same, B(x}x —
ete ,uTpu",7777) = 33.3%. And the annihilation of Dark Matter is Sommerfeld boosted. The
extragalactic sources of IGRB are considered together with Dark Matter to fit the FermiLAT IGRB
data [376]. The confidence contours are shown in different colors to enclose the best-fitting regions.
The exclusion fit and improved fit are respectively on the left and right side with colored contours. The
A, B, C models of the extragalactic sources producing similar results are shown from the top to the

bottom panels.
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with a = 0.9. The branching ratio of the each channel is naively assumed to be B(xx — bb) = 60%,
B(xx — ete ,utpu~,7777) = 13.3%. And the annihilation of Dark Matter is Sommerfeld boosted.
The extragalactic sources of IGRB are considered together with Dark Matter to fit the FermiLAT IGRB
data [376]. The confidence contours are shown in different colors to enclose the best-fitting regions.
The exclusion fit and improved fit are respectively on the left and right side with colored contours. The
A, B, C models of the extragalactic sources producing similar results are shown from the top to the

bottom panels.
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Figure 40: The Distribution of x? on the 2D map of m, and Mmmed.
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DQiot, oM = - Pa(XX — 9B) + (1 — ) - P1(xXx — ),

with @ = 0.9. The branching ratio of the each channel is assumed naively to be B(xx — bb) =
60%,B(xx — WTW™) =20%, B(xx — ete ,hTh™,g9g,u ™, 7777 ,v) = 3.33%. And the annihila-
tion of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered together
with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown in different
colors to enclose the best-fitting regions. The exclusion fit and improved fit are respectively on the left
and right side with colored contours. The A, B, C models of the extragalactic sources producing similar

results are shown from the top to the bottom panpig



Matter is in this range, its contribution to the total flux is comparable with the
other sources. For the other masses, the annihilation cross section is too small, so
it is invisible in the IGRB observation. The combined analysis shows only some
small regions in the same range are excluded. And masses in the range from 1
GeV to 50 GeV also allow improving the fit a lot.

5.7 Summary and Discussions

P-wave Dark Matter has suppressed coupling to SM particles, so the signal from
current collider-based experiments and direct detection is not accessible [415]. In
this work, the analysis of p-wave annihilating Dark Matter is accomplished to seek
the signal in the IGRB data. Both prompt and ICS emissions have been taken
into account. The Fermi-LAT data is studied for the 7-ray signature of p-wave
annihilating particle Dark Matter in IGRB in the photon energy range from 0.1
GeV to 686 GeV. By applying the Chi2 technique, a fit is performed to exclude
the parameter regions which overproduce vy-ray flux.

A scanning work is performed from m, = 1 GeV to 1001 GeV. Different from
the prediction in [337], no signal has been found. This analysis excludes only
some regions; most of the parameter region remains elusive to us. This work
shows a Dark Matter model helps to improve the fit only when the annihilation
via two or a single mediator is considered. By assuming simple branching ratios of
different annihilation channels, an optimistic analysis shows weak statistics, but
in some channels, the region around m, ~ 6 GeV allows an improvement of fit
with DM with a significance of 50, which is neighboring to small excluded ereas
at a comparable significance level. In the parameter space being considered in
this work, p-wave Dark Matter can not be excluded except in small regions in the
range of 1 GeV to 50 GeV.

Around 6 GeV, there are some regions where the fit is improved but with
weak statistics. The IGRB data is well fitted by the background flux around
several hundred GeV. Adding a new component into the model may lead to an
overpredicted flux if the Sommerfeld factor is too large. If Dark Matter does
possess a high mass above several TeV, there is no data yet in the nearby energy
range to verify it. Future observations in the ultrahigh-energy range may help to
answer this question.

Most of the annihilation channels with a 100% branching ratio to a SM par-
ticle pair are insensitive to p-wave Dark Matter. Some parameter regions can be
excluded only when the bb, 7777, cé channels via a single mediator is important.
Additionally, when we consider all the final states, 9 final states for the case of a
single mediator and 8 final states for the case of two mediators have been taken
into account. This summation aslo reduces the sensitivity, so fewer regions are
excluded in this combined analysis than in the channels of an SM particle pair.

There are 70 bins for each of m, and my,q4, there might be missing information
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between the neighboring bins. Increasing the number of bins may help to provide
more details, but longer computational time is needed for such a task. The most
time-consuming calculation in this work is the ICS emission with the Sommerfeld
enhancement although several approximation methods have been developed to
shorten the computational time in DarkSPIDER.

Several p-wave Dark Matter models are being studied recently. For the other
p-wave Dark Matter candidates, a similar analysis could be done for the IGRB.
There are in total seven methods to compute the Sommerfeld enhancement in
DarkSPIDER. Three of them are employed in this work. The results are obtained
with methods 1 and 2 that produce similar boost factors. They are larger than
the boost factor obtained with method 3 in some regions of the parameter space.
This work utilizes methods 1 and 2, so the conclusion is optimistic. If method 3 is
employed, the flux induced by Dark Matter annihilation is even smaller in most of
the parameter space considered in this work, which will make the statistics weaker.
This comparison show consistent results with the unitarity of the Sommerfeld
enhancement.

The Sommerfeld enhancement depends on the velocity dispersion in the tar-
gets. Any factor changing the velocity dispersion may improve the analysis. The
Sheth & Tormen model of halo mass is applied in this work, it provides accurate
descriptions especially of the small halos and an overestimation of the massive
halo objects [356]. Although there are a lot of discussions on the minimal halo
mass, in this work, the influence of the minimal value is not evident in the calcu-
lation of the p-wave Dark Matter. For the high mass halos, there are some other
models. The Warren model [352] characterizes better the high mass halos. The
uncertainty in this part might be important. For example, the mass-concentration
relation with different masses and redshifts needs a complete investigation. The
different models of the mass-concentration show a scatter of 15% in the differen-
tial flux [368| for the s-wave models. For p-wave models, this has not yet been
studied.

The NFW density model is applied in the IGRB analysis, and this cuspy profile
is widely applied to study galaxy clusters. However, most of the related astro-
physical boost factors have not been considered, such as the substructure, the
overdensity. The discrepancies exist in the simulational and observational results
of halo density profiles. The cusp and core problem has been discussed in Chap-
ter 4. It agrees with the NFW profile in the dSphs. But there might be different
profiles in the clusters. A supermassive black hole window into the p-wave anni-
hilation has been studied, and it demonstrates FermiLAT is sensitive to the two
models in that work [415]|. This could be done for the model for this work in the
future.

In this work, neutrino channels are insensitive in IGRB with the FermiLAT
data. But it may be an interesting topic to look for neutrino constraints with
observations on IceCube and the other neutrino telescopes.

This work does not provide any solid conclusion on Dark Matter mass in the
range between 101 GeV and 1001 GeV. Strong CMB and BBN constraints on p-
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wave annihilating Dark Matter have been shown in Ref. [416]. All mediators with
a mass lower than several GeV are excluded for Dark Matter under 50 TeV. That
analysis is based on the s-wave dominated process in the bound state formation,
and it considers the ejection of energy to CMB mediated by the Higgs portal.
However, another work shows CMB is far away from the required sensitivity of p-
wave Dark Matter by orders of magnitude [217]. Additionally, some work suggests
p-wave Dark Matter evade constraints from CMB [420]. There is no conflict
between this IGRB analysis and the previous work. IGRB data in the TeV scale
will help to deal with the problem.

Dark Matter decay into standard model particles is not calculated in the IGRB
analysis. This leads to a higher flux, but there is no boost factor as large as the
Sommerfeld enhancement in Dark Matter decay. So the flux induced by decay is
not considered in this work.

Dark Matter could contain multi-components including a p-wave Dark Matter,
pioneering efforts in this direction have been discussed in [419]. This could change
the differential flux and could be another interesting topic to work on in the future.
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Chapter 6 Summary and outlook

The DarkSPIDER package with 32k Fortran lines of code is slim and specific.
Despite its small size, its routines cover the calculation of particle physics, astro-
physics, and the statistical tools to confront theoretical predictions with data.

DarkSPIDER collects as much data as possible, as shown in this thesis, many
recent experiments in indirect, direct, collider-based experiments have been taken
into account. The other multi-wavelength observations on the dSphs, the CMB
have been used as well. The generic models including the EFT and simplified
models are chosen to make a global view of Dark Matter searches.

As shown in Chapter 3, Dark Matter models are collected with various oper-
ators from several previous publications. And complementary constraints have
been derived to exclude a large chunk of parameter space. Dark Matter mod-
els are collected with multiple operators from several previous publications and
added to the codes. With the limits from FermiLAT and the other experiments,
a comparison is made with the theoretical values. Only one of the 4 annihilation
modes, the case of universal coupling and s-wave gives the same annihilation cross
section required by the conventional treatment. The other models contain Dark
Matter candidates non-sensitive in the current experiments, hence could not be
ruled out. All these scanning shows heavy Dark Matter remains to be probed in
the future.

In all these cases of coannihilation in this work, small mass splitting produces
large annihilation, and a larger cut-off energy is needed for low mass Dark Matter.
These results means that Dark Matter is preferred to be not too massive in the
range where the EFT is valid if another unknown near-mass particle exists. This
calculation could be extended to the cases with more unknown particles, which
could be generalized later with DarkSPIDER.

The strongest constraints are from the direct detection experiments, for which
we could also put limits on the 2D map of {m,, myeqa}. So are the collider-based
experiments (LHC and ILC) and the relic density. Four operators for fermion
Dark Matter are considered. Most of the regions in the low Dark Matter mass in
the parameter space have been ruled out. Only some small ereas below 10 GeV
and above 10 TeV are allowed. This is consistent with the results in the other
methods. An interesting case is the p-wave annihilating model a fermion Dark
Matter and a scalar mediator. It shows weak constraints if there is no other boost
factor. This is important since a very high energy range could only be probed with
indirect detection observations. And complicated physics exists in this problem.
For this reason, efforts for p-wave annihilating Dark Matter are made later in
Chapters 4 and 5.
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A PSO optimization tool is developed to describe the velocity dispersion pro-
file. The corresponding model is defined without pre-assumption on the density,
anisotropy, and luminosity profiles. With the generic Zhao-Hernquist density pro-
file and the generalized Osipkov Merritt profiles, we found both cored and cuspy
profiles can describe the dSphs. Neither core nor cuspy is really needed. This
conclusion is the same as that in Ref. [273|. But this is just a phenomenological
description, a better understanding of the physics in the dSphs is needed to make
a clear explanation.

The generic Zhao-Hernquist density profile has unified several density profiles
[231] in a compact mathematical expression. That paper has not arrtacted enough
attetion, and could be compatible mathematically with G.Mamon’s work in [241,
232] which has also taken the baryonic matter into account. Additionally, in these
generic profiles the black hole in the galaxies is not considered, with which the
velocity dispersion curves in this work should be different. It should be useful to
rule out some particle models as shown in [270].

A Dark Matter particle/mediator identification method is tried with only dSph
data, but the Dark Matter models used in this work do not produce a promising
result. The Dark Matter parameter allowed by the relic density does not allow
a large Sommerfeld boost factor. There are several possibilities to improve this
method. Different derivatives of the Boltzmann equation could be employed in
this work. If the detailed time scales are taken into account, the kinetic decou-
pling happens much later than the chemical decoupling, this case becomes more
complicated. An analysis has been done in Ref. [302, 303, 304, 305]. The diffi-
culty is that there is not enough investigation on the Sommerfeld enhancement.
Until now, the Sommerfeld enhancement have only been computed for a few par-
ticle models [417]. Once the Sommerfeld enhancement in any other p-wave Dark
Matter models has been treated, this work could be extended. We can also try to
improve with other boost factors such as the substructures, the non-sphericity to
improve this work.

In this work, the analysis of p-wave annihilating Dark Matter via a single
mediator or two mediators is accomplished to seek the signal in the IGRB data.
Both prompt and ICS emissions have been taken into account. This analysis
excludes some regions of the parameter space, but most of the parameter space
remains elusive to us. This work shows a Dark Matter model in the range from
1 GeV to 50 GeV helps to improve a lot the fit with some regions around 6 GeV
significantly improved or excluded. However, this improvement or exclusion is
weakened at higher mass from 100 GeV to 1001 GeV since the flux from this case
is too tiny. The IGRB data is well fitted by the background flux around several
hundred GeV. Adding a new component into the model leads to an over-predicted
flux. If Dark Matter does possess a high mass in several TeV, there is not yet
data in this energy range to verify it. To solve this problem, we should wait for
the observations in the ultrahigh-energy range.
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Appendix
Appendix A
List the EFT models in DarkSPIDER
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Fermion Dark Matter

Operator name

EFT Coupling coefficient

Transition matrix

FtV Chiral (t-channel)

>
)

Scalar 0% xxff
Pseudoscalar 0% XV XS5 f
Vector = XX f
axial-vector = XV X s f
Tensor 2z X" xfou f
Scalar-Pseudoscalar 2% xfivsf
Pseudoscalar-Scalar 0% XivsX[ff
Vector-axial-vector ﬁ xS Yuysf
AVector-Vector el XV X v f
Alternative Tensor % €”Vpa>_<0quf0paf
Chiral (LL/RR/LR/RL) 2 XL £ y5)x fru (1 £75) f
FtS Scalar (t-channel) ucs Ixxf
FtS Pseudoscalar (t-channel) 0% Frsxxvsf
FtV Vector (t-channel) = T xxovuf
FtV axial-vector (t-channel) ﬁ f YU XXV s f
1

(L £ 35)xx v (1 £95) f

Table 11: List of EF'T operators (Dimension 6) involving Dirac fermion Dark Matter. The second
column is the coupling coefficient, ﬁ and % correspond respectively to universal coupling and
Yukawalike coupling. The effective Lagrangians are not invariant under the SM SU (2)w xU(1)y
gauge symmetry, but valid below the energy scale of electroweak symmetry breaking. Some t-
channel cases are shown at the bottom. For the other EFT operators for Dirac fermion Dark

Matter, cf. the User’s guide or Ref. [105].

