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Preface

In this doctoral thesis we have focused on both the phenomenological
and cosmological implications of dark matter. From the cosmological per-
spective, we have studied the impact on the Large Scale Structure (LSS)
and on the Cosmic Microwave Background (CMB) of interacting and non-
cold dark matter particles. Phenomenologically, we have studied the con-
sequences of Weakly Interacting Massive Particles (WIMPs) in the early
Universe, at particle colliders, at direct detection experiments, and through
their annihilation products in the Milky Way galaxy and its satellites. Spe-
cial emphasis has been given to the phenomenology of models that aim to
explain simultaneously both the dark matter in our Universe and the mass
of the light active neutrinos.

This thesis is organized as follows: in the introductory Chapter 1 pro-
vides a brief overview of the astrophysical and gravitational evidence for
dark matter, highlighting the role of dark matter in our current theoretical
and observational understanding of the Universe. The standard cosmolog-
ical model ACDM, with cold dark matter and a cosmological constant A
is introduced. Chapter 2 is a brief summary of the Standard Model (SM)
of particle physics together with possibly the most theoretically appeal-
ing mass generation mechanism for the light active neutrinos, the seesaw
mechanism. Chapter 3 deals with the concepts, assumptions, and equations
required to understand the hot and dense early Universe. In particular, the
Boltzmann equation governing the non-equilibrium thermodynamics is pre-
sented and discussed. In Chapter 4 we review the main WIMP dark matter
probes. Direct detection, indirect searches, and some of the collider con-
straints on weak-scale dark matter are outlined. To conclude, in Chapter 5,
we summarize the main scientific results and conclusions of the research
carried out for this thesis.

Finally, in Part II we present a copy of the research articles done for this
study, as published in the different journals during the development of this
thesis.

Por 1ltimo, la Parte III consiste en un resumen detallado en espaniol de los
objetivos, motivacion, metodologia, resultados y conclusiones de esta tesis.
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Chapter 1

An Introduction to Dark
Matter

The gravitational evidence for the existence of dark matter is overwhelm-
ing. The exquisite measurements of the Cosmic Microwave Background by
the WMAP [10, 11] and Planck [12, 13] satellites have shown that 26% of the
energy budget of the Universe is encoded in a form of matter that only in-
teracts gravitationally. Furthermore, innumerable studies have shown that
galaxies, clusters of galaxies and the vast majority of the virialized objects
in the Universe are dominated by some matter that does not emit light, i.e.
dark matter. The unambiguous evidence for dark matter strongly contrasts
with the absence of signals at laboratory experiments and satellite missions
targeting the non-gravitational nature of dark matter.

We devote this introductory Chapter to the astrophysical and cosmolog-
ical observations that indicate the existence of dark matter and show that
dark matter appears to be only gravitationally interacting. As we will exam-
ine, modified gravity theories that could account for the velocity dispersion
of spiral galaxies cannot explain the observed patterns of the CMB, that
can — however — easily be understood from a cold collision-less description
of dark matter. In addition, the null searches for MAssive-Compact-Halo-
Objects (MACHOs) point towards a fundamental particle description of
dark matter. After the survey of astrophysical evidence for dark matter,
the standard cosmological model ACDM — based on an homogeneous and
isotropic Universe, preceded with an inflationary stage — currently domi-
nated by a cosmological constant A and cold dark matter (CDM), will be
introduced in light of its indisputable success describing the CMB and the
large scale observations of our Universe. Additionally, we shall discuss some
problems that the ACDM faces at galactic and subgalactic scales that moti-
vate dark matter particles that may possess a primordial velocity or exhibit
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some interactions with light particles; in particular, with neutrinos. Based
on current laboratory and cosmological data, the main broad properties
that dark matter candidates should fulfil are outlined. Finally, the most
theoretically appealing dark matter candidates are discussed, in particular
WIMPs and axions.

1.1 Astrophysical and Cosmological evidence
for Dark Matter

The vast evidence from the gravitational interactions of dark matter
comes from a diversity of sources, scales and studies. In particular, it is the
combination of spiral galaxy rotation curves [14], gravitational lensing [15],
and a variety of kinematical measurements [16, 17] that lead to conclude
that dark matter is present in clusters of galaxies and galaxies in an amount
that considerably exceeds that of normal (or baryonic) matter. Additionally,
CMB observations [13] imply that 84% of the matter in the Universe is dark,
and furthermore, that 26% of the energy budget of the Universe is encoded
in the form of dark matter.

In 1933, Fritz Zwicky [18] discovered that the velocity dispersion of ob-
jects in the Coma cluster were too large to be solely explained by the dis-
tribution of visible matter in the cluster. He was the first to propose that
some non-luminous matter should account for the rest of the matter needed
to explain such high measured velocities (see [19] for a historical perspec-
tive of the dark matter problem). However, it was not until 1970 that dark
matter was firmly established in the community. It was then when Rubin
and Ford [20] and also Freeman [21], found that rotation velocities in the
outermost regions of the Andromeda galaxy and others do not decrease but
remain constant. If there were only baryonic matter, the rotation curves
should fall like v o< 1/4/7 in the outermost regions of the galaxy. The fact
that they flatten is attributed to invisible matter that makes up for the
kinematical difference with M(r) o r or p(r) oc 772, so that v = cons.
Figure 1.1 shows the galactic rotation curve of the NGC 6503 galaxy. It is
remarkable to see that the rotation curves flatten at large radii. Since these
pioneers discoveries, many other spiral galactic rotation curves have been
measured [14] and together with other astronomical observations [17, 22]
show that generically about 95% of the matter in a galaxy is dark.

Galaxy rotation curves are not the only, but one of the many, gravi-
tational evidences for dark matter. KEinstein theory of General Relativity
treats all matter at the same foot through its contribution to the total
energy-momentum tensor. This means that the gravitational bending of
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Figure 1.1: Rotation curve of the NGC 6503 spiral galaxy [23]. The curves represent
the contribution from the disk, the gas and the dark matter halo. Note that the NGC
6503 galaxy has an optically visible radius of only ~ 5 kpc. The fact that the baryonic
content of the galaxy cannot account for the flattening of the rotation curve at large radii
requires the presence of a substantial amount of dark matter in galaxies.

light from a source through an object (lens) is only going to depend upon
the mass distribution of matter within the lens; independently on the na-
ture of this matter. Therefore, gravitational lensing [24] represents a key
tool to measure matter distributions, and thus provides a very good han-
dle on dark matter [15, 25]. In particular, gravitational lensing shows that
dark matter is present at extragalactic scales. As an example, Figure 1.2
shows the lensed image of the Bullet cluster [26]. It is a cluster that has
undergone a recent collision, and the fact that the mass distribution from
the lensing maps reconstruction does not overlap with the X-ray emission
means: ¢) that dark matter dominates the matter distribution of the clus-
ter, and i) that dark matter should not interact with itself, since the dark
matter distribution was unaffected by the collision processes.

In addition to these astrophysical probes, the cosmological implications
of dark matter are exceedingly indisputable. Dark matter is one of the
cornerstones of the cosmological model [28, 29], and its leading role in
our understanding of the Universe is as the seeder of structure forma-
tion [28, 29, 30]. Namely, dark matter perturbations are responsible for
the formation of the galaxies and clusters of galaxies that we observe today.
Only a Universe with ~84% of the matter being non-baryonic and con-
tributing to ~26% of the energy budget of the Universe is able to reconcile
the very small CMB temperature anisotropies 67/T ~ 2 x 107° [10, 12, 31]
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Figure 1.2: Optical image of the Bullet cluster [27, 26] NASA /CXC/CfA. The red region
depicts the hot gas distribution as measured in the X-ray spectrum. The blue region
represents the dark matter distribution as obtained from the lensing maps. The fact that
the blue and red regions do not overlap means that there should be a dominant dark
matter component, and also implies that the dark matter should be weakly interacting.

with the highly non-linear Universe that we observe today. The fact that the
observed properties of the local Universe (¢ = 13.8 x 10° yr) match precisely
those predicted by the extrapolation from the CMB epoch (¢ = 3.8 x 10°
yr) provides indubitable evidence for the existence of dark matter and il-
lustrates the success of the cosmological model. Due to the leading role
of dark matter in cosmology, in the following sections we present the main
building blocks of the standard cosmological model, ACDM. In particular,
the Big Bang model — based on cosmological homogeneity and isotropy —
is shown to be an extraordinary framework in which for instance, the pri-
mordial light elements abundances are predicted, and in which the observed
patterns of the CMB are successfully linked to the statistics of galaxies in
the contemporary Universe.

For completeness, it should be noted that a modification of the New-
tonian force at very small accelerations has also been proposed to explain
the flattening of rotation curves in spiral galaxies [32, 33]. This framework
is the so-called MOND (Modified Newtonian Dynamics) and provides very
good fits to galaxy rotation curves. However, MOND has been refuted by
observations [34] since this theory cannot account for the gravitational lens-
ing observed in clusters (see e.g. Figure 1.2), or the observed patterns in
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Figure 1.3: Original figure from [35] demonstrating the expansion of the Universe.
On the y axis the velocity is expressed in terms of km/s and on the z axis distance is
measured in pc = 3.09 x 10 m. The linear relation is given by Hubble’s law v = cHyd.
The fact that distant galaxies are receding at a velocity that scales linearly with the
distance is understood as a result of the expansion of the Universe.

the Cosmic Microwave Background and the Large Scale Structure that are
described in what follows.

1.2 The Expanding Universe

In 1929, Edwin Hubble [35] discovered that galaxies are receding from
us at a velocity proportional to their distance through the study of Cepheid
variable stars, see Figure 1.3. The fact that the Universe is expanding was
a clear prediction of the Big Bang model under the assumption that the
Universe is homogeneous and isotropic. This assumption is usually dubbed
the Cosmological Principle, and as of today we are very confident that the
Universe resembles highly homogeneous and isotropic [12, 13, 36, 37, 38], at
least at large scales L 2 100 Mpc. In addition, since Hubble’s discovery, fur-
ther evidence for the expansion of the Universe has been accumulated [39].
Through the study of type la supernovae two groups demonstrated [40, 41]
that our Universe is currently undergoing a period of accelerated expansion.
The driver of this accelerated expansion is the so-called dark energy, and
as far as we know [13, 39], it highly resembles a cosmological constant A in
FEinstein equations.

The Big Bang theory, namely, the assumption of an homogeneous and
isotropic Universe governed by the General Relativity theory, leads to a
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very economical and predictive (and so far confirmed, see Sections below)
backward evolution of the state of the Universe from now up to only a few
milli-seconds from the beginning of the Universe. Dark matter plays an
essential role in the evolution of the Universe as we understand it today. In
order to comprehend such a role, the basic ingredients for describing our
Universe are introduced in what follows.

The starting point of the Bing Bang theory is the assumption of an homo-
geneous and isotropic Universe. The space-time metric (g, ) that respects
rotation and translation invariance, is the Friedmann-Lemaitre-Robertson-
Walker (FLRW) metric, which in comoving coordinates reads

2

1—kr?

ds* = g, datds” = —dt* + a(t)® < + 7"2d§22> , (1.1)
where a(t) is the scale factor and k is +1, 0 or —1 for open, flat or closed
space-times. From this expression one easily reads off the physical interpre-
tation of the scale factor; assuming £ = 0 for simplicity, a region of space
of size d = dy at t = ty expands to a region of size d; = dga(ty)/a(ty) at
t = t;. The expansion of the space-time leads to a shift in the frequencies
of photons emitted and received at different times. This shift is dubbed
redshift (z) since the Universe is expanding, and therefore photons emitted
from distant galaxies are received with less energy than their emitted one.
It can be expressed in terms of the scale factor as:

4oz 2o G0 (1.2)

)‘emit a

where ay = a(today). Therefore Equation 1.2 provides a relationship be-
tween the scale factor, and the redshift of photons emitted at a given time.

In order to study the evolution of the scale factor, we shall employ
Einstein equations that govern the dynamics of space-time

G, =8rGT,,, (1.3)

where G' is Newton’s constant, T}, is the total energy-momentum tensor,
and G, is the Einstein tensor; that is related to the Ricci tensor and scalar

as G = Ry — 39 R .

Einstein equations connect the evolution of the metric to that of the
matter via the energy-momentum tensor and vice-versa. Therefore, in order

!The Ricci tensor is related to the Levi-Civita connection as R, = 0a1'%,, — 0,1 %4, +
Fam,l“ﬂag — F“gyFﬁw. For the Einstein-Hilbert action, the affine connection is given
in terms of the metric as I'7,, = %g‘m (Ougva + Ovgua — Oaguy). The Ricci scalar is
defined as R = R, g"".
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to study the time evolution of the scale factor, the stress energy tensor that
sources the Einstein tensor should be specified. Under the assumption of
homogeneity and isotropy, the stress energy-momentum tensor for matter
takes the perfect fluid form?

T." =pg.” + (p+p)UU" = diag (—p,p,p,p) , (1.4)

where U* is the four-velocity of the fluid, p represents its energy density,
and p is the pressure.

The requirement of energy-momentum conservation V, 7%, = 9,T", +

r«,,re, —17,,T', = 0 leads to the continuity equation
dp a
— +3- =0 1.5
o T3 (p+p) =0, (1.5)

where @ = da/dt. This equation, when particularized to a time independent
equation of state w = p/p, allows one to directly integrate it. This provides
the evolution of the energy density as a function of the scale factor

2(@) = plao) (a) —3(14w) '

Qg

(1.6)

Cases of special interest are: non-relativistic matter with w,, = 0, p,,, < a3,

radiation with wyag = 1/3, praq X a~*, and vacuum energy with wy, = —1,
pn = cons. This equation, for radiation, can be recast in terms of the
temperature of the radiation fluid. Since for a gas of massless particles p., o
T*, a very simple relationship between the scale factor and the temperature
of the Universe can be established

T:To(lg/a, (17)

where todays temperature is obtained from the CMB intensity spectrum
to be Tp = 2.7255 4+ 0.0006 K [43]. From Equation 1.7 we notice that the
hotter the Universe, the smaller and the younger it was. Additionally, we
notice that it is equivalent to use time, scale factor, temperature or redshift
in order to identify a given epoch of the Universe.

Finally, evaluating Einstein equations for the FLRW metric® together
with the energy-momentum tensor for a perfect fluid results in the Fried-
mann equations

a2 8rG k

ot 1.
3 5 P (1.8a)
a A7

Zo__ . 1.8b
- 3 (p+3p) (1.8b)

2Note that an imperfect fluid with bulk viscosity will also satisfy the symmetry require-
ments [42].

3For the flat FLRW metric, the only non-vanishing components of the connection are
ng = 6ij d(l, FBJ = (5; a/a
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Concerning the Friedmann equations above two comments are in order:
i) the acceleration equation for @(t) 1.8b implies that, since our Universe
today is expanding (a(0) > 0), then provided that in the past the weak
energy condition is not violated (that is p+3p > 0), at some point the scale
factor becomes a — 0 which corresponds to the Big Bang singularity (pre-
sumably at ¢ = 0). And ) Equations 1.5, 1.8a, 1.8b are not independent.
Only a combination of two of them is. This is a consequence of the Bianchi
identities. Thus, in practice, only Equations 1.5 and 1.8a are used.

The first Friedmann equation permits the introduction of the Hubble
parameter, H = a/a, which represents the expansion rate of the Universe.
This means that the time scale of the Universe’s expansion is t ~ H~!. The
Hubble constant H enters precisely the velocity-distance relation found by
Hubble v = cHyd. It is customary to express the Hubble constant as

Hy =100 hkm/s/Mpc, (1.9)

where h is the reduced Hubble constant and typically is h ~ 0.67 [13]. Using
Equation 1.8a one can define the critical density p., so that a Universe with
such an energy density is flat:

 3H?
T 8rG

Pe (1.10)
The dimensionless ratio of the energy density for a given species compared
to that of the critical density €2 is given by

o=", (1.11)

The critical energy density today is p./h? = 2 x 1072 gem ™3, this means

that the Universe is rather empty, recall that pyater &~ 1 gcm™3.

The introduction of the energy density ratios, together with the evolu-
tion of the different species with the scale factor 1.6, leads to a very compact
expression for the evolution of the Hubble parameter:

N
a
H? = (a) =H} (QA(ao) + Q(ag) a2 + Qulag) a™ + Quaa(ao) a’4)1.12)
where the €); represents the current energy density ratio of any given species.
Assuming a cosmological model described by a cosmological constant and
cold dark matter, ACDM, the latest determination of such parameters
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are [13]
Cosmological Parameters Planck 2015
Expansion Hy=67.3+0.7km/s™!
Non-relativistic Matter €2, = 0.316 £ 0.009, €2,,, = Qpm + 24
Baryons Q, = 0.0492 £ 0.0006
Dark Matter Qpy = 0.265 4 0.004 (1.13)
Dark Energy Qp = 0.684 £ 0.009
Photons Q,=(55+0.2) x107°
Radiation Qad = (9.240.4) x 107°
Curvature Q. = —0.004 £ 0.015

Thus we notice that there is five times more dark matter than ordinary
matter (nuclei). Also note that todays Universe is dominated by dark en-
ergy, which — as previously discussed — is the responsible for the accelerated
expansion of the Universe [40, 41] (see [44] for a review of the observational
probes for cosmic acceleration). So far, all cosmological observations im-
ply that dark energy behaves like a cosmological constant term in Einstein
equations, with a time independent equation of state wy = —1 [13, 39]. It
is worth mentioning that the accuracy of these cosmological parameters is
at the percent level. Figure 1.4 depicts the evolution of the energy density
ratios given the current measured cosmological parameters in ACDM. The
time at which the energy density in matter and radiation becomes equal
is pivotal for structure formation (see Section 1.2.4) and corresponds to a
redshift z., ~ 3300 [13]. Figure 1.5 depicts the energy density encoded in
various species at three key epochs of the Universe.

The Friedmann Equations 1.8 together with the continuity Equation 1.6
provide the necessary ingredients to investigate how the scale factor a(t)
evolves with time depending on the dominant form of matter contributing
to the Universe’s budget. Here we will explicit the solutions for Radiation
Dominated (RD), Matter Dominated (MD) and deSitter (empty Universe)
because our Universe has undergone each of these stages throughout its
history. We realize that a(t) oc t2/31+%) where w is the equation of state
for the dominant source of energy. This result particularized for RD, MD,
and deSitter Universes reads

a(t) < t'?, (RD) (1.14)
a(t) < t*3 (MD) (1.15)
a(t) oc e (de Sitter) (1.16)
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Figure 1.4: Evolution of the fractional energy densities 2; for ACDM. The thickness of
the curves represents the 95% uncertainty from the cosmological parameters 1.13. The
vertical magenta region depicts the matter radiation equality z.q ~ 3300.

Finally, it is convenient to introduce the conformal time

todt’ ada 1
= =/ - 1.17
! /0 a(t") /0 a oH(a)’ (117)
so that d = c7 is the maximum distance that light could have travelled
since the beginning of the Universe. Namely, 7 can also be interpreted

as a comoving horizon, i.e. the maximum distance between two causally
connected points.

1.2.1 Big Bang Nucleosynthesis

When the Universe was only one second old, its temperature was very
high 7'~ 101K ~ MeV and all its components formed a hot dense plasma
(as can be appreciated in Figures 1.4-1.5 the solution of the Friedmann
equations 1.8 renders a hot radiation dominated early Universe). At such
high temperatures, the Universe was so hot that there were no bound nuclei
in the plasma (the binding energies of nuclei are 2.2MeV < B < 8.8 MeV).
Due to the expansion, as the Universe cooled down, the photons and neutri-
nos present in the plasma were eventually not energetic enough to destroy



The Expanding Universe 11

Today CMB decoupling Right after BBN

® Dark Energy @ Dark Matter Baryons @ Photons @ Neutrinos

Figure 1.5: Energy density ratios at three key epochs in the expansion history of the
Universe.