120




complex Scalar Dark Matter

|

Operator name EFT coupling coefficient | Transition matrix
Scalar *F oToff
Scalar - Pseudoscalar =5 ¢ji25>f 5.
Vector ﬁ ¢T Oudfyuf
Vector - Axial-vector ﬁ ¢T§;:<f)fT Yuvsf
Real Scalar Dark Matter
Scalar S o f f
Scalar - Pseudoscalar Si oo fiysf

Table 12: List of EFT operators involving Dirac fermion Dark Matter. The second column is

the coupling coefficient, % and % correspond respectively to universal coupling (Dimension

%
6) and Yukawalike coupling (Dimension 5). Here gg =0, — gﬂ The effective Lagrangians are

not invariant under the standard model SU(2)w x U(1)y gauge symmetry, but valid below the
energy scale of electroweak symmetry breaking. For the other EFT operators for scalar Dark

Matter, cf. the User’s guide or Ref. [105].

Vector Dark Matter

Operator name EFT coupling coefficient Transition matrix
Scalar % B*B,ff
Vector iz BT”EBusUf
Scalar-Pseudoscalar % B* B, fivys f
Vector-axial-vector =7 B"9, B w1 f
Tensor s (B} B, — BIB,)fo"" f
Alternative vector ﬁ %upangp)BaJF’Y”f
Alternative vector - axial-vector A € WMBUWBUJ? Y5 f
Alternative Tensor =5 e"P7 (Bl By — BIB,) f0,0f

Table 13: List of EFT operators involving vector

Dark Matter.

coupling coefficient, % and % correspond respectively to universal coupling (Dimension 6)

_>
and Yukawalike coupling (Dimension 5). Here gﬂ) =0, — gﬂ The effective Lagrangians are
not invariant under the standard model SU(2)w x U(1)y gauge symmetry, but valid below the

energy scale of electroweak symmetry breaking. For the other EFT operators for vector Dark

Matter, cf. the User’s guide or Ref. [105].
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Appendix B
Constraints from indirect detection, for the EFT models
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Figure 41: For fermion Dark Matter annihilation via a vector operator with universal coupling,
the relic density required Dark Matter mass m, and coupling constant Gy are shown on the
top left panel. If Dark Matter annihilates purely to one final state, the maximal (ov)ann; to 3
final state particles are respectively shown from top middle to bottom left: bb, 777, utpu~.
The constraints are from the observations of dSphs by FermiLAT and MAGIC [203], and the
observation of the galactic halo with H.E.S.S [174]. The gray horizontal line is the conventional
(0V)anni = 2.7-10726 em3s~1 at the freeze-out moment, the (0v)qnn; it can produce today into
each channel is shown as the violet curve (for v = 220 km/s). See Table 12 for more explanation.
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Figure 42: For scalar Dark Matter annihilation via a vector - axial-vector operator with universal

coupling, the relic density required Dark Matter mass m, and coupling constant Gy are shown on the
top left panel. If Dark Matter annihilates purely to one final state, the maximal (0v)ann: to 3 final state
particles are respectively shown from top middle to bottom left: bb, 7+7~, u*u~. The constraints are
from the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic halo
with H.E.S.S [174]. The gray horizontal line is the conventional (ov)gnn; = 2.7 - 1026 em3s™ ! at the
freeze-out moment, the (0v)anni it can produce today is shown as the violet curve (for v = 220 km/s).
This is a p-wave annihilation, it is beyond the sensitivities in all the existing experiments. See Table 12
for more explanation.
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Figure 43: For scalar Dark Matter annihilation via a scalar operator with Yukawalike coupling, the
relic density required Dark Matter mass m, and coupling constant Gy are shown on the top left panel.
If Dark Matter annihilates purely to one final state, the maximal (0v)ann: to 3 final state particles
are shown respectively from top middle to bottom left: bb, 7+7~, u*u~. The constraints are from
the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic halo
with H.E.S.S [174]. The gray horizontal line is the conventional (ov)gnn: = 2.7 - 1026 em3s™ ! at the
freeze-out moment, the (ov)anni it can produce today into each channel is shown as the violet curve
(for v = 220km/s). It is sensitive only in the final state with heavy particles. See Table 12 for more
explanation.

125



log19(0Vann) (€m3s1)

log10(Qyh?)

Conventional thermal relic <GVan=>
== Relic density required < ovam > Today
—— FermilAT 15dSphs + MAGIC Seguel,bb

2 3
logio(My) (GeV)

—=15.0 4
54
—17.5 { —e— Gf=00001
= —— Gf=1e-05
! Gf=1e-06
mm —20.07 o Gr=1c07
o4 = Gr=1e-08
R R
=
5 —25.0 1
_5 >
PLANCK B
—— Gf=0.0001 5 —27.54
—e— Gf=1e-05 g‘l
_104 Gf=1e-06 ~ -30.01
—e— Gf=1e-07
Gf=1e-08 3254
Gf=1e-09
T T T T T
0 1 2 3 4 5 1
log1o(My) (GeV)
—15.04 Conventional thermal refic <oVann=> —17.57
m—Relic density required < Ovamn> Today —
—=17.5 4 === FermilAT 15dSphs+ MAGIC Seguel,tautau —20.0 { —
# HESST+T- —e— Gf=00001
—20.0 { —* Gf=00001 0 _22.5{ =% Gf=1e05
Gf=1e-05 ‘tn Gf=1e-06
m —— Gf=1e-07
-22.5 4 £ -25.0
L
—25.0 1 — =27.57
c
I~
N
—=27.5 E —30.0
o
=1
—30.0 1 o —32.5+4
L
-32.5 —35.0 1
-35.0 -37.54
T T T T T
1 2 3 4 5 1

Figure 44: For fermion Dark Matter annihilation via a pseudoscalar operator with universal coupling,
the relic density required Dark Matter mass m, and coupling constant Gy are shown on the top left
panel. If Dark Matter annihilates purely to one final state, the maximal (0v)ann: to 3 final state
particles are respectively shown from top middle to bottom left: bb, 777, u* ™. The constraints are
from the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic
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the freeze-out moment, the (ov)anni it can produce today into each channel is shown as the violet curve

(for v = 220km/s). See Table 12 for more explanation.
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Fermion DM annihilation
via an Axialvector operator
with universal coupling

Fig.top left: logo(Qyh?) VS logio(M,)
Fig.top right: bb 10g10(0Vam) VS log:o(My)
Fig. bottom left: T* T~ log10(0Vann) VS logio(My)
Fig. bottom right: u*u~ 10g15(0Vann) VS l0gy1o(M,)

Figure 45: For fermion Dark Matter annihilation via an axial-vector operator with universal coupling,
the relic density required Dark Matter mass m, and coupling constant Gy are shown on the top left
panel. If Dark Matter annihilates purely to one final state, the maximal (0v)ann: to 3 final state
particles are respectively shown from top middle to bottom left: bb, 757, uT ™. The constraints are
from the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic
halo with H.E.S.S [174]. The gray horizontal line is the conventional (0v)gnn; = 2.7 - 10729 cm®s™! at
the freeze-out moment, the (ov)anni it can produce today into each channel is shown as the violet curve
(for v = 220km/s). See Table 12 for more explanation.

127




log1a(Qh?)

(cm3s~1)

l0g10(0Vans)

7.5
_15.0- Conventional thermal refic <oVann=>
== Reiic density required < oVan > Today
5.0 4 17.5 | — FermILAT 15asphs + MAGIC Seguel, bb
| =~ Gr=0.0001
2.5 T —e— Gf=1e-05
'\ —20.01 Gf=1e-06
mE —— Gf=1e-07
4 Gi=1c-08
0.0 G -22.5 i
—2.51 £ —25.0
h"ﬂ - J—
PLANCK B =
307 —— &f=0.0001 5 -27.5+
S
—— Gf=1e-05 g”l
=7.51 Gf=1e-06 — -30.0+4
—— Gf=1e-07
~10.0 Gf=1e-08 -32.5
Gf=1e-09
T T T T T T T T
0 1 2 3 4 5 1 2 3 4 5
log1o(My) (GeV) log1p(My) (GeV)
—15.0 7 Conventional thermal relic < oVann=> —15.07 Conventional thermal relic <oVann=>
== Reiic density required < oVan > Today == Reiic density required < oVan > Today
—17.5 { — FermiLAT 15dSphs + MAGIC Seguel, tautau —17.5 { — FermilAT 15dSphs + MAGIC Seguel, mumu
“ HESSTHT— —— Gf=00001
_ag.0 { —* Gr=n0001 T 200" G=1e-05
—— Gf=1e-05 b Gf=1e-06
Gf=1e-06 m —e— Gf=1e-07 —/
—22.5 4 —— Gf=1le-07 £ —225- Gf=1e-08 >
-
S ’ o
—25.0 ° —~ 2504
— 5
=
—27.5 1 B 2757
=
& -30.0-
—30.0 4 s
_32.54 —32.5 1
_35.0 4 —35.0 +
T T T T T T T T
1 2 3 4 5 1 2 3 4 5
log10(My) (GeV) log1o(My) (GeV)

Fermion DM annihilation
via a Tensor operator
with universal coupling

Fig.top left: logo(Qyh?) VS logio(M,)
Fig.top right: bb 10g10(0Vam) VS log:o(My)
Fig. bottom left: T* T~ log10(0Vann) VS logio(My)
Fig. bottom right: u*u~ 10g15(0Vann) VS l0gy1o(M,)

Figure 46: For fermion Dark Matter annihilation via a tensor operator with universal coupling, the
relic density required Dark Matter mass m, and coupling constant Gy are shown on the top left panel.
If Dark Matter annihilates purely to one final state, the maximal (ov)ann: to 3 final state particles
are respectively shown from top middle to bottom left: bb, 7777, u*p~. The constraints are from
the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic halo
with H.E.S.S [174]. The gray horizontal line is the conventional (ov)gnni = 2.7 - 10726 cm?®s™! at the
freeze-out moment, the (0v)anni it can produce today into each channel is shown as the violet curve
(for v = 220km/s). See Table 12 for more explanation.
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Figure 47: For fermion Dark Matter annihilation via a tensor operator with universal coupling, the
relic density required Dark Matter mass m, and coupling constant Gy are shown on the top left panel.
If Dark Matter annihilates purely to one final state, the maximal (ov)ann: to 3 final state particles
are respectively shown from top middle to bottom left: bb, 7777, ptu~.
the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic halo
with H.E.S.S [174]. The gray horizontal line is the conventional (ov)gnni = 2.7 - 10726 cm?®s™! at the
freeze-out moment, the (0v)anni it can produce today into each channel is shown as the violet curve
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Fig. bottom right: u*u~ 10g15(0Vann) VS l0gy1o(M,)

(for v = 220km/s). See Table 12 for more explanation.
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Figure 48: For fermion Dark Matter annihilation via a pseudoscalar-scalar operator with universal
coupling, the relic density required Dark Matter mass m,, and coupling constant G5 are shown on the
top left panel. If Dark Matter annihilates purely to one final state, the maximal (ov)ann: to 3 final
state particles are respectively shown from top middle to bottom left: bb, 7+77, u*u~. The constraints
are from the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic
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with Yukawa like coupling

Fig.top left: logo(Qyh?) VS logio(M,)

Fig.top right: bb 10g10(0Vam) VS log:o(My)
Fig. bottom left: T* T~ log10(0Vann) VS logio(My)
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halo with H.E.S.S [174]. The gray horizontal line is the conventional (v)gnn; = 2.7 - 10726

the freeze-out moment, the (ov)anni it can produce today into each channel is shown as the violet curve

(for v = 220km/s). See Table 12 for more explanation.
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Fermion DM annihilation
Vvia a Vector-Axialvector operator
with universal coupling

Fig.top left: logo(Qyh?) VS logio(M,)
Fig.top right: bb 10g10(0Vam) VS log:o(My)
Fig. bottom left: T* T~ log10(0Vann) VS logio(My)
Fig. bottom right: u*u~ 10g15(0Vann) VS l0gy1o(M,)

Figure 49: For fermion Dark Matter annihilation via a vector-axialvector operator with universal
coupling, the relic density required Dark Matter mass m,, and coupling constant G5 are shown on the
top left panel. If Dark Matter annihilates purely to one final state, the maximal (ov)ann: to 3 final
state particles are respectively shown from top middle to bottom left: bb, 7+77, u*u~. The constraints
are from the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic
halo with H.E.S.S [174]. The gray horizontal line is the conventional (0v)gnn; = 2.7 - 10729 cm®s™ " at
the freeze-out moment, the (ov)anni it can produce today into each channel is shown as the violet curve
(for v = 220km/s). See Table 12 for more explanation.
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Fermion DM annihilation
via a Axialvector-Vector operator
with universal coupling

Fig.top left: logo(Qyh?) VS logio(M,)
Fig.top right: bb 10g10(0Vam) VS log:o(My)
Fig. bottom left: T* T~ log10(0Vann) VS logio(My)
Fig. bottom right: u*u~ 10g15(0Vann) VS l0gy1o(M,)

Figure 50: For fermion Dark Matter annihilation via an axialvector-vector operator with universal
coupling, the relic density required Dark Matter mass m,, and coupling constant G5 are shown on the
top left panel. If Dark Matter annihilates purely to one final state, the maximal (ov)ann: to 3 final
state particles are respectively shown from top middle to bottom left: bb, 7+77, u*u~. The constraints
are from the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic
halo with H.E.S.S [174]. The gray horizontal line is the conventional (0v)gnn; = 2.7 - 10729 cm®s™ " at
the freeze-out moment, the (ov)anni it can produce today into each channel is shown as the violet curve
(for v = 220km/s). See Table 12 for more explanation.
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Figure 51: For fermion Dark Matter annihilation via an alternative tensor operator with universal

coupling, the relic density required Dark Matter mass m,, and coupling constant G5 are shown on the
top left panel. If Dark Matter annihilates purely to one final state, the maximal (ov)ann: to 3 final
state particles are respectively shown from top middle to bottom left: bb, 7+77, u*u~. The constraints
are from the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic

halo with H.E.S.S [174]. The gray horizontal line is the conventional (v)gnn; = 2.7 - 10726

3_13,13

the freeze-out moment, the (ov)anni it can produce today into each channel is shown as the violet curve
(for v = 220km/s). See Table 12 for more explanation.
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Fermion DM annihilation
via a Chiral operator
with universal coupling

Fig.top left: logo(Qyh?) VS logio(M,)
Fig.top right: bb 10g10(0Vam) VS log:o(My)
Fig. bottom left: T* T~ log10(0Vann) VS logio(My)
Fig. bottom right: u*u~ 10g15(0Vann) VS l0gy1o(M,)