Left: The contemporary Universe, to = 13.8Gyr and T, = 2.725K = 2.4 x 10~ %eV.
Middle: The instant at which the photons decoupled from the electrons in the Universe.
Namely, the CMB decoupling, tcyp =~ 380.000 yr, T, ~ 0.26eV ~ 3000 K and z ~ 1100.
Right: The Universe right after the primordial element abundances formed ¢ ~ 3 min.

the bound nuclei and a certain amount of them remained. One of the main
successes of the Big Bang model is the prediction of the primordial abun-
dances of the light elements, namely Hydrogen (H), Deuterium (D), Helium
(*He, *He) and Lithium (“Li) (the primordial abundances of heavier nuclei
are negligible). The prediction for the light element abundances was car-
ried out already in 1940-1950 by Gamow and collaborators [45] and later
improved in [46]. The prediction of the light element abundances is solely a
function of the baryon-to-photon ratio, namely n = (ng — ng)/n., which is
equivalent to a baryon density Qyh? ~ 3.7 x 107 7. Astrophysical measure-
ments of the primordial abundances, in particular that of Deuterium, imply
0.021 < Qph? < 0.024 at the 95% CL [47]. Figure 1.6 shows the predicted
and observed element abundances as a function of the baryon-to-photon
ratio. We notice the very good agreement between BBN and the CMB
value for ,h?, where n ~ 6 x 1071° as inferred by CMB observations [13].
The only measured abundance that does not agree with the predictions is
Lithium. This is the so-called Lithium problem” [48, 49].

It is worth going a step back in order to stress the importance of BBN in
our understanding of the Universe. Recall that the only assumption of the
Big Bang model was that of cosmological homogeneity and isotropy. When
applied within the framework of General Relativity it leads to a prediction

4The discrepancy between the observed Lithium abundance could be a result of i) a stellar
depletion mechanism or ) new physics. However, at this point in time there is no clear
resolution to the Lithium problem [48, 47]. Nevertheless, the remarkable concordance
between the Deuterium abundance and the CMB expectation, is a non-trivial success.
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Figure 1.6: BBN predictions (bands) and measurements (boxes) of the primordial light
element abundances with respect to H as a function of the baryon-to-photon ratio n and
Qph? (reproduced from [47]). Y corresponds to the “He abundance. The vertical con-
tours represent the induced values for Q,h? from BBN and from CMB observations [13].
The excellent agreement between the BBN predicted abundances and those measured in
stellar systems provides a very powerful check of the cosmological model. In addition,
the agreement between the required Qyh? at both the CMB and BBN epochs increases
the confidence in the standard cosmological model.

for the light element abundances in the present Universe. The extrapolation
of the Universe from ¢y >~ 13.8 Gyr to t ~ 1s is enormous, yet the predicted
abundances from BBN confront very successfully the observed ones in our
local Universe [47]. Therefore, BBN represents a solid validation of the
assumptions and framework of the Big Bang theory.

The implications of BBN for dark matter existence are evident. Since the
measured primordial abundances of the light elements imply 0.021 < Q,h? <
0.024 at 95% CL [47], while the total amount of matter is €, ~ 0.3 [17]
or equivalently Q,,h% ~ 0.14, there should be about five times more dark
matter than ordinary matter. Additionally, the success of BBN implies that
dark matter should be non-baryonic.
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1.2.2 Inflation

The achievement of BBN demonstrates that the Big Bang model pro-
vides successful extrapolation of the state of the Universe up to when it
was only 10725 old. Yet, the Big Bang model — although proven extremely
powerful — cannot address a couple of questions on its own: ¢) why is the
Universe homogeneous and isotropic? This is the starting point hypothe-
sis of the model. ) Why is the Universe so flat? The CMB shows that
|2%| < 0.008 [13] while from the Friedmann equations 1.8 we expect the cur-
vature term to be dominant at late times. #7) Why is the CMB isotropic?
When evaluating the comoving horizon 1.17, one notices that assuming a
radiation dominated early Universe only regions of the CMB with 6 < 1°
should have been in thermal contact, making very difficult to explain the
highly isotropic CMB observations [12].

These questions are elegantly addressed if the Universe had undergone
a period of accelerated expansion at very early times ¢t ~ 1073*s. This
accelerated expansion of the Universe is known as Inflation [50, 51, 52]. In-
dependently of the initial conditions of the Universe; namely, even with a
considerably inhomogeneous or anisotropic initial Universe, if the primeval
Universe expanded exponentially eV, with N = 50 — 60, then the Uni-
verse after such accelerated expansion will be extremely flat and smooth.
Physically, it is easy to understand that this will be the case. If a very
small region of the Universe exponentially inflates that would smooth any
originally present spatial curvature or inhomogeneity on it. Clearly, the
comoving horizon will be expanded by eV and therefore the entire CMB
observation will correspond to a single region of space that was originally
in thermal contact, explaining its isotropy.

The inflationary stage of the Universe is usually driven by a scalar field.
The Inflationary paradigm, in addition to provide an answer to the unad-
dressed questions of the Big Bang model, provides the seed for primordial
inhomogeneities in the smooth Universe. These seeds correspond to the
quantum fluctuations of the scalar field that drives the accelerated expan-
sion period [53]. Inflation predicts an almost scale invariant primordial
spectrum of cosmological perturbations. A cosmological density perturba-
tion is defined as

5(z) = 2D o). (1.18)

where (p) is the mean density. Since the Universe is homogeneous and
isotropic, it is customary to work in terms of quantities in Fourier space:
§(k) represents the Fourier transform of 6(%). The mean of a cosmological
perturbation vanishes, i.e. (8(k)) = 0 due to isotropy and homogeneity.
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But the variance is non-vanishing and given by

— —

(6(k)6(K) ) = (2m)? 6°(k — k') P(k), (1.19)

where P(k) is the power spectrum, which is usually parametrized as a power
law P(k) oc k"=~%. The inflationary prediction [53] is that ng ~ 1. This is
the so-called Harrison-Zeldovich scale invariant spectrum (the delta function
requires [P] = [k]3 and therefore if n, = 1, the spectrum is scale invariant).

The ACDM cosmology assumes a primordial power spectrum of cosmo-
logical perturbations with P(k) = (27)? A,k"~*. In practice A, and n, are
treated as unknown cosmological parameters and their latest determination
is ny = 0.965340.0048 and A, = (2.13£0.05) x 1079 [13]. The fact that n,
is slightly below 1 is also a prediction of Inflation [53] and it is understood
as a feature of the end of Inflation. In addition to the previously discussed
predictions, Inflation leads to a cosmological relic of gravitational waves
whose effect in the CMB polarization spectra can potentially be measured
by next generation of CMB experiments [54].

1.2.3 The Cosmic Microwave Background

When the Universe was 380.000 years old, and its temperature ~3000
K, the photons became cold enough to permit the electrons in the Universe
to combine with the nuclei to form atoms. This process is known as re-
combination. As soon as the electrons and present nuclei formed neutral
atoms, the photons — that were more numerous than the electrons by a
factor ~ 1.7 x 10° — suddenly decoupled from the matter and were able to
travel freely. Such a flash of light is the Cosmic Microwave Background. At
that point in time the Universe became visible.

The CMB was discovered in 1965 by Penzias and Wilson [55], and
was immediately understood as a clear consequence of the expanding Uni-
verse [56]. The CMB consists of a very isotropic background of electro-
magnetic radiation with a temperature Ty = 2.7255 £ 0.0006 K [43]. The
frequency spectrum of this radiation has been measured with very high pre-
cision by the FIRAS detector at the COBE satellite [57] and resembles that
of a black body to an astonishing degree of accuracy (see Figure 1.7).

In addition to the frequency spectrum, the angular fluctuations of the
CMB have been measured to a very high degree of accuracy by the Planck
satellite [12]. Such angular anisotropies are at the level of 1075 and 1076 for
temperature and polarization respectively. These angular fluctuations are
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Figure 1.7: Measurements of the CMB frequency spectrum by the FIRAS detector at
the COBE satellite [57] and comparison with the black body spectrum with Toyp =
2.7255 K = 0.2349meV = 11.91cm™!. The agreement between the measurements and
the black body spectrum is remarkable.

usually described in a spherical harmonic basis Y,,:

T0,0) =Y S amYom(0,0). (1.20)

 m=—{

The angular scales anisotropies are related to the multipole ¢ by 6 ~ 7 /¢.
The monopole term (¢ = 0) corresponds to the measured CMB temperature,
To. And the dipole term (¢ = 1) is interpreted as the Doppler boosting of the
monopole term by the Solar system peculiar motion. For ¢ > 2, the mean
of the amplitudes vanish (ag,) = 0 (due to the homogeneity and isotropy of
the Universe). Therefore, CMB observations are presented in terms of the
variance (two-point correlation function) of the angular fluctuations:

1 = )
C, = T m;z|agm| . (1.21)
The anisotropies of the CMB are associated with inhomogeneities in the
density perturbations of the photon fluid at the time of CMB decoupling,
46T /T ~ 6p,/py. Furthermore, the anisotropies of a given multipole are
related to a density perturbation at a comoving scale of k ~ ¢/7 (where 7
is the comoving horizon 1.17), so that the lowest multipoles are associated
with the largest scales in the Universe. To be more precise: a tempera-
ture fluctuation in the CMB is a result of the line of sight integration of
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the projection onto a 2D sphere of the photon temperature perturbations
from the time of decoupling until today. Therefore, the temperature and
polarization CMB spectra carry information of the Universe at the CMB
decoupling and from its subsequent evolution due to this integrated effect.
In particular, the CMB photons are affected by the gravitational potential
and by the electron ionization fraction along the line of sight. At z ~ 1100
the electrons and nuclei formed atoms, but as structures started to form at
z < 20, the baryonic matter in them began to collapse and to form stars
so that electrons became eventually free again. Observations show that by
redshift z ~ 6 the Universe should be fully reionized [58].

The most precise CMB observations have been obtained by the Planck
satellite [12]. Figure 1.8 shows their measurements of the CMB angular
temperature power spectrum. All these features have a physical interpreta-
tion. In particular, the very low multipoles are a result of the Sachs-Wolfe
effect. They are due to the gravitational redshifting of photons from the
primordial density fluctuations, and due to the gravitational effect of the
matter distribution along the line of sight (integrated Sachs-Wolfe effect).
The oscillatory peak structure is due to the harmonic nature of the coupled
photon-baryon system of density fluctuations in the early Universe. Finally,
the decrease of power at high multipoles is called Silk damping, and it is a
result of the erase of small scale fluctuations due to Thompson scattering
between the photons and electrons at the time of decoupling. The reader is
referred to [59] for a careful description of the various effects and the impact
of the cosmological parameters on the CMB spectra. And to the Boltzmann
codes CLASS [60] and CAMB [61] for fast numerical evaluation of the CMB
temperature and polarization spectra for various cosmological scenarios.

The exquisite CMB observations by the WMAP [10, 11] and Planck [12,
13] satellites have initiated the precision era in cosmology. The tempera-
ture and polarization spectra are so well measured that uncertainties on the
cosmological parameters are set at the per-cent level. The CMB plays a
fundamental role for the understanding of dark matter. First, with out the
presence of dark matter it would be impossible to explain its features [12],
thus confirming its existence. Second, it provides the most precise deter-
mination of the cosmological abundance of dark matter [13]. And third,
it is extensively used to probe the non-gravitational nature of dark matter
(see for instance Chapter 4, the Planck 2015 analysis [13], or the scientific
publications [1, 2] presented in their full form in Part II of this thesis).
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Figure 1.8: The angular CMB temperature power spectrum as measured by the Planck
satellite [12, 13] (blue). The solid curve represents the best fit model. The accuracy of
these measurements is unprecedented. Their interpretation provides the deepest under-
standing of the Universe to date.

1.2.4 Large Scale Structure

The fact that observations of the local Universe precisely match the
CMB predictions makes the ACDM cosmological model extremely com-
pelling. And in particular, makes the dark matter existence indisputable.
Therefore, it is in order to briefly review what is the basic picture of struc-
ture formation, what are the main local cosmological probes, and what is
their role in our understanding of the cosmological model.

Dark matter perturbations in the Universe are able to grow when the
pressure of the Universe is small enough. This occurs after the matter-
radiation equality z., ~ 3300 (t., ~ 10*yr, see Figure 1.4). After matter-
radiation equality matter perturbations grow linearly with the scale fac-
tor [30, 62]. However, baryonic perturbations are strongly coupled with
photons until the CMB decoupling, and therefore only start growing by z ~
1100. Thus, in order to explain the very small CMB angular anisotropies [31,
10, 12] the dark matter should be the seeder of the potential wells for the
galaxies and clusters of galaxies that we observe today. In particular, the
CMB observations imply that dppr/ppyr ~ 1072 — 107* at the time of
CMB decoupling. Accordingly, by redshift z ~ 20 the cosmological pertur-
bations become non-linear (that is, decoupled from the universal expansion,



18 Chapter 1. An Introduction to Dark Matter

collapsed and reach a dynamical state near virial equilibrium [63, 64]), and
hence Large Scale Structures (LSS) began to form. For excellent treatments
of linear cosmological perturbations see [65, 66] and for reviews on the role
of dark matter in the LSS see [28, 67].

e Baryon Acoustic Oscillations

The electro-gravitational baryon-photon-gravity system leads to har-
monic features in the photon and baryon density perturbations. These
interactions lead to observational consequences in both the CMB aniso-
tropies and in the distribution of galaxies in the local Universe. Par-
ticularly, the first peak of the CMB spectrum located at 6 ~ 0.8°
corresponds to an enhancement of the two-point correlation function
of galaxies at L ~ 150 Mpc [62, 68]. This is the so-called BAO peak.
The combination of CMB and BAO measurements provides further ev-
idence for the ACDM model and reduces the uncertainties on various
cosmological parameters. Currently BAOs are measured at redshifts
z < 1[68], see e.g. Refs. [36, 37, 38] for current data analysis and
Refs. [69, 70] for future prospects.

e Weak Lensing

The gravitational potential induced by the LSS of the Universe leads
to small but observable magnifications and deformations of galaxy
images [15]. The latest weak lensing measurements have been ob-
tained by the Dark Energy Survey (DES) [71] with an accuracy on
the growth of linear cosmological perturbations comparable to those
reported by Planck CMB observations [12]. These two probes show an
excellent agreement, therefore confirming the standard cosmological
model ACDM and constraining several of its extensions.

e The Lyman-«a forest

The Lyman-« forest is an absorption phenomenon seen in the spectra
of high redshift quasi stellar objects. The presence of the forest in the
spectra is due to absorption from the ionized intergalactic medium,
where most of the baryonic matter is stored. There are various as-
trophysical and cosmological implications of the Lyman-a forest [72].
In particular, it provides a very precise test of the dark matter sub-
structure. CDM is expected to have plenty of substructure at small
scales [73, 74]. The Lyman-a measurements [75, 76] are consistent
with CDM substructure and therefore set very stringent constraints
on dark matter particles that may suppress such rich substructure, as
it could happen in the case of sterile neutrino dark matter [77, 78] or
ultra light dark matter [79, 80].
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1.3 Beyond the CDM scenario

The success of ACDM by describing all present astrophysical and cosmo-
logical observations at scales L 2 1 Mpc is outstanding. In order to contrast
cosmological measurements of the cosmic, cluster, galactic and sub-galactic
observations with the predictions of the cosmological model it is necessary
to rely on very powerful cosmological simulations. As soon as perturba-
tions become non-linear, i.e. when 4 (k/2m)3P(k) > 1 (see Equation 1.19)
which corresponds to & > 0.12hMpc™! in ACDM, the perturbations de-
couple from the Universe’s expansion and collapse. This non-linear pro-
cess, although highly complicated, can be analytically investigated [63, 64].
However, a reliable comparison between observational data to theoretical
predictions demands for high resolution cosmological simulations. The his-
torical and current role of N-body and hydrodynamical simulations in our
understanding of structure formation is impressive [28]. Particularly, N-
body simulations have shown that structures form hierarchically through
mergers of objects with a very wide range of mass, that the spherically av-
eraged density profile of halos has an approximately universal form given
by the NFW profile pyrw (r) = ps/[(r/rs)(1 + (r/75)?)] [73, 74], and also

that halo shapes are generically triaxial.

However, despite these successes, there are several discrepancies at galac-
tic and sub-galactic scales that the cold dark matter paradigm faces [81, 82,
83]. Namely, the missing satellites problem. This is related to the fact that
the number of observed Milky Way dwarf satellites ~ 50 [84] is well be-
low the expected number of CDM subhalos found in numerical simulations
~ 1000 [85, 86]. Another problem is the core v.s. cusp problem. Namely,
that the observed cores of many dark matter dominated galaxies are both
less dense and less cuspy than naively predicted in ACDM [87, 88]. Fi-
nally, there is the too-big-to-fail problem, i.e. the central densities of CDM
simulated dwarfs are higher than the central densities observed in the real
galaxies [89] (and hence, too-big-to-fail in forming stars).

There are two possible avenues for resolving these problems. First, it
may be the case that numerical CDM simulations do not account for all
relevant baryonic effects (stellar cooling, supernova feedback ...) and that
may be spoiling observations versus predictions [81, 82, 83, 67]. Or sec-
ond, these problems may be a consequence of the non-cold nature of dark
matter. From the theoretical particle physics perspective, there are vari-
ous candidates that could potentially account for these discrepancies [90].
Examples are warm dark matter models with ~keV masses [91, 92], dark
matter interacting with light SM particles like photons or neutrinos [93, 94],
hidden sector particles [95, 96], and dark matter particles with potential



20 Chapter 1. An Introduction to Dark Matter

self-interactions [97, 98, 99]. It is worth pointing out that several of these
models suffer stringent constraints from the Lyman-a forest [100, 77, 78|.

It is unclear whether these problems are due to the a non-cold behaviour
of the dark matter particle or to baryonic effects not fully accounted for in
the cosmological simulations [81]. However, from the observational per-
spective, future galaxy surveys — particularly LSST [101] — are expected
to discover new faint, distant dwarf galaxies. The determination of their
number and masses may provide the solution to the small scale crisis within
the ACDM paradigm.

The small scale problems are of special interest for both the particle and
cosmology communities since may represent the bridge between the exten-
sions of both the Standard Model of particle physics and that of cosmology.

1.4 Dark Matter Properties

The astrophysical and cosmological evidence for dark matter is strik-
ing (as discussed in the previous sections). However, even though only the
gravitational effects of dark matter have been observed, there are several
constraints on the nature of the dark matter based on a multitude of obser-
vations. In what follows we detail the broad main ingredients that a dark
matter candidate should posses in order to be consistent with all the current
observational data.

1. Dark matter should be non-baryonic.

The possibility of dark matter being formed by MACHOS [102] like
Jupiter-like planets or stellar objects with masses below M, was ruled
out by microlensing observations [103, 104]. Furthermore, compact
objects made out of baryons should contribute to €,h? both at the
BBN and CMB epochs and that is strongly ruled out by observa-
tions, since Q,h? = 0.02225 £ 0.00016 while the total matter density
is Q,,h? = 0.142 4 0.002 [12].

2. CDM-like cosmological perturbations at scales L 2 1 Mpc.

The outstanding success of cold dark matter in explaining the large
and intermediate scale observations of the Universe places severe con-
straints on dark matter candidates that do not behave as cold dark
matter at scales L = 1Mpec. This is a result of CMB observa-
tions [13] (50Mpc < L < 10*Mpc), supplemented by BAO mea-
surements [68, 36, 37, 38] (30 Mpc < L < 200 Mpc), and results from
the Lyman-« forest [75, 76, 77, 78] (1 Mpc < L < 20 Mpc).
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3. Dark matter should be collision-less.

In order to explain the measurements of colliding clusters like the
Bullet cluster [26] (see Figure 1.2) or the ellipsoidal form of halos
required by spiral galaxy rotation measurements [105], dark matter
self interactions [98] must be somewhat small o/m < 1cem?/g ~ 2 x
10724 cm?/GeV = 2barn/GeV [105, 106, 107, 108, 109].

4. Dark matter should be weakly interacting with SM particles.

Dark matter particles with electric charge [110] are ruled out for a
variety of reasons [111]. Were the dark matter to be milli-charged
(¢ = ee, where € < 1) the former constraints would be relaxed but still
strong [112, 113]. Additionally, if dark matter is neutral, constraints
on its electric and magnetic dipole moments still apply [114].

Strongly interacting (with nuclei) dark matter particles [115] are ruled
out since they would lead to an abnormal Earth heating rate as they
would greatly exceed the measured heat flow of the Earth [116].

The dark matter-neutrino interactions are considerably less constrained
due to the elusive nature of neutrinos. Cosmological and astrophysical
implications of dark matter-neutrino interactions have been studied in
detail [1, 9, 117, 118, 119, 120] but these constraints are extensively
less severe than for charged or strongly interacting dark matter par-
ticles.