Figure 52: For fermion Dark Matter annihilation via a chiral operator with universal coupling, the
relic density required Dark Matter mass m, and coupling constant Gy are shown on the top left panel.
If Dark Matter annihilates purely to one final state, the maximal (ov)ann: to 3 final state particles
are respectively shown from top middle to bottom left: bb, 7777, u*p~. The constraints are from
the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic halo
with H.E.S.S [174]. The gray horizontal line is the conventional (ov)gnni = 2.7 - 10726 cm?®s™! at the
freeze-out moment, the (0v)anni it can produce today into each channel is shown as the violet curve
(for v = 220km/s). See Table 12 for more explanation.
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Scalar DM annihilation
via a Scalar-Pseudoscalar operator
with Yukawa like coupling
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Figure 53: For scalar Dark Matter annihilation via a scalar-pseudoscalar tensor operator with universal
coupling, the relic density required Dark Matter mass m,, and coupling constant G5 are shown on the
top left panel. If Dark Matter annihilates purely to one final state, the maximal (ov)ann: to 3 final
state particles are respectively shown from top middle to bottom left: bb, 7+77, u*u~. The constraints
are from the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic
halo with H.E.S.S [174]. The gray horizontal line is the conventional (0v)gnn; = 2.7 - 10729 cm®s™ " at
the freeze-out moment, the (ov)anni it can produce today into each channel is shown as the violet curve
(for v = 220km/s). See Table 12 for more explanation.
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Figure 54: For scalar Dark Matter annihilation via a vector tensor operator with universal coupling,
the relic density required Dark Matter mass m, and coupling constant Gy are shown on the top left
panel. If Dark Matter annihilates purely to one final state, the maximal (0v)ann: to 3 final state
particles are respectively shown from top middle to bottom left: bb, 757, uT ™. The constraints are
from the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic
halo with H.E.S.S [174]. The gray horizontal line is the conventional (0v)gnn; = 2.7 - 10729 cm®s™! at
the freeze-out moment, the (ov)anni it can produce today into each channel is shown as the violet curve
(for v = 220km/s). See Table 12 for more explanation.
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Figure 55: For vector Dark Matter annihilation via a scalar tensor operator with universal coupling,
the relic density required Dark Matter mass m, and coupling constant Gy are shown on the top left
panel. If Dark Matter annihilates purely to one final state, the maximal (0v)ann: to 3 final state
particles are respectively shown from top middle to bottom left: bb, 777, u* ™. The constraints are
from the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic
halo with H.E.S.S [174]. The gray horizontal line is the conventional (0v)gnn; = 2.7 - 10729 cm®s™! at
the freeze-out moment, the (ov)anni it can produce today into each channel is shown as the violet curve
(for v = 220km/s). See Table 12 for more explanation.
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Figure 56: For vector Dark Matter annihilation via a vector operator with universal coupling, the
relic density required Dark Matter mass m, and coupling constant Gy are shown on the top left panel.
If Dark Matter annihilates purely to one final state, the maximal (ov)ann: to 3 final state particles

are respectively shown from top middle to bottom left: bb, 7777, utp~.

The constraints are from

the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic halo
with H.E.S.S [174]. The gray horizontal line is the conventional (ov)gnni = 2.7 - 10726 cm?®s™" at the
freeze-out moment, the (0v)anni it can produce today into each channel is shown as the violet curve
(for v = 220km/s). See Table 12 for more explanation.
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Figure 57: For vector Dark Matter annihilation via a tensor operator with universal coupling, the
relic density required Dark Matter mass m, and coupling constant Gy are shown on the top left panel.
If Dark Matter annihilates purely to one final state, the maximal (ov)ann: to 3 final state particles
are respectively shown from top middle to bottom left: bb, 7777, u*p~. The constraints are from
the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic halo
with H.E.S.S [174]. The gray horizontal line is the conventional (ov)gnni = 2.7 - 10726 cm?®s™! at the
freeze-out moment, the (0v)anni it can produce today into each channel is shown as the violet curve
(for v = 220km/s). See Table 12 for more explanation.
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Fig.top left: logo(Quh?) VS logie(My)
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Figure 58: For vector Dark Matter annihilation via a vector-axialvector operator with universal
coupling, the relic density required Dark Matter mass m,, and coupling constant G5 are shown on the
top left panel. If Dark Matter annihilates purely to one final state, the maximal (ov)ann: to 3 final
state particles are respectively shown from top middle to bottom left: bb, 7+77, u*u~. The constraints
are from the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic

halo with H.E.S.S [174]. The gray horizontal line is the conventional (cv)anni = 2.7 - 10726 em3s !

at

the freeze-out moment, the (ov)anni it can produce today into each channel is shown as the violet curve
(for v = 220km/s). See Table 12 for more explanation.
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Figure 59: For vector Dark Matter annihilation via an alternative vector-axialvector operator with
universal coupling, the relic density required Dark Matter mass m, and coupling constant Gy are shown
on the top left panel. If Dark Matter annihilates purely to one final state, the maximal (6v)anni to 3 final
state particles are respectively shown from top middle to bottom left: bb, 7+77, u*u~. The constraints
are from the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic
halo with H.E.S.S [174]. The gray horizontal line is the conventional (0v)gnn; = 2.7 - 10729 cm®s™ " at
the freeze-out moment, the (ov)anni it can produce today into each channel is shown as the violet curve

(for v = 220km/s). See Table 12 for more explanation.
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Figure 60: For vector Dark Matter annihilation via an alternative tensor operator with universal
coupling, the relic density required Dark Matter mass m,, and coupling constant G5 are shown on the
top left panel. If Dark Matter annihilates purely to one final state, the maximal (ov)ann: to 3 final
state particles are respectively shown from top middle to bottom left: bb, 7+77, u*u~. The constraints
are from the observations of dSphs by FermiLAT and MAGIC [203], and the observation of the galactic
halo with H.E.S.S [174]. The gray horizontal line is the conventional (0v)gnn; = 2.7 - 10729 cm®s™ " at
the freeze-out moment, the (ov)anni it can produce today into each channel is shown as the violet curve
(for v = 220km/s). See Table 12 for more explanation.
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Appendix C
Results and interpretations of the fit to the velocity disper-
sion data of the dSphs

143



[logio(ps) | rslpel | o [ w | v Jralpd | 6 | Bo | B | X

-1.968 1336.854 | 2.855 | 6.079 | 1.193 | 129.946 | 1.361 | 0.595 | -2.792 | 26.206
-2.005 1486.827 | 3.000 | 6.011 | 1.244 | 129.946 | 1.361 | 0.595 | -2.792 | 28.642
-2.074 1644.406 | 1.970 | 5.411 | 1.353 | 840.908 | 1.853 | -1.856 | -8.424 | 29.217
-1.526 931.379 | 1.055 | 3.679 | 1.362 | 823.639 | 1.227 | -0.435 | -5.961 | 29.784
-1.522 1070.139 | 2.215 | 6.817 | 0.984 | 999.339 | 1.068 | -6.106 | -4.502 | 30.948
-1.864 1292.984 | 1.124 | 5.794 | 1.476 | 798.711 | 0.628 | -7.228 | -2.781 | 31.266
-2.022 1436.807 | 1.429 | 4.904 | 1.501 | 105.199 | 1.347 | -3.976 | -3.406 | 32.878
-1.503 534.143 | 1.906 | 5.332 | 1.422 | 233.156 | 2.137 | -1.369 | -8.848 | 33.914
-0.855 1070.777 | 1.199 | 5.204 | 0.275 | 650.043 | 3.266 | 0.056 | -6.134 | 34.989

Table 14: The best-fit parameters (d.o.f = 8) and x? for the fit to the velocity dispersion data of
the Draco dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt
3. It is obvious that + is preferred to be larger than 1, so the Draco is more likely to be cuspy
than cored.

Llogio(ps) | mslpe] | o | w | 5 [ralpel | 0 | Bo | B | X* |

-1.901 1633.089 | 1.107 | 4.688 | 1.175 | 392.464 | 4.788 | 0.037 | -1.839 | 6.910
-1.841 1633.049 | 1.752 | 3.685 | 1.178 | 629.995 | 4.215 | -6.683 | -3.411 | 9.311
-1.079 1548.446 | 1.522 | 3.082 | 0.420 | 294.873 | 3.951 | -3.328 | -0.219 | 10.348
-1.410 1224.484 | 1.132 | 4.846 | 0.885 | 479.488 | 4.932 | -4.689 | -5.861 | 12.474
-2.585 1549.947 | 2.092 | 6.166 | 1.837 | 281.025 | 2.828 | -2.698 | -4.689 | 13.474
-2.472 1215.701 | 2.912 | 4.132 | 1.553 | 152.569 | 3.769 | 0.004 | -4.800 | 14.457
-2.241 1738.580 | 1.710 | 3.898 | 1.526 | 331.108 | 3.793 | -8.230 | -4.026 | 16.179
0.723 100.000 | 1.025 | 3.011 | 0.162 | 269.838 | 0.743 | -0.667 | -7.854 | 20.656
0.581 100.00 1.437 | 3.424 | 0.038 | 735.973 | 4.707 | -5.089 | -8.972 | 21.612

Table 15: The best-fit parameters (d.o.f = 6) and x? for the fit to the velocity dispersion data of
the Draco dSph from Ref. [117]. Here the anisotropy profile is the Generalized Osipkov Merritt
3. It is obvious that v can be either very small or large, but the best fit is obtained for y=1.175,
which indicates a more cusp profile. y=0.420 also pvovides a good fit, but it is also not cored.

144



[ ralpe] | 0 [ Bo [ B | X* |
282.093 | 2.111 | 0.271 | -0.756 | 7.085
-0.700 | 13943 | 1.133 | 5.020 556.689 | 4.038 | 0.275 | -0.368 | 7.661
-0.105 | 486.830 | 1.131 | 5.241 678.483 | 0.756 | -4.643 | -0.876 | 12.369

logio(ps) | rslpe] | o | w | v
0
0
0
-0.155 699.102 | 1.075 | 6.378 | 0 | 265.851 | 1.303 | -3.711 | -7.138 | 14.102
0
0
0
0

-0.665 474.354 | 1.873 | 4.153

1.346 100.0 0.534 | 3.098 381.190 | 3.594 | -4.561 | -5.287 | 14.899
0.063 1735.590 | 0.581 | 5.419 132.107 | 1.897 | 0.183 | -0.301 | 16.113
-0.412 560.719 | 1.098 | 3.740 381.190 | 3.594 | -4.561 | -5.287 | 16.193
-0.762 2458.641 | 1.010 | 3.942 917.265 | 0.270 | -2.009 | -8.332 | 16.562

Table 16: The best-fit parameters and x? for the fit to the velocity dispersion data of the Draco
dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 9 and since the inner slope vy is set to be 0.

[logio(ps) | rslpel [ o [ w [y Tralpd | 0 [ Bo [ B | X* ]
1229 | 611.645 | 1.851 | 3.045 | 1.0 | 635.588 | 1.359 | -1.666 | -1.676 | 5.763
1.254 | 760.926 | 1.258 | 3.225 | 1.0 | 125.805 | 0.356 | -2.022 | -1.797 | 7.580
1773 | 2036.835 | 1.735 | 4.735 | 1.0 | 712.644 | 2.737 | -0.796 | -0.508 | 7.973
1424 | 905.417 | 2.474 | 3.387 | 1.0 | 743.826 | 2.063 | -1.418 | -0.368 | 8.498
1215 | 1500.984 | 2.216 | 3.636 | 1.0 | 104.789 | 0.256 | -4.469 | -8.810 | 8.765
T1.286 | 1114.243 | 0.756 | 3.542 | 1.0 | 462.797 | 3.397 | -1.795 | -7.730 | 8.962
1.671 | 1663.010 | 1.706 | 4.159 | 1.0 | 610.331 | 0.308 | -4.378 | -5.519 | 9.040
1885 | 2422.825 | 1.406 | 3.354 | 1.0 | 610.331 | 0.308 | -4.378 | -5.519 | 9.394

Table 17: The best-fit parameters and x? for the fit to the velocity dispersion data of the Draco
dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 9 and the inner slope 7 is set to be 1.

[ ralpe] [ 0 [ Bo [ Boo | X* |
498.249 | 3.718 | -0.209 | -6.673 | 22.722
-0.335 | 938.096 | 0.948 | 6.853 387.853 | 2.784 | 0.457 | -4.523 | 25.909
0.005 | 818.858 | 0.739 | 4.829 222.439 | 0.893 | -0.345 | -0.899 | 27.295

[ logio(ps) | rslpe]l | o [ w [ o
0
0
0
0.356 | 1052.077 | 0.588 | 5.035 | 0 | 555.632 | 4.809 | -2.576 | -3.796 | 28.859
0
0
0
0

-0.712 394.310 | 2.591 | 5.163

-0.325 357.453 | 1.573 | 4.677 347.845 | 2.760 | 0.776 | -5.119 | 29.182
0.108 1020.939 | 0.726 | 5.614 566.555 | 1.656 | -3.590 | -7.736 | 30.665
0.365 578.156 | 0.699 | 4.765 829.379 | 4.964 | -2.921 | -6.871 | 32.864
0.675 2449.671 | 0.500 | 6.935 753.137 | 3.236 | -6.640 | -3.740 | 33.063

Table 18: The best-fit parameters and x? for the fit to the velocity dispersion data of the Draco
dSph from Ref. [117]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 7 and the inner slope 7 is set to be 0.