5. The dark matter should be long lived.

In order to account for the astrophysical observations of non-luminous
matter in the Universe, the dark matter lifetime should be at least
larger than the age of the Universe, ¢, = 13.8 Gyr [13]. Depending on
the decay channel and on its mass, its lifetime may be considerably
higher [121].

To conclude, it is worth noticing that the requirement number 2 above
precludes the possibility of the dark matter being composed primarily out
of neutrinos. Neutrinos are hot relics and significantly reduce the dark
matter substructures at rather large scales [122]. Were the dark matter
to be an elementary particle, since the rest of the SM particles are either
charged or short lived, the SM should be extended.
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1.5 The Theory Landscape

There is a vast number of dark matter candidates in the literature. Many
are theoretically well motivated candidates that satisfy the required prop-
erties listed above. The majority of these dark matter candidates are fun-
damental particles that are a product of, or come naturally with, a solution
to one or several missing pieces of the Standard Model of particle physics:
the hierarchy problem, the strong charge-parity (CP) problem, the neu-
trino masses, or the baryon asymmetry of the Universe. To date, the two
most studied and leading dark matter candidates are WIMPs and axions.
Additionally, considerable attention and interest has been given to other
candidates as sterile neutrinos, asymmetric dark matter, and to primordial
black holes. This list of candidates is far from being complete but certainly
reflects the most popular ones. The reader is referred to [123, 124, 125] for
other dark matter candidates that do not fall within these categories.

1.5.1 WIMPs

Weakly Interacting Massive Particles in the MeV-TeV mass range with
interactions that are mediated by the exchange of electroweak-scale parti-
cles can be produced in the early Universe precisely in the right amount to
account for the current dark matter abundance [126, 127, 128, 129]. This is
the so-called WIMP miracle (see Section 3.2.1). This consideration, together
with the theoretical arguments favouring the presence of new physics at the
electroweak scale, has motivated the WIMP to be the leading dark matter
candidate. In particular, Supersymmetry (SUSY) [130], which potentially
addresses the electroweak hierarchy problem and enables gauge coupling
unification, provides a natural candidate: the neutralino [131, 132, 133, 134].
However, note that WIMPs have been studied within the SUSY framework
and also in other theoretical schemes. WIMPs are thermally produced in
the early Universe by a freeze-out of their annihilations with light particles
in the plasma. Given their production mechanism, three main WIMP detec-
tion avenues are therefore possible: 7) direct detection; namely, the search
for nuclear recoils from dark matter scatterings with nuclei at laboratory
experiments, i) indirect detection; i.e. the search for the WIMP annihi-
lation products in the recent and contemporary Universe, and i) collider
searches; specifically via searches for particle collisions with missing energy.
To date, no confirmed signal has been claimed by any experiment targeting
WIMP dark matter [135, 136, 137, 13, 138, 139, 140]. These null searches
are translated to non trivial constraints on very well motivated WIMP can-
didates (see Chapter 4 for further details). Huge experimental efforts are
devoted to the search of WIMP dark matter particles, with current and near
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future experimental sensitivities capable of testing a wide variety of WIMP
dark matter candidates [141, 142, 143, 54, 144, 145]. These efforts will ei-
ther confirm the existence of WIMP dark matter particles or substantially
disfavour the WIMP hypothesis in favour of other candidates. Therefore,
the following decade will be of special interest for WIMP dark matter.

1.5.2 Axions

The Peccei-Quinn mechanism is the most compelling and elegant solu-
tion to the strong CP problem of the SM [146]. The axion is the particle
predicted in such mechanism [147, 148]. Yet, the axion mass is not predicted
by the Peccei-Quinn mechanism itself, but depends upon the energy scale
at which the mechanism is realized. It has been shown that axions with
masses in the range 1 — 100 peV could account for the dark matter of the
Universe through the misalignment mechanism [149, 150, 151]. Essentially,
dark matter axions will be produced in the early Universe as a result of co-
herent oscillations of the axion field that would result in bosonic condensates
of zero momentum, and thus will behave as CDM. The couplings between
dark matter axions and the rest of SM particles are model dependent but
generically very small, so that, such axions go by the name of “invisible
axions”. The two benchmark realizations of the Peccei-Quinn mechanism
at high energy scales are the KSVZ [152, 153] and DFSZ [154, 155] models.
The most promising technique for detecting dark matter axions is through
resonant axion production at electromagnetic cavities [156]. The ADMX
collaboration [157] has been the first to test the KSVZ and DFSZ expec-
tations ruling out axions with masses m, = 2.65 — 2.8 ueV. Experimental
efforts for testing the axion dark matter hypothesis are under way and most
of the parameter space of interest for axion dark matter is expected to be
tested in the near future [157, 158]. For more details about the cosmological
and particle physics implications of the axion we refer the reader to [126]
and [159], and for recent developments to [160, 161].

1.5.3 Sterile Neutrinos

Neutrino masses are an obvious missing piece of the SM of particle
physics. The most economical way of accounting for them is through the
introduction of sterile neutrinos (see Chapter 2). Sterile neutrinos with
masses of the order of the keV have been shown [162] to be a plausible dark
matter candidate (see [163] for a thorough review on the subject). The
sterile neutrino dark matter hypothesis is particularly appealing for a va-
riety of reasons: i) such dark matter particles can naturally be produced
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in the early Universe via oscillations with light active neutrinos [162], i)
as warm dark matter candidates, sterile neutrinos could provide a solution
to the small-scale structure problems present in the CDM paradigm [91]
(see Section 1.3), and i) an X-ray signal at 3.5keV as observed by Chan-
dra [164, 165] could potentially be attributed to a sterile neutrino radiative
decay. However, this scenario — although theoretically appealing [166] — to
date is under strong pressure since a combination of cosmological observa-
tions together with other X-ray searches have ruled out most of the relevant
parameter space region of masses and mixings attributed to sterile neutrinos
as dark matter [77, 78, 167].

1.5.4 Asymmetric dark matter

The very small measured baryon-to-photon ratio in the Universe points
towards a tiny asymmetry (~ 107°) in the early Universe between particles
and antiparticles. The motivation behind asymmetric dark matter [168] is
the observation that the ordinary and dark matter abundances are com-
parable, Qpy ~ 5 x €. The idea is that the mechanism that produces
such asymmetry is common for both the baryons and the dark matter par-
ticles [169]. Asymmetric dark matter particles do not annihilate in the
contemporary Universe, but can still be probed by a variety of searches
and techniques. We refer the reader to [170] for a review of models and
constraints.

1.5.5 Primordial Black Holes

Primordial black holes (PBHs) heavier than 107 M have lifetimes
larger than the age of the Universe, and therefore serve as possible dark
matter candidates [171, 172]. Since they are of primordial origin, the BBN
constraints on the baryonic content of the Universe do not apply and there-
fore PBHs should be regarded as non-baryonic dark matter. The LIGO-
Virgo collaboration has detected gravitational waves from binary black hole
mergers of O(10) M, [173, 174, 175, 176, 177]. The work of Ref. [178] raised
the interesting possibility of whether these black holes may be of primor-
dial origin and represent the dark matter of the Universe. A variety of
constraints on PBHs as dark matter can be applied (microlensing, CMB
heating, stellar disruption among others). These constraints altogether rule
out PBHs being 100% of the dark matter if they have a single common
mass [172]. However, extended primordial black hole mass distributions
are still allowed by data [179]. Based on LIGO observations, the physics
case for primordial black holes appears to be promising. On the down side,
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the generation mechanism of primordial black holes of O(10)M is con-
siderably contrived since it requires an extremely fine tuned inflationary
potential [180]. LIGO has just opened the era of gravitational wave astron-
omy. Many more gravitational wave events are foreseen [181]. Upcoming
observations, together with theoretical studies are likely to settle the case
for PBHs as dark matter in the near future.






Chapter 2

The Standard Model and
Neutrino Masses in a Nutshell

The Standard Model [182, 183, 184, 185, 186, 187, 188, 189, 190, 191, 192]
is the gauge theory that describes the strong, and electroweak interactions
of all known elementary particles. In what follows the main ingredients of
the SM are briefly described. The reader is referred to [193, 194, 195] for a
book and reviews on the subject.

2.1 Gauge symmetry and particle content

The symmetry group upon which the SM is based on is:
SU(B)C X SU(2)L X U(l)y .

Correspondingly, upon enforcing local gauge invariance of the Lagrangian
under this symmetry, the generators of such group represent the spin-1 force
carriers that mediate the strong and electroweak interactions: 8 massless
gluon fields G correspond to SU(3)¢, and 1 massless photon v and the
massive W* and Z bosons correspond to SU(2); x U(1)y. In addition
to such gauge force carriers, the SM contains several fermionic particles:
three families of leptons and three families of quarks, together with a scalar
field ¢. The precise quantum numbers of all these fields are summarized in
table 2.1.

The covariant derivative that renders a gauge invariant Lagrangian is

Aa . .
D,=09,— igSEGZ —igT WS —ig' By, (2.1)

27
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SUGle SU@)L Uy

L= (er,vp)” 1 2 -1/2
€Rr 1 1 —1

Q= (ug,dr)” 3 2 +1/6

uR 3 1 +2/3

dp 3 1 —1/3

& 1 2 +1/2

Table 2.1: The Standard Model particle content for one family of quarks and leptons,
together with the Higgs doublet, and their associated quantum numbers.

where gs, g, ¢, are the coupling constants for SU(3)¢, SU(2)r, U(1)y re-
spectively; G}, Wy, By, represent the gauge fields of each group, and A, are
the generators of SU(3) and are represented by the Gell-Mann matrices.
Similarly, 7, = 0,/2 are the generators of SU(2) where o, are the Pauli ma-
trices. In the SM, SU(2)y, is called weak-isospin and its conserved charges
are T,, where a = 1,2,3. Use of the covariant derivative yields the SM
kinetic terms for the fermions

*Ckim fermions — ZZ da’wD;ﬂﬁa ) (22)

where the sum is over all the fermionic fields in Table 2.1. The kinetic gauge
interactions read

1 a v 1 a v 1 v
Ekin, gauge — _ZG/U/GZ - ZVVMVW(;L - ZBMVBM ) (23)

where the field strength tensors are given by:

G, = 0,Gy — 0,G + g GGy, (2.4)
We, = 0WS = 0,Wi+ g™ WIWy, (2.5)
B,, =0,B, —0,B,, (2.6)

where ¢ and €* are the SU(3) and SU(2) structure constants respectively
([A(U Ab] = ifabCAc and [Ta, Tb] = ieabcTC)_

2.2 The Higgs mass generation mechanism

A direct mass term for the massive gauge bosons W*, Z will be mani-
festly not gauge invariant (W*W,) and the same occurs with the fermions.
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However, the Spontaneous Symmetry Breaking (SSB) of the SM gauge sym-
metry triggered by a scalar field accounts for all the masses in a gauge in-
variant manner. This is the so-called Higgs mechanism [185, 186, 187, 188,
189, 190]. In the SM, the responsible field for SSB is the Higgs doublet
&= (¢F, ¢)T (see Table 2.1 for its corresponding quantum numbers). The
most general renormalizable Lagrangian for the Higgs doublet reads

»CHiggs = (DMQS)TDMQb + M2(¢T¢) - A(¢T¢)2 ’ (27)
where p2 > 0.

Imposing the vacuum condition for the potential oV/9¢|4_,, 5 = 0,

leads to the following relationship: v = /u?/\, where v is the vacuum
expectation value of the scalar field ¢. And it is measured to be v =
246 GeV [47]. As a consequence of v # 0, out of the original SU(2), xU(1)y
electroweak symmetries of the Lagrangian in 2.7, only a U(1) symmetry is
respected by the vacuum. This allows one to write the Higgs doublet as

v+ H(z) 6%(z) aal 0 | (2.8)

¢=ﬁexp[2 o 2|

where a = 1,2, 3, and 0%(z) and H(z) represent the 4 degrees of freedom in
the Higgs doublet. On one hand, the excitations of the H field correspond to
the physical CP-even scalar Higgs boson with mass my = 125 GeV [196, 197,
198]. While on the other hand, 8*(z) are the would-be Goldstone bosons.
However, they can be rotated away by a suitable gauge transformation so
that 6%(x) = 0 (this is the so-called Unitary gauge). With such a choice,
the kinetic term of the Higgs field reads

2

- g
WirwH —7*7 ] (2.9
H + 8 cos? Oy “) 2.9)

7

(D,¢) D"¢ — ;GMHO“H + (v+ H)? ( 0

Where the W= and Z fields are related to the interaction diagonal SU(2), x
U(1)y ones as

1 )
W+ = 7 (WY FiWh (2.10)
Z+ cosfy —sinf wi
= v v , (2.11)
AW sinfy,  cos Oy BH

where tan 6y = ¢'/g, Oy is the Weinberg angle, and A, is the photon field.
Therefore, after SSB the physical gauge bosons masses are
W g

ma=0, mgz=—— = (2.12)
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And thus, the photon is kept massless while the Z and W# gauge bosons
get their masses from the SSB triggered by the Higgs field. The resulting
symmetry breaking pattern is therefore SU(2);, x U(1)y — U(1)em

Finally, as a result of the mixing between the interaction and mass basis
of the gauge bosons, the relationship between the electric charge @), Hyper-
charge Y, and the third component of Isospin T3 becomes

aq’
ViZ+g?’

where e is the electromagnetic coupling constant.

Q=Ts+Y, e= (2.13)

2.3 Fermion masses and mixings

The couplings of the Higgs with the SM fermions are fixed by gauge
invariance. And upon SSB the masses of all fermions (but neutrinos) are
generated. The Yukawa Lagrangian reads

‘CYukawa = _E}/;QR¢ - QYUUR& - QYddR¢ —+ h.c. s (214)

where ¢ = C'¢p = io9¢* is the charge conjugate of ¢, and Y, Y,, Y, are 3 x 3
Yukawa matrices. After SSB, the Lagrangian takes the form

H _
Lyukawa = — (1 + v) (éLMeeR +urMyup + dLMddR> +he, (2.15)

where again M., M,, My are 3 X 3 mass matrices. In order to find the phys-
ical basis for the fermions, one shall diagonalize them. As an example, for
the u case, one can perform a field redefinition so that M, = VJL MPiesy,
for which the massive states are defined as v} = V,,u;, and vy = V,,,ur
Upon diagonalization of the mass matrices, the Higgs interactions will be
diagonal while the charged current interactions read

Lcc = —WT [Z uiy™( VCKMd' + Zﬂw“(l —5)l| + h.c.
1
(2.16)
where V§¥M =V, VJL is the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
Itisa U (3) matrix, and therefore contains 3 real parameters and 6 phases.

Out of them, 5 phases can be removed due to field redefinitions of the form
f — e f. Finally, the neutral current Lagrangian can be written as

Lnc = —eA, S qrfy"f — ¢ 2,5 flvp—apys) £ (217)
! f

2 sin Oy cos Oy
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where f represents each physical fermion, and a; = T. 3{” , Vp = Tg (1 -
4|qys| sin? By), and ¢y is its charge and Ty its isospin. The Standard Model
Lagrangian thus reads

£SM - £kin, gauge + Ekin, fermions T £Higgs + EYukawa . (218)

2.4 The seesaw mechanism

Neutrinos are massless in the SM. However, there is plenty of evidence
that neutrinos oscillate [199] and must therefore be massive (at least two
of them). A naive mass implementation is to simply include right handed
components N into the SM. In this way, the mass generation of the neu-
trinos is given, as for the other fermions, by the Higgs mechanism Y, Lo Ng
rendering massive Dirac neutrinos. However, since the neutrino masses are
m, < 0.2eV [47] with this implementation one then faces the question of
why Y, /Y, ~ 107% or Y, /Y; ~ 107!, Such a huge difference between the
mass of the neutrinos and the rest of the SM fermions seems to be pointing
towards a different mass mechanism that somehow enables m, < my,. The
fact that only the Ng are allowed by the SM gauge symmetries to have a
Majorana mass term, leads to the following Yukawa Lagrangian:

_ 1
Ly, = —Y,LoNg — §MRN,€C‘1NR + h.c. (2.19)

where Mp is the Np Majorana mass matrix, Y, is the neutrino Yukawa
matrix, and C is the charge conjugation matrix, so that ¢, = C¢7 is the
charge conjugate of the v field. After SSB, this Lagrangian leads to the
mass matrix

0
Mz/ = " ) (220)

m% MR

where mp = Y, v/ V2. In the limit mp < Mg, the eigenvalues are ap-
proximately given by m% /Mp and Mz, with approximately corresponding
eigenvectors v, and Ng. This mass generation mechanism for the light ac-
tive neutrinos is known as the seesaw mechanism [200, 201, 202, 203, 204].
The seesaw mechanism therefore associates the lightness of active neutrinos
with the highness of the scale of the sterile neutrinos as compared with
the weak scale. With Y, ~ 1 and m, ~ 1€V the seesaw formula points
to Mp ~ 10'® GeV and thus very close to the Grand Unification scale. It
should be noted that if Y, < 1, as it is the case for the Yukawa couplings of
all fermions but the top quark, the right handed neutrinos could be much
lighter.






Chapter 3

Thermodynamics of the
Expanding Universe

Given the current energy content of the Universe, the evolution of the
Friedmann equations 1.8 leads to a radiation dominated era in the early Uni-
verse. Additionally, since the CMB temperature spectrum resembles that
of a black body to an astonishing degree of accuracy (see Figure 1.7), we
expect that the particles in the early Universe were kept in thermal equilib-
rium. Thus, it is relevant to discuss how the distribution functions of these
particles f; (or equivalently; their number, energy and pressure densities)
evolve with the expansion within the assumption of thermal equilibrium.

3.1 Equilibrium Thermodynamics

The thermal distribution of a particle in a plasma at a temperature
T is given by the well known Fermi-Dirac (FD) and Bose-Einstein (BE)
formulae:

f(E) = [exp (ET_“) + 1}_1 : (3.1)

where + corresponds to Fermions and — to Bosons. E = y/p? +m? is the
energy, p is the momentum, m the mass, and p is the chemical potential
(which controls the change in the number densities of particles). For a
process in thermal equilibrium with ¥y + Y9 + 935 + ... — @1 + o + @3 + ...
the following condition over the chemical potentials holds

Z Hap; = Zﬂqﬁj : (32)

33
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In particular, for particles and antiparticles in thermal equilibrium that can
annihilate into different numbers of neutral particles leads to i, = —p,;. For
photons, since its number is not conserved, p, = 0. Note that the presence
of a non-vanishing chemical potential will point towards a conserved charge
distribution in the plasma. However, the measured charge densities in the
Universe are negligible [205]. Thus, in general, we shall consider p; = 0.

From the distribution functions it is straightforward to define the number
density n, the energy density p, and the pressure p of a given species in terms
of its number of internal degrees of freedom ¢ and its distribution function

f:

n= 2g2 dpp® f(p)

p= 27T2 dp p? \/p +m2f(p
672 Jo VP2 +m2

It is very useful to consider the limiting cases of these expressions for ultra-
relativistic (i.e. "> m) and non-relativistic (that is 7' < m) species:

%/wdEE\/W m? f(E) (3.3a)
2i dE E*VE? — m2f(E) (3.3b)

/.
L [ dB (B =) (E) (3.30)
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T>m T<m
Magnitude Fermions Bosons Fermions or Bosons
m 32 _ m—
n giHT T g (gr) T T gy
p 953 24 gg—;T“ mn
p p/3 p/3 nl' < p
(E) =p/n ~315T ~270T m+ 3T

where £(3) ~ 1.202 and (E) is the mean energy. From these expressions we
clearly notice that, within the thermal equilibrium hypothesis, the relativis-
tic species in the plasma dominate the number density, the energy density,
and the pressure. Equivalently, the number density of non-relativistic par-
ticles in the plasma is exponentially suppressed.