[logio(ps) | rslpel | o [ w [ v [ralpe | 0 [ Bo | B | X* |

-1.399 863.525 | 1.913 | 6.299 | 1.0 | 454.842 | 4.404 | -0.786 | -4.906 | 20.482
-1.783 1646.738 | 1.564 | 6.008 | 1.0 | 416.285 | 1.779 | -0.014 | -1.634 | 20.682
-1.735 1368.076 | 1.982 | 6.269 | 1.0 | 431.498 | 4.297 | 0.285 | -2.859 | 21.292
0.232 100.000 | 2.678 | 4.283 | 1.0 | 341.647 | 2.881 | 0.391 | -7.251 | 22.670
0.147 100.000 | 2.247 | 4.019 | 1.0 | 341.647 | 2.881 | 0.391 | -7.251 | 23.609
-1.354 784.307 | 2.375 | 6.951 | 1.0 | 660.755 | 4.693 | 0.104 | -8.524 | 24.065
-1.623 1110.411 | 2.340 | 6.546 | 1.0 | 444.950 | 1.569 | -1.175 | -8.046 | 26.706
-1.584 1283.040 | 1.697 | 5.124 | 1.0 | 806.270 | 2.837 | -0.832 | -1.621 | 26.726

Table 19: The best-fit parameters and x? for the fit to the velocity dispersion data of the Draco
dSph from Ref. [117]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 7 and the inner slope 7 is set to be 1.
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[ ralpe] [ 0 [ Bo [ B | X |
440.334 | 1.133 | -0.499 | -4.043 | 49.794
1.748 100.000 | 0.545 | 3.725 179.752 | 4.661 | -5.225 | -6.510 | 65.619
0.792 100.000 | 0.890 | 3.087 951.045 | 0.375 | -6.661 | -6.455 | 73.184

[ logio(ps) | rslpe]l | o [ w [~
0
0
0
0.713 100.000 | 1.298 | 3.827 | 0 | 441.497 | 3.832 | -5.131 | -7.074 | 73.352
0
0
0
0

0.123 557.680 | 0.845 | 4.953

-0.025 491.440 | 0.940 | 5.160 942.906 | 1.595 | -1.331 | -7.069 | 81.832
0.019 605.653 | 0.676 | 3.673 181.536 | 0.998 | -1.879 | 0.869 | 84.646
0.382 162.756 | 1.404 | 4.378 471.874 | 4.986 | -3.527 | -3.246 | 86.257
-0.932 931.018 | 0.914 | 3.024 175.045 | 4.016 | 0.413 | -1.347 | 86.855

Table 20: The best-fit parameters and y? for the fit to the velocity dispersion data of the
Sculptor dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt
3, here d.o.f = 28 and the inner slope 7 is set to be 0.

[logio(ps) | rslpel [ o [ w [ v JTralpe [ 0 [ Bo [ B | X* |

-1.358 1146.117 | 1.213 | 6.699 | 1.0 | 999.609 | 1.704 | -1.432 | -6.729 | 51.111
-1.579 1093.059 | 2.376 | 5.459 | 1.0 | 596.526 | 2.926 | -0.389 | -0.300 | 52.338
-0.874 3000.000 | 0.500 | 7.000 | 1.0 | 609.684 | 2.434 | -3.499 | -7.959 | 53.361
-1.230 658.192 | 1.918 | 6.828 | 1.0 | 614.574 | 1.374 | -0.537 | -2.698 | 56.035
-2.095 2630.007 | 2.377 | 6.564 | 1.0 | 876.569 | 0.553 | 0.047 | -3.168 | 58.213
-1.737 2416.393 | 1.348 | 6.087 | 1.0 | 212.765 | 1.627 | -2.437 | 0.527 | 64.317
-1.426 1722.168 | 0.656 | 3.791 | 1.0 | 411.468 | 0.742 | -0.543 | -4.623 | 64.824
-1.062 645.261 | 1.505 | 3.448 | 1.0 | 555.125 | 0.407 | -0.865 | -4.906 | 64.961

Table 21: The best-fit parameters and x2 for the fit to the velocity dispersion data of the
Sculptor dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt
3, here d.o.f = 28 and the inner slope 7 is set to be 1.

[ ralpe] [ 6 | Bo | B [ X ]
747.265 | 4.780 | -0.140 | 0.303 | 36.943
-0.183 1012.148 | 0.958 | 6.893 531.597 | 1.006 | 0.724 | -5.196 | 44.120
0.639 100 0.849 | 3.099 261.813 | 4.062 | -0.985 | -4.558 | 46.653

| logio(ps) | rslpe] | o | w [~
0
0
0
0421 | 709.657 | 1.126 | 3.780 | 0 | 223.661 | 3.083 | -1.876 | 0.193 | 53.500
0
0
0
0

-0.022 1577.549 | 0.619 | 4.844

-0.647 1110.423 | 1.331 | 4.102 326.832 | 2.605 | -2.239 | 0.580 | 54.448
0.015 452.937 | 1.469 | 5.782 154.292 | 4.520 | -5.471 | -1.745 | 54.573
0.203 100 2.508 | 3.061 371.991 | 2.007 | -5.049 | -5.398 | 59.908
0.195 1662.209 | 0.560 | 4.226 537.980 | 0.270 | -2.916 | -7.847 | 68.266

Table 22: The best-fit parameters and x2 for the fit to the velocity dispersion data of the
Sculptor dSph from Ref. [117]. Here the anisotropy profile is the Generalized Osipkov Merritt
3, here d.o.f = 28 and the inner slope 7 is set to be 0.

[logio(ps) | rslpel [ o [ w [ v Tralpe [ 0 [ Bo [ Boo | X* |
-1.864 2345.055 | 1.517 | 4.797 | 1.0 | 206.478 | 2.048 | -0.715 | -0.101 | 40.706
-1.826 3000.000 | 0.990 | 6.931 | 1.0 | 133.003 | 0.998 | -1.868 | -0.387 | 41.303
-1.999 2733.492 | 2.155 | 3.359 | 1.0 | 665.877 | 1.935 | -0.599 | 0.695 | 48.681
-1.511 842.937 | 2.685 | 5.229 | 1.0 | 725.092 | 3.757 | -0.440 | -3.511 | 49.944
-1.009 556.510 | 1.512 | 4.553 | 1.0 | 809.487 | 2.034 | -0.285 | -7.274 | 50.134
-1.651 1832.555 | 1.379 | 6.841 | 1.0 | 958.038 | 1.418 | -1.436 | -4.247 | 51.520
-1.329 821.612 | 1.798 | 4.540 | 1.0 | 853.737 | 1.494 | -2.423 | -0.763 | 51.566
0.278 173.874 | 0.962 | 4.426 | 1.0 | 342.908 | 2.889 | -3.723 | -8.288 | 55.151

Table 23: The best-fit parameters and y? for the fit to the velocity dispersion data of the
Sculptor dSph from Ref. [117]. Here the anisotropy profile is the Generalized Osipkov Merritt
3, here d.o.f = 28 and the inner slope 7 is set to be 1.
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[ ralpe] [ 0 [ Bo [ B | X |
740.061 | 1.481 | -5.773 | -6.666 | 12.087
-1.617 2724.934 | 1.060 | 6.485 245.292 | 3.558 | 0.113 | -0.253 | 12.854
0.484 100.000 | 1.956 | 4.235 675.595 | 3.784 | -8.340 | -8.955 | 12.899

[ logio(ps) | rslpe]l | o | w [ o
0
0
0
0.368 100.000 | 2.635 | 4.576 0 184.411 | 3.041 | -4.232 | -3.982 | 13.096
0
0
0
0

0.580 100.000 | 1.947 | 4.913

0.263 100.000 | 2.635 | 3.879 184.411 | 3.041 | -4.232 | -3.982 | 13.415
0.486 100.000 | 2.635 | 5.369 184.411 | 3.041 | -4.232 | -3.982 | 15.403
0.299 100.000 | 2.597 | 4.013 516.079 | 1.159 | -4.027 | 3.021 | 15.532
0.401 100.000 | 1.419 | 3.837 234.748 | 3.879 | -6.910 | -8.633 | 16.192

Table 24: The best-fit parameters and 2 for the fit to the velocity dispersion data of the Sextans
dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 7 and the inner slope 7 is set to be 0.

[logio(ps) | rslpel [ o [ w [ v JTralpe [ 0 [ Bo [ B | X* |
20.134 | 100.000 | 2.572 | 3.064 | 10 | 912.112 | 2.468 | -3.441 | -8.107 | 10.569
0.029 | 100.000 | 2.035 | 3.403 | 1.0 | 726.779 | 4.819 | -4.843 | -3.998 | 10.675
0.323 | 100.000 | 1.643 | 4.282 | 1.0 | 631.704 | 3.407 | -4.281 | -6.852 | 11.060
1459 | 842575 | 1.230 | 4.732 | 1.0 | 686.749 | 0.486 | -1.446 | -5.652 | 11.402
0.241 | 100.000 | 2.058 | 4.180 | 1.0 | 898.648 | 3.105 | -5.179 | -6.443 | 11.611
1.227 | 100.000 | 2.342 | 3.309 | 1.0 | 296.627 | 2.299 | -7.355 | -8.224 | 11.870
0.266 | 100.000 | 1.932 | 5.062 | 1.0 | 359.639 | 1.868 | -0.565 | -7.829 | 12.356
2444 | 2624.216 | 2.539 | 5.339 | 1.0 | 385.720 | 2.363 | -1.149 | -0.061 | 12.411

Table 25: The best-fit parameters and x? for the fit to the velocity dispersion data of the Sextans
dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 7 and the inner slope 7 is set to be 1.

[ ralpe] [ 0 [ Bo [ Boo | X* |
870.658 | 4.938 | 0.167 | -3.220 | 10.554
-0.478 | 550.185 | 0.849 | 3.977 736.003 | 2.390 | -0.554 | -1.677 | 13.634
1.551 | 100.000 | 0.983 | 5.761 401.740 | 1.541 | -7.928 | -7.496 | 13.737

[ logio(ps) | rslpe]l | o [ w [ o
0
0
0
0.399 | 100.000 | 2.588 | 5.036 | 0 | 514.437 | 0.551 | -5.923 | -3.069 | 13.741
0
0
0
0

-1.819 1676.251 | 2.496 | 5.868

0.715 100.000 | 1.850 | 5.649 568.372 | 4.555 | -2.794 | -3.748 | 13.833
0.971 100.000 | 1.515 | 5.700 790.854 | 1.216 | -8.016 | -3.886 | 14.251
-1.077 1486.802 | 0.817 | 4.455 843.414 | 3.356 | 0.156 | -0.747 | 14.747
0.169 100.000 | 1.559 | 3.001 756.287 | 0.303 | -1.154 | -6.293 | 14.956

Table 26: The best-fit parameters and x? for the fit to the velocity dispersion data of the Sextans
dSph from Ref. [117]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 7 and the inner slope 7 is set to be 0.

[logio(ps) | rslpel [ o [ w [ v Tralpe [ 0 [ Bo [ Boo | X* |
0.266 100.000 | 1.932 | 5.062 | 1.0 | 359.639 | 1.868 | -0.565 | -7.829 | 12.356
-0.018 100.000 | 2.670 | 3.460 | 1.0 | 595.940 | 0.706 | -2.596 | -5.592 | 13.375
-2.444 2624.216 | 2.539 | 5.339 | 1.0 | 385.720 | 2.363 | -1.149 | -0.061 | 12.411
-2.156 1281.572 | 2.065 | 6.616 | 1.0 | 953.063 | 3.557 | 0.064 | -7.846 | 12.580
0.823 100.000 | 0.810 | 4.471 | 1.0 | 557.201 | 4.755 | -2.001 | -7.731 | 12.957
1.095 100.000 | 0.968 | 5.925 | 1.0 | 216.423 | 1.518 | -3.701 | -5.539 | 13.168
-0.009 100.000 | 1.095 | 3.061 | 1.0 | 561.156 | 3.204 | -1.250 | -2.926 | 13.173
0.417 100.000 | 1.359 | 6.373 | 1.0 | 178.613 | 3.491 | 0.329 | -6.409 | 13.185

Table 27: The best-fit parameters and x? for the fit to the velocity dispersion data of the Sextans
dSph from Ref. [117]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 7 and the inner slope 7 is set to be 1.
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[ ralpe] [ 0 | Bo | B [ X* |
461.463 | 1.836 | -3.160 | -8.610 | 5.579
-0.240 187.846 | 2.207 | 4.606 657.431 | 3.035 | -0.784 | -3.707 | 6.154
2.602 100.000 | 0.607 | 6.212 768.417 | 4.973 | -1.943 | -7.819 | 6.185

[ logio(ps) | rslpe]l | o [ w [~
0
0
0
-0.593 376.733 | 2.944 | 5.868 | 0 | 735.924 | 4.366 | -0.018 | -8.754 | 7.160
0
0
0
0

0.592 100.000 | 2.405 | 6.459

1.059 100.000 | 1.494 | 6.692 813.167 | 3.281 | -8.479 | -4.267 | 7.365
0.834 100.000 | 1.400 | 5.802 793.857 | 0.903 | -7.871 | -3.738 | 7.830
1.524 100.000 | 0.580 | 3.788 591.352 | 3.495 | -6.109 | -4.126 | 7.843
0.297 100.000 | 2.412 | 5.632 264.676 | 2.198 | -2.244 | -6.377 | 8.086

Table 28: The best-fit parameters and x? for the fit to the velocity dispersion data of the LEO2
dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 8 and the inner slope 7 is set to be 0.

[ ralpe] [ 6 | B | B [ X° |
449.320 | 2.405 | -0.103 | 0.149 [ 3.366
0.038 | 137.533 | 1.005 | 3.471 364.382 | 0.712 | -0.860 | -6.735 | 3.502
0.807 | 108.147 | 0.655 | 3.998 156.774 | 0.494 | -2.232 | -2.503 | 4.312

| logio(ps) | rslpe] | o | w [~
1
1
1
-0.061 100.000 | 1.861 | 3.151 | 1 | 982.257 | 1.343 | -0.391 | -7.292 | 4.730
1
1
1
1

-0.917 541.263 | 1.187 | 5.541

1.165 100.000 | 0.552 | 3.942 826.837 | 3.277 | -8.952 | -0.273 | 5.034
-1.857 1739.434 | 2.454 | 6.000 970.163 | 1.349 | 0.424 | 0.875 | 5.266
0.283 100.000 | 1.912 | 5.076 850.811 | 0.514 | -3.133 | -3.683 | 5.430
1.024 100.000 | 0.943 | 5.995 337.223 | 1.102 | -6.428 | -2.987 | 5.805

Table 29: The best-fit parameters and x? for the fit to the velocity dispersion data of the LEO2
dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 3 and the inner slope 7 is set to be 1.

[ ralpe] [ 6 | Bo | B [ X ]
888.749 | 0.342 | -0.524 | 0.769 | 10.980
0.248 259.200 | 1.300 | 5.225 514.450 | 3.942 | 0.629 | -1.386 | 11.175
1.205 1583.918 | 0.967 | 4.927 132.140 | 0.140 | 0.855 | -7.675 | 11.857

| logio(ps) | rslpe] | o | w [~
0
0
0
0.729 | 100.000 | 2.020 | 6.160 | 0 | 388.463 | 3.164 | -2.822 | -6.732 | 13.365
0
0
0
0

2.531 100.000 | 0.688 | 6.672

-0.214 2057.838 | 0.675 | 5.640 868.113 | 4.711 | 0.692 | 0.076 | 13.816
0.682 100.000 | 2.408 | 6.667 329.175 | 3.152 | -0.169 | -5.045 | 14.535
0.744 100.000 | 2.040 | 6.151 619.300 | 1.397 | -0.531 | -8.754 | 15.478
0.830 100.000 | 1.101 | 4.070 988.889 | 4.716 | -2.370 | -1.513 | 17.173

Table 30: The best-fit parameters and x? for the fit to the velocity dispersion data of the LEO2

dSph from Ref. [117]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here

d.o.f = 2 and the inner slope 7 is set to be 0.

[logio(ps) | rslpel | o [ w [y ] ralpe] [ 6 [ Bo | B | X |
0.126 100.000 | 1.713 | 3.505 | 1 | 592.979 | 3.123 | -0.848 | -7.816 | 10.226
0.743 100.000 | 1.360 | 6.006 540.311 | 4.099 | -0.693 | -8.189 | 13.351
0.690 100.000 | 0.760 | 3.687 570.615 | 3.941 | -2.239 | -3.202 | 13.815
0.297 100.000 | 1.201 | 3.000 134.012 | 3.025 | -7.599 | -3.300 | 14.159
0.389 100.000 | 1.323 | 3.351 134.012 | 3.025 | -7.599 | -3.300 | 14.477
0.481 100.000 | 1.445 | 3.910 134.012 | 3.025 | -7.599 | -3.300 | 15.637
-0.494 1510.737 | 0.553 | 6.395 139.038 | 3.774 | -5.327 | -1.042 | 15.948
-1.521 938.525 | 2.341 | 4.321 777.403 | 4.147 | 0.123 | -8.122 | 16.351

Uy (Y Y YUY Y YUY Y

Table 31: The best-fit parameters and x? for the fit to the velocity dispersion data of the LEO2
dSph from Ref. [117]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 2 and the inner slope 7 is set to be 1.
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[ ralpe] [ 6 | Bo | B [ X* ]
561.022 [ 0.295 | -2.918 | -2.689 | 10.893
1792 | 100.000 | 0.500 | 3.487 322.555 | 0.862 | -3.218 | -1.458 | 12.501
0515 | 100.000 | 1.596 | 3.322 826.974 | 3.196 | -7.085 | -7.478 | 13.004

[ logio(ps) | rslpe] | o [ w [~
0
0
0
0.233 100.000 | 2.981 | 3.321 | 0 | 328.705 | 4.623 | -2.350 | -6.600 | 14.202
0
0
0
0

0.632 100.000 | 1.126 | 3.071

1.536 680.955 | 0.537 | 6.777 849.289 | 3.608 | -3.234 | -2.163 | 14.450
-0.406 394.886 | 2.092 | 6.685 531.248 | 4.041 | -2.503 | -6.755 | 14.573
-0.320 437.557 | 1.083 | 3.463 484.264 | 1.568 | -0.497 | -2.306 | 14.684
-0.714 1718.927 | 1.262 | 5.174 321.453 | 4.018 | -1.101 | 0.336 | 14.779

Table 32: The best-fit parameters and 2 for the fit to the velocity dispersion data of the LEO1
dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 8 and the inner slope 7 is set to be 0.

[ ralpe] [ 6 | Bo | B [ X ]
207.787 | 3.956 | -5.557 | -3.230 | 9.568
-1.016 | 976.640 | 0.813 | 4.889 443.973 [ 2195 | -1.791 | -6.037 | 10.228
-0.686 | 2335.868 | 0.509 | 6.577 338.913 | 4.251 | -7.011 | -8.589 | 10.435

| logio(ps) | rslpe] | o | w [~
1
1
1
-0.935 2641.932 | 0.513 | 3.839 | 1 | 123.728 | 0.364 | -0.045 | -5.083 | 10.482
1
1
1
1

-1.028 1518.303 | 0.720 | 4.961

-0.717 2188.025 | 0.500 | 5.714 998.360 | 3.123 | -6.669 | -4.607 | 11.740
-2.055 1837.477 | 2.062 | 3.410 110.595 | 0.436 | -0.069 | 0.306 | 12.425
-0.795 2611.000 | 0.500 | 6.161 338.913 | 4.251 | -7.011 | -8.589 | 12.500
0.339 100.000 | 1.512 | 3.310 371.836 | 1.336 | -3.302 | -6.755 | 12.842

Table 33: The best-fit parameters and 2 for the fit to the velocity dispersion data of the LEO1
dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 8 and the inner slope 7 is set to be 1.

[ ralpe] | 0 [ Bo | B | X* |
868.797 | 1.315 | -0.784 | -3.630 | 28.751
554.568 | 1.691 | -2.304 | -4.304 | 29.829
856.123 | 4.920 | -0.005 | -0.300 | 41.246
809.162 | 0.252 | -0.726 | -8.932 | 41.553
101.315 | 1.464 | -6.071 | -0.245 | 47.023
860.526 | 2.168 | -3.929 | -4.072 | 47.509
538.226 | 3.262 | -2.994 | -8.508 | 48.633
354.400 | 1.680 | -3.839 | -1.022 | 48.746

’ log1o(ps) ‘ rs[pe] ‘ o ‘ w ‘
-0.399 1,607.628 | 0.757 | 5.067
0.985 870.704 | 0.564 | 6.252
-1.265 1,123.950 | 2.789 | 6.513
-0.584 1,675.037 | 1.494 | 6.914
-0.085 567.398 1.290 | 4.348
0.443 100.000 | 1.884 | 3.423
0.674 199.159 | 0.737 | 4.066
-0.455 649.777 | 1.459 | 4.768

[==) Nenl Hen] o] Ren) Ren) Han) an) | B9

Table 34: The best-fit parameters and 2 for the fit to the velocity dispersion data of the LEO1
dSph from Ref. [117]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 8 and the inner slope 7 is set to be 0.

[logio(ps) | rslpel | o [ w [y ] ralpe] [ 6 [ Bo | B | X |
-1.194 779.017 | 1.284 | 5.445 | 1 | 618.705 | 3.689 | -1.561 | -4.511 | 22.473
-1.968 2251.938 | 2.458 | 4.074 423.261 | 0.621 | 0.242 | -2.778 | 28.931
-1.568 890.464 | 2.863 | 3.822 723.570 | 1.468 | -1.660 | -1.181 | 29.010
-1.255 781.458 | 0.994 | 3.626 559.948 | 2.252 | 0.485 | -3.230 | 29.360
-1.411 2169.524 | 0.644 | 4.756 926.875 | 4.529 | -6.790 | -8.063 | 30.264
-1.642 1911.250 | 1.513 | 6.179 258.562 | 4.801 | -8.159 | -4.712 | 30.504
-0.558 1225.918 | 0.559 | 5.761 510.808 | 2.152 | -2.800 | -7.184 | 30.829
-0.797 1000.539 | 0.719 | 5.595 377.407 | 2.255 | -3.515 | -7.293 | 31.517

Uy (Y Y YUY Y YUY Y

Table 35: The best-fit parameters and 2 for the fit to the velocity dispersion data of the LEO1
dSph from Ref. [117]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 8 and the inner slope 7 is set to be 1.
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[logio(ps) | rslpel | o [ w [y ] ralpe] [ 6 [ Bo | B | X |
0.051 | 634273 | 0.899 | 6.122 | 0 | 412.015 | 2.510 | -2.404 | -3.636 | 18.223
T1.051 | 766.680 | 2.547 | 6.144 | 0 | 345.935 | 1.350 | -2.230 | -0.596 | 19.740
0.255 | 2400.370 | 0.558 | 6.525 | 0 | 981.676 | 2.087 | -5.386 | -2.114 | 19.919
0.490 | 100.000 | 2.388 | 3.679 | 0 | 574.761 | 4.130 | -1.370 | -4.860 | 24.048
1.736 | 100.000 | 0.957 | 4.903 | 0 | 619.247 | 4.084 | -6.456 | -8.434 | 25.632
0.906 | 100.000 | 2.744 | 6.067 | 0 | 581.655 | 2.833 | 0.363 | -8.404 | 27.233
1115 | 100.000 | 2.312 | 6.571 | 0 | 569.581 | 3.682 | -0.589 | -7.608 | 28.970
1.647 | 100.000 | 1.318 | 5.699 | 0 | 945.138 | 2.249 | -3.766 | -6.767 | 30.731

Table 36: The best-fit parameters and 2 for the fit to the velocity dispersion data of the Fornax
dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 26 and the inner slope = is set to be 0.

[logio(ps) | rslpel | o [ w [y ] ralpe] [ 6 [ Bo | B | X |
1873 | 1687.489 | 1.543 | 5.077 | 1 | 985.041 | 3.759 | -1.072 | -0.368 | 17.732
10.922 | 516.331 | 1.728 | 6.679 | 1 | 960.374 | 0.333 | -2.341 | -0.970 | 18.085
T1.621 | 1295.363 | 2.307 | 5.065 | 1 | 757.150 | 0.333 | 0.841 | -0.986 | 19.527
10.322 | 639.481 | 1.490 | 4.305 | 1 | 276.879 | 0.206 | 0.724 | -3.304 | 20.230
0.528 | 100.000 | 1.702 | 3.314 | 1 | 976.727 | 3.384 | -1.793 | -3.426 | 20.806
0.792 | 100.000 | 0.930 | 3.416 | 1 | 594.155 | 1.627 | 0.742 | -1.510 | 21.414
1380 | 867.776 | 1.780 | 5.161 | 1 | 945.074 | 1.437 | -5.104 | -2.214 | 21.332
1707 | 1039.287 | 2.455 | 5436 | 1 | 520.660 | 1.002 | -4.698 | -1.285 | 22.142

Table 37: The best-fit parameters and x? for the fit to the velocity dispersion data of the Fornax
dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 26 and the inner slope - is set to be 1.

[logio(ps) | rslpel | o [ w [y ] ralpe] [ 6 [ Bo | B | X |
20.392 | 531.879 | 1.540 | 4.881 | 0 | 398.731 | 2.418 | -6.259 | -2.887 | 60.507
1.301 | 100.000 | 0.863 | 3.664 | 0 | 978.211 | 1.064 | -2.959 | -1.816 | 67.355
0.975 | 1302.854 | 0.512 | 6.240 | 0 | 168.262 | 1.157 | -6.283 | -6.451 | 69.162
0.901 | 351743 | 0.744 | 4.587 | 0 | 396.007 | 4.104 | -5.063 | -1.777 | 72.217
0.784 | 100.000 | 1.049 | 3.745 | 0 | 195.642 | 2.748 | -0.351 | -8.175 | 78.484
3.997 | 100.000 | 0.514 | 6.573 | 0 | 683.728 | 1.952 | -0.361 | -8.493 | 82.374
0.166 | 1427.417 | 0.769 | 6.260 | 0 | 295.106 | 1.073 | -6.893 | -1.758 | 87.317
0.683 | 100.000 | 1.624 | 3.298 | 0 | 959.139 | 2.279 | -7.434 | -2.952 | 90.505

Table 38: The best-fit parameters and x? for the fit to the velocity dispersion data of the Fornax
dSph from Ref. [117]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 36 and the inner slope = is set to be 0.

[logio(ps) | rslpel | o [ w [y ] ralpe] [ 6 [ Bo | B | X |
1.243 | 1637.533 | 0.927 | 6.405 | 1 | 566.431 | 0.454 | -1.651 | -2.833 | 45.200
20.912 | 1388.846 | 0.799 | 6.478 | 1 | 867.816 | 1.357 | -6.306 | -2.782 | 52.856
0.371 | 368.634 | 0.540 | 4.065 | 1 | 877.319 | 1.279 | -7.558 | -3.241 | 55.067
1496 | 1395.772 | 1.302 | 6.070 | 1 | 940.075 | 1.794 | -3.135 | -1.229 | 56.699
1.640 | 947.358 | 1.880 | 3.300 | 1 | 855.483 | 0.920 | 0.484 | -0.827 | 57.457
1156 | 1454.280 | 0.789 | 4.170 | 1 | 522.311 | 2.274 | -7.633 | -1.855 | 58.343
2221 | 2747.476 | 1.872 | 5.158 | 1 | 700.675 | 3.552 | -0.544 | 0.309 | 64.703
0.760 | 100.000 | 1.130 | 3.365 | 1 | 478.372 | 1.001 | -6.219 | -7.737 | 66.255

Table 39: The best-fit parameters and x? for the fit to the velocity dispersion data of the Fornax
dSph from Ref. [117]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here

d.o.f = 36 and the inner slope = is set to be 1.
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[ ralpe] [ 6 | Bo | B [ X* ]
802.134 | 2.452 | 0.032 | -2.255 | 35.790
-0.157 680.622 | 0.850 | 5.770 417.377 | 0.754 | 0.687 | -6.232 | 36.078
-0.999 1.530 1.530 | 6.157 417.377 | 4.693 | 0.305 | -4.789 | 37.299

[ logio(ps) | rslpe] | o [ w [~
0
0
0
-0.772 271.407 | 2.700 | 3.993 | 0 | 203.937 | 0.970 | 0.683 | -1.207 | 38.299
0
0
0
0

-0.684 657.142 | 1.217 | 5.941

-0.797 994.603 | 0.989 | 5.202 839.534 | 2.155 | 0.388 | -0.171 | 39.491
-0.374 1009.145 | 0.769 | 3.641 407.457 | 0.396 | -0.381 | -7.818 | 40.689
-0.120 702.807 | 0.699 | 4.846 604.452 | 1.045 | 0.537 | -5.836 | 40.866
0.225 100.000 | 1.195 | 3.326 173.424 | 1.324 | -2.242 | -5.231 | 43.616

Table 40: The best-fit parameters and x? for the fit to the velocity dispersion data of the Carina
dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 19 and the inner slope = is set to be 0.