Assuming that all chemical potentials vanish, from Equations 3.3 we
know that Tj—; = p+ p, using the continuity Equation 1.5 and upon use of

the chain rule L = ‘g ddT we arrive to the entropy conservation equation:

d 3p—|—p)_d 3.) _
o (a T ) =% (a s)-O, (3.5)

where s is the entropy density.
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We can define the total energy density p, and the total entropy density
s in terms of the photon temperature 7', and the number of relativistic
degrees of freedom contributing to each g, and g,s:
2 2
s 2m
=g, —T", s = gus——1T°. 3.6
P=9 30 9xS 15 (3.6)
Since both the energy density and the pressure are dominated by relativistic
particles; entropy conservation (3.5) leads to the very important relationship
between the scale factor and the temperature

gxSs (Tl) ] a
9xs(T2)

Connecting the energy density with the expansion of the Universe through
the Friedmann equations leads to a very convenient expression for the Hub-
ble factor and the age of the Universe

8T p T2 o s ( T )2
H= P 166y ~ 4.5x 105 GeVy/ . (3.8
3 mp A % V075 v ) ¢ 38

a da' 1 mpy 10.75 (MeV\?
t= [ —— =~ —0301g" Y22~ 07 3.9
/0 H(d)a'  2H G Vg ( T ) (39

E:ﬂm[

a2

(3.7)

where mp; = 1.22 x 102 GeV is the Planck mass, and the equations have
been normalized to g, = 2+ (24 2+ 3+3) = 10.75, since for temperatures
T ~ 10 MeV only photons, electrons, positrons, neutrinos and antineutrinos
are present in the plasma. We therefore notice that, at a temperature of
T ~ 1MeV the Universe was about 1 second old.

Notice that for stable particles, the thermal equilibrium assumption will
eventually break down since the number density of non-relativistic particles
in equilibrium exponentially decreases with temperature (see Equation 3.4);
thus, the annihilation and scattering processes between these particles and
the plasma will at some point become inefficient. Since the particles that
fill the Universe are stable we shall study such out of equilibrium processes
in depth.
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3.2 Out of Equilibrium

As demonstrated in the previous Section 3.1, the fate of the number den-
sity of massive stable particles kept in thermal equilibrium is to decrease
exponentially for 7" < m. This means that eventually, the scattering and
annihilation rates with the plasma will become inefficient and the assump-
tion of thermal equilibrium will break down. The same will be true for
light and sufficiently weakly coupled species even in the relativistic regime,
i.e. for T'> m. In particular, throughout the Universe’s history there have
been some remarkable events that occurred out of thermal equilibrium: the
neutrino decoupling 79 ~ 2 —3MeV, the formation of the primordial light
elements Tpx = 0.01 — 3MeV, and the CMB decoupling TS ~ 3000 K.
In addition to those, other relevant events (yet hypothetical) as the WIMP
freeze-out or Baryogenesis are described out of thermal equilibrium. Thus,
due to their relevance and since one of the main focus of study in this the-
sis are the WIMPs, it is pertinent to study out of equilibrium processes in
detail.

Prior to discussing the effects of out of equilibrium processes on the par-
ticle distribution functions involved in them; or equivalently, their number
densities, it is convenient to introduce an approximate (and in most of the
cases sufficiently accurate) criterion for when a given process is in thermal
equilibrium with the plasma. This criterion compares the rate of a given
process I' to that of the Hubble expansion H':

I' > H coupled

3.10
I' < H decoupled (3.10)

We can explicitly use such criterion to estimate the temperature at which
neutrinos decoupled from the plasma. From the SM neutrino interactions,
we know that the scattering and annihilation rates between neutrinos with
themselves and electrons is

r, ~GET?, (3.11)

where G = 1.166 x 107> GeV 2 is the Fermi constant [47]. By comparing
this rate with the Hubble parameter 3.8 we know that neutrinos decoupled
at temperatures 79 ~ 2 — 3MeV (for details see [206]). Since neutrinos
decoupled well before eTe™ annihilation, the entropy produced by e*e”
annihilation is only released into the photon bath. This will therefore render
the neutrinos with smaller temperatures than the photons in the current
Universe. Imposing entropy conservation (3.5) separately for the neutrino

IThis criterion is equivalent to compare the characteristic time scale for a given process
7 ~ 1/T" and the characteristic time of the Universe’s expansion ¢t ~ 1/H.
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and electromagnetic sectors, since they are decoupled, implies that after
electron positron annihilation ¢g,5 = 3.91, ¢, = 3.36, and

11 1/3
T, = (4) T, ~1.4017T,. (3.12)

This relation, together with the CMB temperature Ty = 2.7255 K [43] fixes

todays total entropy and number densities of photons and neutrinos as:

® myo ~ 112em™? (per species).  (3.13)

So =~ 2900 cm 3, Ny >~ 411 cm™
Neutrino decoupling is an example in which the criterion I' ~ H (3.10)
works well. However, it is worth stressing that this criterion only gives an
estimate of the temperature at which a process departures from being in
equilibrium with the plasma. In order to accurately model departures from
thermal equilibrium, the kinetic equations for particles in the plasma should
be introduced.

The kinetic equation that governs the distribution functions of interact-
ing particles is the Liouville (or Boltzmann) equation, which in a curved
space-time reads [126] (see also [207]):

(17 e = T e ) () =LA, (314
where C[f] represents the collision operator. For the purpose of using Equa-
tion 3.15 for early Universe considerations, we can make use of the Levi-
Civita connection for the flat FLRW metric since the early Universe should
have been extremely flat. Moreover, due to cosmological homogeneity and
isotropy, in the early Universe f(Z,p,t) = f(p,t) (one shall allow for small
perturbations of these conditions in order to understand the formation of
matter perturbations in the late time Universe [59, 65]). These simplifica-
tions lead to

0 0

(51~ Hogs ) w0 = 3.15

where we explicitly define the collision operator C[f,] for a process a4+ X <
Y, where X = X; + Xo+ ... and Y = Y] + Y5 + ... as [206]:

Clf) = —5p 3 [T TTdmy, o' pu +px —py)x  (3.10)

a Xy

|:|M’Z+X—>YfaHin H [1 + fY]:| - ’M|§’—>a+XHij [1 + fa] H [1 + sz] )

7 )



38 Chapter 3. Thermodynamics of the Expanding Universe

where fo, fx,, fy; are the distribution functions of the particles a, X; and
Y; respectively. The — sign applies to fermions and the + sign applies to
bosons. dlly, represents the phase space of a particle X;:

9x, dp
(27)3 2E

dllx, = (3.17)
where gy, are the number of internal degrees of freedom. The delta function
ensures energy-momentum conservation and M, x_,y is the amplitude for
the a + X — Y process. The physical interpretation of the two terms in
Equation 3.16 is clear. The first term takes into account the decrease in the
number of a-particles from the process a + X — Y and the second accounts
for the inverse process Y — a + X that increases the number of a-particles
in the plasma.

Algebraically, one can easily check that when the distribution functions
of all the particles involved in the process are the thermal equilibrium ones
(3.1), the following relation holds:

FOTIAETI L+ A9 =TIATI [+ 18] 0 £ (3.18)
i j j i
This is the so-called detailed balance relation, which means that in equilib-
rium, the rate of a process and of its inverse one are equal.

Integrating Equation 3.16 can be a formidable task. However, there are
two simplifying assumptions that make it more tractable but still accurate.
These are:

1. CP conservation®. This leads to M|, xoy = M|y sarx-

2. Maxwell-Boltzmann (MB) approximation. This allows one to neglect
the quantum statistical factors in the distribution functions f(E) =~
e~ (E=m/T and in the collision terms 1 + f ~ 1. The usefulness of
this approximation is to reduce the dimensionality of the phase space
integration.

Provided these two assumptions hold, upon use of Equations 3.16 and 3.18,
the collision operator takes the more convenient form:

Clfe) =~ 5 [Tt T dy, )6 (pu +px —pr)x (319

a Xy

MExoy | BT, = £ TS

2CP violation in the SM is very small in the quark sector, and yet to be measured in the
lepton one [47]. This approximation should be disregarded in Baryogenesis.
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We notice that processes with higher multiplicities are suppressed by addi-
tional powers of f*. This means that in the early Universe the most relevant
processes are going to be 1 <+ 2 and 2 <> 2, i.e. processes with multiplicities
smaller than 2 in the initial or final states. Thus, due to their importance we
will explicitly derive the relevant formulae for such processes. In addition, in
order to have a feeling of what is the error that results from approximating
the distributions by the MB one, an explicit example for the case of decays
and inverse decays involving the full quantum statistical factors is given in
Section 3.2.3.

Regarding the evolution of particles in the early Universe, it is customary
to work in terms of integrated quantities as the number density, due to its
simplicity. For a particle v, integration of Equation 3.15 (accounting for
the momentum redshift dp/dt = —Hp") gives

. g 3
3Hn = / EpClf,). 3.20
In the MB approximation and considering decays and annihilation processes
Y > c+d, Y <> 1+ j, the above expression leads to the very familiar
expression”

n+3Hn=—(I') (n — ne) — (ov) (n2 - n§q> , (3.21)

where (T") represents the thermally averaged decay rate and (ov) the ther-
mally averaged annihilation cross section, which, upon phase space integra-
tion through the use of Equation 3.19 read as

_ ~Ki(m/T)
<F>—F7K2(m ik 1 (3.22)
Garis) = S e e TV Ry T) (3.23)

o) 2 2
/( ds $*° K, (f) A [1, Ta ”ﬂ Gassif (),

mq+myp)2 S

where I' is the decay rate for the process ¢ — c¢+d and o4—;(s) is the cross
section for the process a+b — i+7. Here K; and K5 are the modified Bessel

3Notice that f(E = (E) ~ 3T) ~ 0.05 or f(E =17T) ~ 1073.
4This results from applying the geodesic equation to a particle with 4-momentum p* =

df; = (E,p'), since % —i—I‘iB%% = 0, for the i component we arrive to dd—p; +Hp' =
0 using d%\ = %\% = E%.

5Note that in order to arrive to Equation 3.21 we have implicitly assumed kinetic equi-
librium, i.e. that the distribution function is proportional to the equilibrium one by a
function that does not depend upon momentum f = A(T)fe, [208, 207]. If the elastic
scattering rate between the 1 particle with the plasma is small enough this assumption

breaks down. See [209] for a treatment of WIMP abundances including such possibility.
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functions of second kind, and \(z, vy, 2) = 2® + y* + 2* — 20y — 222 — 2yz is
the Kallen function.

Equation 3.21 can be further simplified in the case that the departures
from thermal equilibrium are such that do not generate a net change in
the entropy of the Universe. This is the case of non-relativistic particles.
Additionally, in practice, it is usually more convenient not to work in terms
of time but in terms of temperature 7' or equivalently = m/T. Since
entropy is conserved (see Equation 3.5, $ = —3H's) we can define the yield
Y = n/s, so that Y = (1/s) (n 4+ 3Hn). Assuming that the number of
relativistic degrees of freedom does not change in the time-scales of interest
we can use dt/dx = 1/(Hz), and we can write down the evolution equation
for the number density 3.21 as a function of the yield, Y:

day (I

e m (Y =Yy - 82’? (v2-v2). (3.24)

Equation 3.24 is extensively used in order to compute the relic abundance of
various particles in the early Universe. Particularly, it can be used to obtain
the relic abundance of the currently most appealing dark matter candidate,

the WIMP.