[ ralpe] [ 6 | Bo | B [ X ]
845.153 | 0.470 | -0.430 | -0.480 [ 35.422
-2.210 | 3000.000 | 1.851 | 5.013 254.536 | 3.586 | -3.013 | -0.426 | 38.092
-1.693 | 720.638 | 2.488 | 6.705 892.595 | 2.163 | -0.589 | -2.326 | 38.390

| logio(ps) | rslpe] | o | w [~
1
1
1
-2.124 1658.873 | 2.595 | 3.491 | 1 | 568.851 | 4.282 | -0.369 | -0.645 | 39.949
1
1
1
1

-2.321 2972.939 | 1.359 | 6.406

-1.692 1658.918 | 2.595 | 6.126 492.297 | 3.956 | -1.694 | -4.800 | 42.472
-1.689 1580.617 | 0.871 | 6.841 336.614 | 4.636 | -0.780 | -1.258 | 42.993
-2.070 2350.522 | 0.843 | 4.165 752.416 | 4.648 | -1.532 | -5.607 | 43.279
-2.282 3000.000 | 1.752 | 4.933 752.416 | 3.586 | -3.013 | -0.426 | 43.805

Table 41: The best-fit parameters and x? for the fit to the velocity dispersion data of the Carina
dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 19 and the inner slope - is set to be 1.

[ ralpe] [ 0 [ Bo [ B | X* |
106.554 | 4.353 | -3.332 | 0.142 | 52.449
0.411 | 320.183 | 1.228 | 6.724 539.273 | 3.395 | -1.249 | -5.048 | 53.565
0.450 | 100.000 | 1.712 | 3.132 229.300 | 1.195 | 0.049 | -5.334 | 58.680

[ logio(ps) | rslpe]l | o [ w [~y
0
0
0
1116 | 403.928 | 0.782 | 6.961 | 0 | 436.890 | 4.634 | -6.001 | -8.673 | 62.720
0
0
0
0

1.588 262.720 | 0.536 | 3.804

-0.852 629.757 | 2.776 | 5.088 442.263 | 3.128 | -4.081 | -1.317 | 68.306
0.628 100.000 | 1.608 | 3.212 802.190 | 2.777 | -2.370 | -5.182 | 70.023
-0.977 622.664 | 2.466 | 4.970 650.787 | 1.110 | -1.107 | -2.339 | 71.015
1.926 192.591 | 0.609 | 4.946 406.242 | 3.715 | -6.393 | -6.337 | 71.527

Table 42: The best-fit parameters and x? for the fit to the velocity dispersion data of the Carina
dSph from Ref. [117]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 16 and the inner slope = is set to be 0.

[ |

[logio(ps) [ rslpel | o [ w [~y ralpd [ 60 [ Bo | B X

2431 | 2763.752 | 2.952 | 6.713 618.580 | 4.049 | 0.148 | -0.248 | 30.137
2.108 | 2982.212 | 1.796 | 3.562 284.769 | 4.613 | -7.201 | -1.669 | 30.281
S1.064 | 1503.726 | 1.842 | 4.189 706.065 | 2.508 | -0.756 | -1.006 | 31.984
-1.605 751.406 | 2.086 | 4.255 896.914 | 1.068 | -0.931 | -0.515 | 32.661
1356 | 601.158 | 2.949 | 4.495 251.059 | 2.670 | -7.869 | -2.136 | 35.201
-2.219 2993.383 | 0.853 | 4.156 295.153 | 0.933 | -3.240 | 0.667 | 35.766
-1.324 872.575 | 0.689 | 3.331 983.675 | 2.899 | -3.617 | -0.421 | 36.060
-1.882 1839.786 | 0.924 | 6.162 492.589 | 1.369 | -0.815 | -2.458 | 36.117

Uy (Y Y Y UY Y Y

Table 43: The best-fit parameters and x? for the fit to the velocity dispersion data of the Carina
dSph from Ref. [117]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 16 and the inner slope - is set to be 1.
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[ ralpe] [ 6 | Bo | B [ X* ]
186.847 | 4.809 [ -7.025 | 0.844 | 16.064
1.160 | 100.000 | 0.736 | 3.426 947.291 | 3.647 | -5.640 | -3.827 | 10.232
1.056 | 100.000 | 1.210 | 4.658 749.268 | 2.160 | -4.118 | -7.301 | 19.300

[ logio(ps) | rslpe] | o [ w [~
0
0
0
0.245 100.000 | 2.481 | 3.153 | 0 | 877.391 | 4.254 | -5.729 | -6.803 | 19.607
0
0
0
0

-0.487 2455.208 | 2.710 | 5.380

1.532 100.000 | 0.898 | 3.865 165.064 | 0.133 | -6.671 | -8.542 | 20.339
0.573 1506.169 | 0.536 | 4.632 232.693 | 4.722 | -6.295 | 0.059 | 20.539
-0.876 3000.000 | 2.187 | 5.088 263.232 | 3.553 | -3.446 | 0.547 | 20.622
0.435 100.000 | 2.523 | 4.043 991.853 | 0.854 | -3.929 | -7.715 | 20.776

Table 44: The best-fit parameters and x? for the fit to the velocity dispersion data of the UMi
dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 7 and the inner slope 7 is set to be 0.

[ ralpe] [ 6 | Bo | B [ X ]
517.340 | 1.990 | -1.310 | -2.086 | 15.721
1,962 | 1675.848 | 2.064 | 4.810 696.347 | 3.504 | -0.357 | 0.276 | 16.055
-0.929 | 641.88 | 1.240 | 5.831 645.109 | 1.432 | -2.135 | -8.421 | 16.145

| logio(ps) | rslpe] | o | w [~
1
1
1
-1.393 768.572 | 1.875 | 3.368 | 1 | 717.502 | 0.726 | -0.771 | -6.158 | 16.198
1
1
1
1

-0.883 1011.968 | 0.587 | 4.162

-0.887 816.340 | 0.717 | 4.138 517.340 | 1.990 | -1.310 | -2.086 | 16.385
-1.203 1011.782 | 2.058 | 6.685 195.199 | 2.233 | -5.039 | -0.093 | 16.598
-2.240 2581.866 | 2.325 | 3.290 741.229 | 2.356 | -0.174 | -1.568 | 17.635
1.135 100.000 | 0.500 | 3.282 957.591 | 3.757 | -8.419 | -1.002 | 17.773

Table 45: The best-fit parameters and x? for the fit to the velocity dispersion data of the UMi
dSph from Ref. [293]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 7 and the inner slope 7 is set to be 1.

[ ralpe] [ 6 | Bo | B [ X ]
663.839 [ 4.230 | -2.657 | -5.287 | 14.405
0.421 | 100.000 | 1.503 | 3.275 673.531 | 0.242 | -4.106 | -2.934 | 16.739
-0.037 | 1547.043 | 0.763 | 3.696 569.797 | 0.204 | -0.854 | -8.532 | 19.894

| logio(ps) | rslpe] | o | w [~
0
0
0
0.551 | 100.000 | 2.307 | 4.773 | 0 | 673.531 | 0.242 | -4.106 | -2.934 | 20.210
0
0
0
0

0.530 100.000 | 1.335 | 3.179

0.972 100.000 | 0.896 | 3.339 814.510 | 2.539 | -5.087 | -1.348 | 20.796
0.557 100.000 | 1.452 | 3.323 746.181 | 3.499 | -2.587 | -2.260 | 21.276
1.079 100.000 | 1.189 | 4.700 842.525 | 2.265 | -3.925 | -8.614 | 23.531
0.189 324.321 | 1.195 | 6.409 541.434 | 1.851 | -0.646 | -8.583 | 23.984

Table 46: The best-fit parameters and y? for the fit to the velocity dispersion data of the UMi
dSph from Ref. [117]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 9 and the inner slope 7 is set to be 0.

[logio(ps) | rslpel | o [ w [y ] ralpe] [ 6 [ Bo | B | X |
-1.802 2438.616 | 1.092 | 5.811 | 1 | 548.531 | 0.411 | -0.994 | -1.798 | 15.441
-0.803 1443.067 | 0.637 | 5.916 654.866 | 2.573 | -3.034 | -5.188 | 15.661
1.201 100.000 | 0.500 | 3.338 894.551 | 3.632 | -4.792 | -5.905 | 17.096
-0.916 1376.269 | 0.811 | 4.738 131.144 | 2.581 | -4.870 | -0.405 | 17.718
-2.124 2574.617 | 1.636 | 5.929 883.620 | 4.003 | -0.383 | -0.617 | 17.834
-2.167 2405.882 | 1.945 | 4.330 935.605 | 1.318 | -0.513 | 0.662 | 17.920
-1.012 1148.949 | 0.741 | 4.727 108.522 | 4.826 | -4.415 | -4.693 | 18.118
-1.624 1545.987 | 2.558 | 4.823 126.003 | 1.378 | -6.233 | 0.434 | 19.373

Uy (Y Y YUY Y YUY Y

Table 47: The best-fit parameters and x? for the fit to the velocity dispersion data of the UMi
dSph from Ref. [117]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 9 and the inner slope 7 is set to be 1.
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[ ralpe] [ 6 | Bo | B [ X ]
870.178 | 0.744 | 0.886 | -0.821 | 29.183
0.521 100.000 | 2.802 | 4.456 078.547 | 4.400 | -1.451 | -7.801 | 29.737
0.147 100.000 | 2.570 | 3.258 467.374 | 1.921 | 0.880 | -1.647 | 32.267

[ logio(ps) | rslpe] | o [ w [~
0
0
0
0.731 100.000 | 1.384 | 4.038 | 0 | 882.926 | 4.053 | -0.564 | -6.832 | 32.446
0
0
0
0

-0.895 556.499 | 2.234 | 5.082

-1.451 1315.776 | 2.136 | 5.515 940.140 | 3.076 | 0.732 | 0.097 | 32.845
1.902 100.000 | 0.895 | 5.539 238.169 | 0.402 | -5.522 | -6.656 | 35.515
0.566 100.000 | 2.654 | 4.329 582.790 | 2.618 | -3.884 | -7.652 | 35.553
0.876 383.130 | 0.628 | 4.906 759.894 | 0.520 | -0.604 | -3.637 | 37.831

Table 48: The best-fit parameters and x? for the fit to the velocity dispersion data of the UMi
dSph from Ref. [295]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 18 and the inner slope - is set to be 0.

[ ralpe] [ 0 | Bo | B [ X* ]
678.683 | 3.605 | 0.498 | -1.990 | 29.611
0.753 | 100.000 | 1.245 | 4.228 755.590 | 1.982 | 0.707 | -2.918 | 29.871
-0.323 | 243.455 | 2.883 | 5.467 973.033 | 1.761 | 0.512 | -2.911 | 30.594

[ logio(ps) | rslpe] | o [ w [~
1
1
1
2.014 100.000 | 0.660 | 6.196 | 1 | 440.439 | 2.271 | -0.128 | -6.371 | 31.136
1
1
1
1

-1.367 2224.734 | 0.653 | 5.773

0.914 100.000 | 1.422 | 5.267 506.624 | 1.694 | -1.693 | -6.918 | 31.404
0.879 100.000 | 1.590 | 5.198 182.978 | 0.815 | -0.456 | -2.699 | 32.227
0.016 162.724 | 1.256 | 3.355 261.703 | 0.074 | -0.791 | -0.850 | 32.597
0.695 100.000 | 2.609 | 6.502 590.079 | 2.850 | 0.818 | -2.353 | 33.247

Table 49: The best-fit parameters and x? for the fit to the velocity dispersion data of the UMi
dSph from Ref. [295]. Here the anisotropy profile is the Generalized Osipkov Merritt 3, here
d.o.f = 18 and the inner slope = is set to be 1.
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Appendix D
IGRB constraints on the p-wave Dark Matter annihilation
via a single or two mediators into the other fermion final
states
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Figure 61: The distribution of x?2 on the 2D map of My and Moped.
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D10t D1 = Pa(XX — $d — hh),

The branching ratio of the hh channel is assumed to be B(xx — hh) = 100%. The annihilation of Dark
Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered together with Dark
Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown in different colors to
enclose the best-fitting regions. The A, B, C models of the extragalactic sources are shown respectively
on the top, middle, bottom panels. The exclusion fit and improved fit are respectively on the left and
right side with colored contours.
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Figure 62: The distribution of x?2 on the 2D map of My and Moped.

Diot, oy = (1 —a) - P1(xx = ¢ = 77) + a- P2(Xx — ¢ — 77),
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with @ = 1. The branching ratio of the 77 channel is assumed to be B(xx — 77) = 100%. And the
annihilation of Dark Matter via a single mediator is Sommerfeld boosted. The extragalactic sources of
IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence
contours are shown in different colors to enclose the best-fitting regions. The A, B, C models of the
extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion fit and
improved fit are respectively on the left and right side with colored contours.
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Figure 63: The distribution of x?2 on the 2D map of My and Moped.

Dot omr = (1 —a) - D1 (xx = ¢ — bb) + a - Pa(xx — b — bb),

(200)

with o = 1. The branching ratio of the bb channel is assumed to be B(xx — bb) = 100%. And the
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown
in different colors to enclose the best-fitting regions. The A, B, C models of the extragalactic sources
are shown respectively on the top, middle, bottom panels.
respectively on the left and right side with colored contours.
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The exclusion fit and improved fit are
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Figure 64: The distribution of x?2 on the 2D map of My and Moped.
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Prot,pvr = (1 —a) - 1(xx — ¢ —ete ) +a- Pa(xx — b — eTe),

with & = 1. The branching ratio of the eTe™ channel is assumed to be B(xx — e"e™) = 100%. The
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown
in different colors to enclose the best-fitting regions. The A, B, C models of the extragalactic sources
are shown respectively on the top, middle, bottom panels.
respectively on the left and right side with colored contours.
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The exclusion fit and improved fit are
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Figure 65: The distribution of x?2 on the 2D map of My and Moped.

Prot,onr = (1 —a) - P1(xx = ¢ = p pu7) +a- Pa(xx = ¢p — ptp7),

(204)

with @ = 1. The branching ratio of the "~ channel is assumed to be B(xx — p ™) = 100%. The
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown
in different colors to enclose the best-fitting regions. The A, B, C models of the extragalactic sources
are shown respectively on the top, middle, bottom panels.
respectively on the left and right side with colored contours.

The exclusion fit and improved fit are
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Figure 66: The distribution of x?2 on the 2D map of My and Moped.

Prot,onr = (1 —a) - P1(xx = ¢ = ete ' u™,77) +a- Pa(xx — ¢p = eTe T uT,77),
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(206)

with a = 1. The branching ratio of the ete™, u™ ™, 77 channels are assumed to be respectively 33.3%,
33.3%, 33.3%. The annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of
IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence
contours are shown in different colors to enclose the best-fitting regions. The A, B, C models of the
extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion fit and
improved fit are respectively on the left and right side with colored contours.

160



04
exclusion q ,
14 reo+ 14752830 00)
—_ 32.5
> 5
8 50 32.0
= 5 40
- 315
3
£ 4 31.0
S
= 51 30.5
S
QS 61 30.0
7 29.5
1 2 6 15 a0 101
my [GeV]
04 .
exclusion ,
14 rels1 380X
S 6
3 50 :
— 5 40
> 4
=
g 3
< 5
— 2
(o))
9 -6
1
7
1 2 6 15 a0 101
my [GeV]
04 .
exclusion q ,
14 reo+1.5249910 )
%- L 6.0
G =le) 55
= 5 40
’:é 5.0
g -4
45
g,
9 4.0
[®)]
L -5 35
71
1 2 6 15 a0 101
my [GeV]

101

04
14 X3, = 29.87
50
-9- 3 40
e
=
g
= 5
S
o)
L -6
7
1 2 6 1I5 40
m, [GeV]
04
14 XEn= 2571
50
-9- 3 40
<
=
g
=Sk
S
o
L 61
7
1 é é 1‘5 40 101
my [GeV]
04
14 X3i,= 33.48
50
-9- 3 40
e
=
g
= 5
S
o)
L -6
7
1 2 6 1I5 40 101
m, [GeV]

Figure 67: The distribution of x* on the 2D map of my and Mped.

logo(x?)

2.4
2.2
2.0
18

16

logo(x?)

2.4
2.2
2.0
18

16

logo(x?)

2.4

2.2

2.0

18

16

Drot,pm = (1—a) - P1(xx = ¢ — bbeTe™, 1" pn™,77) +a- Pa(Xx — ¢ — bb, e e, p T, 77), (208)

with a = 1. The branching ratio of the bb,eTe™, T ™, 77 channels are assumed to be respectively
60%,13.3%, 13.3%, 13.3%. The annihilation of Dark Matter is Sommerfeld boosted. The extragalactic
sources of IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The
confidence contours are shown in different colors to enclose the best-fitting regions. The A, B, C models
of the extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion
fit and improved fit are respectively on the left and right side with colored contours.
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Figure 68: The distribution of x?2 on the 2D map of My and Moped.
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Diorprr = (1—a) - P1(xx = ¢ — bb, WTW ™ theothers) + a - ®a(xx = ¢d — bb, WTW ™ the others),
(210)
with o = 1. The branching ratio of the bb, W W ~channels are assumed to be respectively 60%,20%,

and 1/30 for each of the v, hh, gg, 777, uTp~,

ete”

channels. The annihilation of Dark Matter is

Sommerfeld boosted. The extragalactic sources of IGRB are considered together with Dark Matter to
fit the FermiLAT IGRB data [376]. The confidence contours are shown in different colors to enclose
the best-fitting regions. The A, B, C models of the extragalactic sources are shown respectively on the
top, middle, bottom panels. The exclusion fit and improved fit are respectively on the left and right
side with colored contours.
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Figure 69: The distribution of x?2 on the 2D map of My and Moped.
Dot o =(1—a) Pi(xx = ¢ = 77) + - Pa(Xx — ¢ — 77), (212)

with o = 0.9. The branching ratio of the 77 channel is assumed to be B(xx — 77) = 100%. And the
annihilation of Dark Matter via a single mediator is Sommerfeld boosted. The extragalactic sources of
IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence
contours are shown in different colors to enclose the best-fitting regions. The A, B, C models of the
extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion fit and
improved fit are respectively on the left and right side with colored contours.
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Figure 70: The distribution of x* on the 2D map of my and Mped.
Dior,pmr = (1 — @) - Pr(Xx = ¢ —= bb) + - Pa(Xx — b — bb), (214)

with a = 0.9. The branching ratio of the bb channel is assumed to be B(xx — bb) = 100%. And the
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown
in different colors to enclose the best-fitting regions. The A, B, C models of the extragalactic sources
are shown respectively on the top, middle, bottom panels. The exclusion fit and improved fit are
respectively on the left and right side with colored contours.
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Figure 71: The distribution of x?
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on the 2D map of m, and Mmmeq.

Diot,om = (1 —a) - Pi(xx = ¢ — 6+€7) +a-Da(xx = oo — €+ei)a (216)

with & = 0.9. The branching ratio of the eTe™ channel is assumed to be B(xx — eTe™) = 100%. The
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown
in different colors to enclose the best-fitting regions. The A, B, C models of the extragalactic sources
are shown respectively on the top, middle, bottom panels.
respectively on the left and right side with colored contours.
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The exclusion fit and improved fit are
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Figure 72: The distribution of x* on the 2D map of my and Mped.
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Prot,onr = (1 —a) - P1(xx = ¢ = p pu7) +a- Pa(xx = ¢p — ptp7),

with o = 0.9. The branching ratio of the u*u~ channel is assumed to be B(xx — u ™) = 100%. The
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown
in different colors to enclose the best-fitting regions. The A, B, C models of the extragalactic sources
are shown respectively on the top, middle, bottom panels.
respectively on the left and right side with colored contours.
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The exclusion fit and improved fit are
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Figure 73: The distribution of x* on the 2D map of my and Mped.

Prot,onr = (1 —a) - P1(xx = ¢ = ete ' u™,77) +a- Pa(xx — ¢p = eTe T uT,77),

(220)

with a = 0.9. The branching ratio of the e*e™, u 1™, 77 channels are assumed to be respectively 33.3%,
33.3%, 33.3%. The annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of
IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence
contours are shown in different colors to enclose the best-fitting regions. The A, B, C models of the
extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion fit and
improved fit are respectively on the left and right side with colored contours.
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Figure 74: The distribution of x* on the 2D map of my and Mped.

Drot,pm = (1—a) - P1(xx = ¢ — bbeTe ™, 1" pn™,77) +a- a(Xx — ¢ — bb,e e, p T, 77), (222)

with & = 0.9. The branching ratio of the bb,e™e™, ut ™, 77 channels are assumed to be respectively
60%,13.3%, 13.3%, 13.3%. The annihilation of Dark Matter is Sommerfeld boosted. The extragalactic
sources of IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The
confidence contours are shown in different colors to enclose the best-fitting regions. The A, B, C models
of the extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion
fit and improved fit are respectively on the left and right side with colored contours.
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Figure 75: The distribution of x* on the 2D map of my and Mped.

logo(x?)

2.1
2.0
19
18
17
16

15

logo(x?)
21

2.0
19
18
17
16
15

14

logo(x?)

2.1
2.0
19
18
17
16

15

Bror,pmr = (1— ) - @1 (Xx — ¢ — bb, W W™ theothers) + a - ®o(xx — b — bb, W W™ the others),
(224)
with a = 0.9. The branching ratio of the bb, W W ~channels are assumed to be respectively 60%,20%,

and 1/30 for each of the v, hh, gg, 7777, uTp~,

ete”

channels. The annihilation of Dark Matter is

Sommerfeld boosted. The extragalactic sources of IGRB are considered together with Dark Matter to
fit the FermiLAT IGRB data [376]. The confidence contours are shown in different colors to enclose
the best-fitting regions. The A, B, C models of the extragalactic sources are shown respectively on the
top, middle, bottom panels. The exclusion fit and improved fit are respectively on the left and right

side with colored contours.
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Figure 76: The distribution of x* on the 2D map of my and Mped.

Dior,prr = (1 — ) - P1(Xx = ¢ = 77) + a - P2(Xx = ¢¢ — 77),
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(226)

with o = 0.1. The branching ratio of the 77 channel is assumed to be B(xx — 77) = 100%. And the
annihilation of Dark Matter via a single mediator is Sommerfeld boosted. The extragalactic sources of
IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence
contours are shown in different colors to enclose the best-fitting regions. The A, B, C models of the
extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion fit and
improved fit are respectively on the left and right side with colored contours.
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Figure 77: The distribution of x* on the 2D map of my and Mped.

Dot omr = (1 —a) - D1 (xx = ¢ — bb) + a - Pa(xx — b — bb),
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with a = 0.1. The branching ratio of the bb channel is assumed to be B(xx — bb) = 100%. And the
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown
in different colors to enclose the best-fitting regions. The A, B, C models of the extragalactic sources
are shown respectively on the top, middle, bottom panels.
respectively on the left and right side with colored contours.

The exclusion fit and improved fit are
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Figure 78: The distribution of x* on the 2D map of my and Mped.

Prot,pvr = (1 —a) - 1(xx — ¢ —ete ) +a- Pa(xx — b — eTe),
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with @ = 0.1. The branching ratio of the eTe™ channel is assumed to be B(xx — eTe™) = 100%. The
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown
in different colors to enclose the best-fitting regions. The A, B, C models of the extragalactic sources
are shown respectively on the top, middle, bottom panels.
respectively on the left and right side with colored contours.
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The exclusion fit and improved fit are
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Figure 79: The distribution of x* on the 2D map of my and Mped.

Prot,onr = (1 —a) - P1(xx = ¢ = p pu7) +a- Pa(xx = ¢p — ptp7),

(232)

with o = 0.1. The branching ratio of the u*u~ channel is assumed to be B(xx — u ™) = 100%. The
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown
in different colors to enclose the best-fitting regions. The A, B, C models of the extragalactic sources
are shown respectively on the top, middle, bottom panels.
respectively on the left and right side with colored contours.
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The exclusion fit and improved fit are
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Figure 80: The distribution of x?2 on the 2D map of My and Moped.
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with o = 0.1. The branching ratio of the e*e™, u 1™, 77 channels are assumed to be respectively 33.3%,
33.3%, 33.3%. The annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of
IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence
contours are shown in different colors to enclose the best-fitting regions. The A, B, C models of the
extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion fit and
improved fit are respectively on the left and right side with colored contours.
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Figure 81: The distribution of x?2 on the 2D map of My and Moped.
q)tot,D]W = (1 - 05) : @1 (XX — ¢ — bl_)7 6+67 ) /’L+:U/77 7—%) +a- @2 (XX — ¢¢ — bl_77 6+677 l’LJr:u’77 7—7_—)7 (236)

with & = 0.1. The branching ratio of the bb,e™e™, ut ™, 77 channels are assumed to be respectively
60%,13.3%, 13.3%, 13.3%. The annihilation of Dark Matter is Sommerfeld boosted. The extragalactic
sources of IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The
confidence contours are shown in different colors to enclose the best-fitting regions. The A, B, C models
of the extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion
fit and improved fit are respectively on the left and right side with colored contours.
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Figure 82: The distribution of x?2 on the 2D map of My and Moped.

Diorprr = (1—a) - P1(xx = ¢ — bb, WTW ™ theothers) + a - ®a(xx = ¢d — bb, WTW ™ the others),

(238)
with a = 0.1. The branching ratio of the bb, W W ~channels are assumed to be respectively 60%,20%,
and 1/30 for each of the vy, hh, gg, 777, "™, e"e channels. The annihilation of Dark Matter is
Sommerfeld boosted. The extragalactic sources of IGRB are considered together with Dark Matter to
fit the FermiLAT IGRB data [376]. The confidence contours are shown in different colors to enclose
the best-fitting regions. The A, B, C models of the extragalactic sources are shown respectively on the
top, middle, bottom panels. The exclusion fit and improved fit are respectively on the left and right
side with colored contours.
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Figure 83: The distribution of x?2 on the 2D map of My and Moped.
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with @ = 1. The branching ratio of the 77 channel is assumed to be B(xx — 77) = 100%. And the
annihilation of Dark Matter via a single mediator is Sommerfeld boosted. The extragalactic sources of
IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence
contours are shown in different colors to enclose the best-fitting regions. The A, B, C models of the
extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion fit and
improved fit are respectively on the left and right side with colored contours.
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Figure 84: The distribution of x?2 on the 2D map of My and Moped.

Dot omr = (1 —a) - D1 (xx = ¢ — bb) + a - Pa(xx — b — bb),

T
883
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(242)

with o = 1. The branching ratio of the bb channel is assumed to be B(xx — bb) = 100%. And the
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown in
different colors to enclose the best-fitting regions. The models A,C of the extragalactic sources are shown
respectively on the top, middle, bottom panels. The exclusion fit and improved fit are respectively on
the left and right side with colored contours.

178

+2387€1X

+2.571e1X

2

0.005C

0.004¢

0.004€

0.0044

0.0042

0.004C

0.003¢

2

0.003=

0.003C

0.002%

0.002C

0.001%

0.001C

0.000=

2

0.004¢

0.0044

0.004z

0.004C

0.003¢

0.003¢€

0.0034

0.0032



exclusion improved with DM
24 1x2 2 XZ
42,9873 +2.987eY
0.004C
< 0.001C <
14 1
8 50 8 0.003¢
2 40 0.000¢ =,
— 0 —_ 0
T 0.000¢ T 0.003¢
£ 1o E
§' 1 0.000¢ §, -t 0.0034
o o
— —
D F ) i
9 21 0.000¢ S 0.0032
0.0007
-3 -3
101 231 361 492 622 753 883 1001 101 231 361 492 622 753 883 1001
my [GeV] m, [GeV]
ete~, model A ete~,model A
exclusion improved with DM
5 2 2 2
25716t 125716l
0.004¢
— — 0.004C
> 4 0.003% >
] 50 L
S Ao 0.003¢ S 0.003¢
— 07 0.002% — 0
= o
Q Q.I
£ e 0.002¢ £
§, -1 0.001% -g- -1
S S 0.0037
o 0.001¢ o
O -2 o -2
2 . =2
0.000: 0.003¢
0.000¢
3 -3
101 231 361 492 622 753 883 1001 101 231 361 492 622 753 1001
my [GeV] my [GeV]
ete”, model B ete~,model B
exclusion improved with DM
24 2 2 2
43.3483e +3.348e8"
— — 0.0034
% 14 0.0004 % 1
] 50 O] 0.003z
— 40 0.000: —
— 0 —_ 0
o o 0.003C
g 0.000: “E-'
£ - Lo E
= ] 0.000z = 0.002¢
o o
:F g
0.000:
o 2 9 - 0.002€
0.0001
0.0024
-3 -3
101 231 361 492 622 753 883 1001 101 231 361 492 622 753 883 1001
my [GeV] m, [GeV]
ete~,model C ete~,model C
Figure 85: The distribution of x?2 on the 2D map of My and Moped.
— + —_ — + —
Ciotpm =(1—0a) Pr(xx > ¢ —ee )+a - Po(xx = ¢p e’ e ), (244)

with & = 1. The branching ratio of the eTe™ channel is assumed to be B(xx — e"e™) = 100%. The
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown
in different colors to enclose the best-fitting regions. The models A, C of the extragalactic sources are
shown respectively on the top, middle, bottom panels. The exclusion fit and improved fit are respectively
on the left and right side with colored contours.
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Figure 86: The distribution of x* on the 2D map of my and Mmed.
Diot,om = (1— ) - Pr(x = ¢ = pp7) + o Pa(x = ¢ = ph ), (246)

with @ = 1. The branching ratio of the "~ channel is assumed to be B(xx — p ™) = 100%. The
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown
in different colors to enclose the best-fitting regions. The models A, C of the extragalactic sources are
shown respectively on the top, middle, bottom panels. The exclusion fit and improved fit are respectively
on the left and right side with colored contours.

180



exclusion
24 2
le-542.9873e X
< 83
3
G 50 82
— Fi¥e ) a1
— 0
2 - 80
E lo 79
£ o1
= - 78
=1
8\ 77
5
= 76
75
3
101 231 361 492 622 753 883 1001
m, [GeV]
e:u:Tt=1:1:1, model Zi(
exclusion .
5 4
25716t
< 0.003%
3
® 50 0.003¢
] 40
P 0.0025
K
g 1 0.002¢
o
§, 14 0.001%
S
o 0.001C
o -2
- 0.0005
0.000C
3
; , , T T ;
101 231 361 492 622 753 883 1001
m, [GeV]
e:u:t=1:1:1, model ﬁg{
exclusion s
2
43.3483e
—
o 0.000:
Q 5 .000Z
a
)
] 40
—_ 04 0.0002
o =
g
g . lo 0.0001
= o
=1
o r 0.0001
9 21
0.0001
3
101 231 361 492 622 753 883 1001
[GeV]

m
e:u:Tt=1:1:1, model 8(

improved

log10(Mmeq) [GeV]

with DM

101 231 361 492 622 753 883 1001
m, [GeV]
e:u:Tt=1:1:1,model A
2 1 2 1X2
Xmin = 25.71 42,5713
— 0.000¢
% 1 5 0.000¢
a
O
Pt 40 0.000¢
= Y ] 0.000¢
] i
|3 ——] L m 0.0007
E_ .
é 1 - o 0.0007
o
S 0.0007
L 21 0.0007
0.0007
3
" i | v
101 231 361 492 622 753 883 1001
my [GeV]
e:u:t=1:1:1, model B
improved with DM 5
2
+3.348e8"
< L 0.0032
Q
() 0.0031
—_ 0 0.0031
o
L]
£ 0.003¢
§, -t 0.003¢
o
—
) 0.002¢
_C_:)_ -2
0.002¢
-3
101 231 361 492 622 753 883 1001
m, [GeV]
e:u:T=1:1:1,model C

Figure 87: The distribution of x* on the 2D map of my and Mped.

Prot,onr = (1 —a) - P1(xx = ¢ = ete ' u™,77) +a- Pa(xx — ¢p = eTe T uT,77),

with a = 1. The branching ratio of the ete™, u™ ™, 77 channels are assumed to be respectively 33.3%,
33.3%, 33.3%. The annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of
IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence
contours are shown in different colors to enclose the best-fitting regions. The A, B, C models of the
extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion fit and

improved fit are respectively on the left and right side with colored contours.
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Figure 88: The distribution of x?2 on the 2D map of My and Moped.

Drot,pm = (1—a) - P1(xx = ¢ — bbeTe ™, 1" pn™,77) +a- a(Xx — ¢ — bb, e e, u T, 77), (250)

with a = 1. The branching ratio of the bb,eTe™, T ™, 77 channels are assumed to be respectively
60%,13.3%, 13.3%, 13.3%. The annihilation of Dark Matter is Sommerfeld boosted. The extragalactic
sources of IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The
confidence contours are shown in different colors to enclose the best-fitting regions. The A, B, C models
of the extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion
fit and improved fit are respectively on the left and right side with colored contours.
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Diorprr = (1—a) - P1(xx = ¢ — bb, WTW ™ theothers) + a - ®a(xx = ¢d — bb, WTW ™ the others),

(252)

with o = 1. The branching ratio of the bb, W W ~channels are assumed to be respectively 60%,20%,
and 1/30 for each of the v, hh, gg, 777, uTp~,
Sommerfeld boosted. The extragalactic sources of IGRB are considered together with Dark Matter to
fit the FermiLAT IGRB data [376]. The confidence contours are shown in different colors to enclose
the best-fitting regions. The A, B, C models of the extragalactic sources are shown respectively on the

top, middle, bottom panels. The exclusion fit and improved fit are respectively on the left and right
side with colored contours.
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ot o = Poa(Yx — ¢ — hh),
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with @ = 0.9. The branching ratio of the hh channel is assumed to be B(xx — hh) = 100%. The
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown
in different colors to enclose the best-fitting regions. The models A, ,C of the extragalactic sources are
shown respectively on the top, middle, bottom panels. The exclusion fit and improved fit are respectively
on the left and right side with colored contours.
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Figure 91: The distribution of x?2 on the 2D map of My and Moped.

with o = 0.9. The branching ratio of the 77 channel is assumed to be B(xx — 77) = 100%

Dior,prr = (1 — ) - P1(Xx = ¢ = 77) + a - P2(Xx = ¢¢ — 77),

T
753

883

1001

(256)

. And the

annihilation of Dark Matter via a single mediator is Sommerfeld boosted. The extragalactic sources of
IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence
contours are shown in different colors to enclose the best-fitting regions. The A, B, C models of the
extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion fit and
improved fit are respectively on the left and right side with colored contours.
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Figure 92: The distribution of x?2 on the 2D map of My and Moped.
Diot,om = (1 —a) - P1(xx = ¢ — 6+€7) +a-Pa(xx = ¢p — e+67), (258)

with & = 0.9. The branching ratio of the eTe™ channel is assumed to be B(xx — eTe™) = 100%. The
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown
in different colors to enclose the best-fitting regions. The A, B, C models of the extragalactic sources
are shown respectively on the top, middle, bottom panels. The exclusion fit and improved fit are
respectively on the left and right side with colored contours.
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Figure 93: The distribution of x* on the 2D map of my and Mmed.

Prot,onr = (1 —a) - P1(xx = ¢ = p pu7) +a- Pa(xx = ¢p — ptp7),

(260)

with o = 0.9. The branching ratio of the u*u~ channel is assumed to be B(xx — u ™) = 100%. The
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown
in different colors to enclose the best-fitting regions. The A, B, C models of the extragalactic sources

are shown respectively on the top, middle, bottom panels.

The exclusion fit and improved fit are

respectively on the left and right side with colored contours.
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Figure 94: The distribution of x?2 on the 2D map of My and Moped.

Prot,onr = (1 —a) - P1(xx = ¢ = ete ' u™,77) +a- Pa(xx — ¢p = eTe T uT,77),

T
753

T
883

1001

(262)

with a = 0.9. The branching ratio of the e*e™, u 1™, 77 channels are assumed to be respectively 33.3%,
33.3%, 33.3%. The annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of
IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence
contours are shown in different colors to enclose the best-fitting regions. The A, B, C models of the
extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion fit and
improved fit are respectively on the left and right side with colored contours.
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Figure 95: The distribution of x?2 on the 2D map of My and Moped.
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with & = 0.9. The branching ratio of the bb,e™e™, ut ™, 77 channels are assumed to be respectively
60%,13.3%, 13.3%, 13.3%. The annihilation of Dark Matter is Sommerfeld boosted. The extragalactic
sources of IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The
confidence contours are shown in different colors to enclose the best-fitting regions. The A, B, C models
of the extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion
fit and improved fit are respectively on the left and right side with colored contours.
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Diorprr = (1—a) - P1(xx = ¢ — bb, WTW ™ theothers) + a - ®a(xx = ¢d — bb, WTW ™ the others),

(266)

with a = 0.9. The branching ratio of the bb, W W ~channels are assumed to be respectively 60%,20%,
and 1/30 for each of the v, hh, gg, 7777, uTp~,
Sommerfeld boosted. The extragalactic sources of IGRB are considered together with Dark Matter to
fit the FermiLAT IGRB data [376]. The confidence contours are shown in different colors to enclose
the best-fitting regions. The A, B, C models of the extragalactic sources are shown respectively on the

top, middle, bottom panels. The exclusion fit and improved fit are respectively on the left and right
side with colored contours.
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Figure 97: The distribution of x* on the 2D map of my and Mped.
ot D01 = Po(XX — PP — hh), (268)

with @ = 0.1. The branching ratio of the hh channel is assumed to be B(xx — hh) = 100%. The
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown
in different colors to enclose the best-fitting regions. The A, B, C models of the extragalactic sources
are shown respectively on the top, middle, bottom panels. The exclusion fit and improved fit are
respectively on the left and right side with colored contours.

191



exclusion

50
40

. '=. .-
|

log10(Mmeq) [GeV]

-3

T T T T
101 231 361 492 622

my [GeV]

T T, model A

log10(Mmeq) [GeV]

101 231 361 492 622

m, [GeV]
Tt 1t ,model B X

T
753

753

T
883

883

1001

1001

exclusion
2]
50
-9- 40
— 0
o
o -
EE o TP a
2 |
(o)}
S 27
3

T T T T
101 231 361 492 622

m, [GeV]
Tt T, model C X

T
753

T
883

1001

<

29.88¢

29.88¢

29.88:2

29.88(

29.87¢

29.87¢

29.87¢

25.714

25.71z

25.71C

log10(Mmeq) [GeV]

|
N
L

-
L

o
!

|
N
L

=
-_—
b

XZin= 29.87

50
40

1o

T T T T
231 361 492 622

m, [GeV]

Tt17,model A

log10(Mmed) [GeV]

-3

101

improved with DM

231 361

Tt7T7,model B

<

33.49¢€

33.494

33.492

33.49C

33.48¢

33.48¢

33.484

log10(Mmeq) [GeV]

492 622

my [GeV]

T
753

753

T
883

1001

1001

-
L

o
!

|
N
L

|
N
L

-3

=
-_—
b

X2 = 33.48

50
40

1o

101

T T
231 361

Tt17,model C

Figure 98: The distribution of x?2 on the 2D map of My and Moped.

T T
492 622

m, [GeV]

Piot,pm = (1 — @) - Pi(Xx — ¢ = 77) + - Pa(Xx — ¢¢ — 77),

with @ = 0.1. The branching ratio of the 77 channel is assumed to be B(xx — 77) = 100%

T
753

T
883

1001

(270)

. And the

<

29.88¢

29.88¢

29.88:2

29.88(

29.87¢

29.87¢

29.87<

>
~

25.72C

25.71:

25.71C

25.70:

25.70C

<

33.49€

33.494

33.492

33.49C

33.48¢

33.48¢€

33.484

annihilation of Dark Matter via a single mediator is Sommerfeld boosted. The extragalactic sources of

IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence
contours are shown in different colors to enclose the best-fitting regions. The A, B, C models of the
extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion fit and

improved fit are respectively on the left and right side with colored contours.
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Diot,om =(1—a) - Pi(xx 20— e’ e )+a-Pa(xx = dpp—ee ), (272)

with @ = 0.1. The branching ratio of the eTe™ channel is assumed to be B(xx — eTe™) = 100%. The
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown
in different colors to enclose the best-fitting regions. The A, B, C models of the extragalactic sources
are shown respectively on the top, middle, bottom panels. The exclusion fit and improved fit are
respectively on the left and right side with colored contours.
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with o = 0.1. The branching ratio of the u*u~ channel is assumed to be B(xx — u ™) = 100%. The
annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of IGRB are considered
together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence contours are shown
in different colors to enclose the best-fitting regions. The A, B, C models of the extragalactic sources

are shown respectively on the top, middle, bottom panels.

The exclusion fit and improved fit are

respectively on the left and right side with colored contours.
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with o = 0.1. The branching ratio of the e*e™, u 1™, 77 channels are assumed to be respectively 33.3%,
33.3%, 33.3%. The annihilation of Dark Matter is Sommerfeld boosted. The extragalactic sources of
IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The confidence
contours are shown in different colors to enclose the best-fitting regions. The A, B, C models of the
extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion fit and
improved fit are respectively on the left and right side with colored contours.
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‘I'tot,DM = (1 —Oé) : QI(XX - ¢ - bl_)a e+ef,p+u7,‘r7_') +a- ‘I’2(>_(X - ¢¢ - bl_)v €+€7,M+M7777_')a (278)

with a = 0.1. The branching ratio of the bb,e™e™, "=, 77 channels are assumed to be respectively
60%,13.3%, 13.3%, 13.3%. The annihilation of Dark Matter is Sommerfeld boosted. The extragalactic
sources of IGRB are considered together with Dark Matter to fit the FermiLAT IGRB data [376]. The
confidence contours are shown in different colors to enclose the best-fitting regions. The A, B, C models
of the extragalactic sources are shown respectively on the top, middle, bottom panels. The exclusion
fit and improved fit are respectively on the left and right side with colored contours.
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Diotprr = (1—a) - P1(xx = ¢ — bb, WTW ™ theothers) + a - ®a(xx = ¢d — bb, WTW ™ the others),
(280)
with a = 0.1. The branching ratio of the bb, W W ~channels are assumed to be respectively 60%,20%,
and 1/30 for each of the v, hh, gg, 7777, uTp~,
Sommerfeld boosted. The extragalactic sources of IGRB are considered together with Dark Matter to
fit the FermiLAT IGRB data [376]. The confidence contours are shown in different colors to enclose
the best-fitting regions. The A, B, C models of the extragalactic sources are shown respectively on the
top, middle, bottom panels. The exclusion fit and improved fit are respectively on the left and right
side with colored contours.
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