3.2.1 Abundance of cold relics: the WIMP freeze-out

The cosmological relic density of WIMPs was first studied by Lee and
Weinberg in 1977 [127] who considered the production of heavy neutrinos
in the early Universe. Since then, the production of massive stable particles
in the early Universe has been thoroughly studied in [128, 129, 210] for
2 — 2 processes (see [209] for recent developments). It is the aim of this
Section to understand, through the use of Equation 3.24, what are the
desired properties of the annihilation rate for a massive stable particle in
order to represent ~ 26% of the energy budget of the Universe today.

In practice, Equation 3.24 can be somewhat hard to solve numerically.
Thus, we proceed as in Ref. [211] (see also [212]) in order to arrive to a more
numerically tractable form. Including the possibility of changing relativistic
degrees of freedom in the early Universe, Equation 3.24 for a stable particle
reads

dy

=) (v2-v2), (3.25)
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where
T mmp;  Gx T dg,.
A = — 1 3.26
(Z’) <UU> 45 .1'2 \/g*_S < 3g* dT) ’ ( )
45 2
qu(x) = 477.‘_4%75[(2(]}), (327)

and g,s and g, are the number of relativistic degrees of freedom in entropy

and energy, as defined in Equation 3.6. By defining Y = (1 4 J)Y,,, the
same equation can be written for 9, leading to
do dlogY,
—_— 1+0)— = _—Z(2) Y, 0(6+2). 3.28
P et (@)Ya)d(+2).  (329)

This equation can be approximately solved by noticing that §(x) grows
slowly until § becomes O(1). Namely, the abundance of the particle freezes
out, i.e. the abundance significantly departures from its equilibrium value.
This means, that in such region of § one can safely ignore the derivative
do/dx to find an algebraic equation for §. Instead of solving for §(z), we
solve for the temperature at which freezes out xy = m/T}, so that

5;(2+06;) ZY2
=1 o1 , 3.29
Ty og ( 1+5f Y/eq B d;/;q ) ( )

f

where }A/eq = e "Y,,. The solution to Equation 3.29 can easily be found by
iteration. Finally, ignoring the inverse annihilations (i.e. the Y:fq term in
the r.h.s.) we can integrate 3.25 from z; to oo to find

Yy
Yo=—— :
0 11 VA, (3.30)
where Y is the yield today and
@:/ dz Z(z). (3.31)

f

Note that Equation 3.30 gives very accurate solutions, with a precision
better than 1% if there are no thresholds at the energies of interest [211, 212].
When Equation 3.30 is particularized for s-wave annihilations (for which
(ov) does not depend upon the velocity), and assuming that the number of
relativistic degrees of freedom does not significantly change, leads to

[45 (9" /g,
Yy = EW) (3'32)

T mmp; (oV)

z; /85 257 x 107°GeV >

Qh* =0.12 x ,
309*5/91/2 <O'U>

(3.33)
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Figure 3.1: Thermal freeze-out of a m = 100 GeV particle as a function of its annihi-
lation cross section. We also show the dark matter abundance as measured by Planck
(Qparh?)Pranck = 0.1198 £ 0.0015 [13].

where for a usual WIMP z; ~ 15 — 30 depending on its mass. Recall that
currently so ~ 2900 cm™3, and Qh? = mnoh?/p. = mYysoh?/p.. Note that
Equation 3.33 has been expressed in a very suggestive form that shows that
the cold relics that have an annihilation cross section with the plasma of
(ov) ~ (1.7 —4.3) x 107°GeV 2 ~ (2 —5) x 107 cm3/s ~ (0.7 — 1.7) pb
can provide the right abundance for dark matter today, Qpash? = 0.1198 &=
0.0015 [13]. Note that the current contribution to the energy density only
depends upon the annihilation cross section, and not directly on the mass
as can be appreciated from Equation 3.33.

Figure 3.1 shows explicit numerical solutions to Equation 3.28. Sev-
eral conclusions can be drawn from both the analytic 3.33 and numerical
solutions to this equation:

1. In order to get the right dark matter abundance an annihilation cross
section similar to that of weak processes is required (ov) ~ 1pb =
3 x 107% cm?3 /s (note that G% ~ 0.05pb). This number varies only
within a factor of 2 for m, € 0.1 — 10* GeV, see [211] for the precise
value.

2. If the annihilation cross section were to be smaller than ~ pb then
the relic density of these particles will be such that they will overclose
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the Universe. The fact that only (ov) ~ pb provides the correct relic
abundance is the so-called WIMP miracle.

3. If the annihilation cross section is similar to that of electromagnetic
or strong interactions processes, the cosmological abundance of such
particles is negligible. Since ,h? ~ 0.022 there should have been a
very small asymmetry between baryons and antibaryons in the early
Universe, n = (ng — ng)/n, = (6.09 £ 0.06) x 10~ [13]. This is the
so-called baryon asymmetry and its generation in the early Universe
is called Baryogenesis [213].

3.2.2 Abundance of hot relics

If a particle in thermal equilibrium decouples while relativistic, its cur-
rent abundance is solely fixed by the ratio of its number of internal degrees
of freedom to the number of relativistic degrees of freedom for the entropy
density at the time of decoupling. Upon use of Equations 3.3 and 3.6 we
easily find

BEB) 9 pago— 9 (3.34)
271-4 g*S(Tdec) g*S(Tdec)

where g are the number of internal degrees of freedom of the given species,

and C' = 3/4, 1 for fermions and bosons respectively. We can make use

of this simple calculation to know what is the current contribution from

neutrinos to the total energy density budget, since they decoupled at T ~

2 — 3MeV and thus g, = 10.75:

Y, =C

s0Yym N > m,
pe  91.5eV’

From Equation 3.35 we notice that the neutrino contribution to the cur-
rent energy density is non-negligible. Requiring that the neutrinos do not
overclose the Universe €25, < 1, has been a simple argument that how-
ever has provided very strong cosmological bounds on the neutrino masses
that were once more severe that those from laboratory experiments. Cur-
rently, through the effect of neutrino masses in the expansion of the Uni-
verse and from its impact on structure formation [122], cosmology provides
the most stringent constraint on the sum of the neutrino masses, which to
date reads Y m, < 0.2eV at 95% CL [13, 214, 215]. The square differ-
ences in mass measured from neutrino oscillation experiments imply that
S m, > 0.06eV [47] and therefore Q;,h? > 0.0007 is expected in the SM.

Qpyh? = (3.35)

Very similar arguments have been invoked in order to constrain the
masses of very weakly interacting particles like the gravitino or the ma-
joron [126].
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3.2.3 Decays and inverse decays: full quantum statis-
tics

In order to test the accuracy of the Maxwell-Boltzmann approximation
in the collision term 3.19 we provide in this Section an explicit integration
of 3.16 including the quantum statistical factors for the case of 1 <> 2
processes.

Let us consider the coupled system of Boltzmann equations for the pro-
cess a <> b+ ¢ with spins s, = 1 and s, = s, = 1/2 under the assumption
that a is a neutral bosonic particle and Br(a — b+4c) = Br(a — b+¢) = 1/2.
In addition, for the sake of simplicity, we shall consider b = b and ¢ = ¢, and
my = m. = 0°. We can integrate the phase space down to a one-dimensional
integral

maFa Ea;’Pa
clr) =5 o BsFuace (B By, o — By) (3.36a)
3mgly [ dpapa
Cify] =2 / Fue(Ey, By, B, — Ey) | 3.36b
el =7 Evpy Jim2/ap)-p) Ea (Ea: o 2 (8:36b)
3mgl'y [ dpapa
el =22 | Fice (BaEe,E.—E,),  (3.36
el 4 Epe Jm2/ap0)-pel Ea ° ( ) (3-36¢)

where I', is the decay width. In order to get to integrals defined in terms
of the energy and momenta we have used Lorentz transformations in order
to go to the laboratory frame of a. The function Fjy.. is given by

Fdec (EaaEbyEc) = fa [1 - fb] [1 - fc] - fbfc [1 + fa] . (337)

Explicit numerical integration of the collision term 3.36 and its com-
parison to that in the MB approximation 3.19 is shown in Figure 3.2. We
assume thermal equilibrium and vanishing chemical potentials for all the
particles. Moreover, in Figure 3.2 we only show the collision factor tak-
ing into account either production or destruction of particles, because the
equilibrium condition implies they are equal and thus C[f,]* = 0. This
is equivalent to consider Fye. (Fo, Ep, E.) = fo[l — fo] [1 — f.] instead of
Equation 3.37. The upper (middle) panel shows the collision term includ-
ing the quantum statistical factors and using the MB approximation for the
a-particle (b-particle). The lower panel shows the ratio between the actual
rate and the one obtained in the MB approximation. It should be clear,
that since in this scenario the final state particles are fermions, taking into

6This scenario is a slight modification of the one considered in [216]. However, note that
there is a typo in that reference. The — sign in their Equation 7 should be a + sign.

"Note that the requirement of my, . # 0 still makes the collision integrals one-dimensional,
myp.. # 0 would only modify the integration limits due to a reduction of the phase space.
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Figure 3.2: Collision terms for the a — b + ¢ process described in the text.
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Upper panel: collision operator as a function of momenta (y, = p,/T) for the decaying
a-particle in the MB approximation and taking into account the quantum statistical

factors (full) for various values of the mass and temperature, m,/T = 1/3, 1, 3.
Middle panel: same as upper panel but for the b-particle collision operator.

Lower panel: Ratio of the rate including quantum statistical factors to that in the MB

approximation.
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account the statistical factors reduces the rates (this is the so-called Pauli
blocking effect). From the lower panel of Figure 3.2 we realize that when
the decaying particle is heavy enough, the MB approximation applies and
therefore both cases agree. However, we note that for light particles the
effect of quantum statistical factors becomes important. In this particular
case, the rates can be modified by up to a ~40%. Quantum statistical
factors can be important in scenarios like neutrino decoupling [206]. The
interested reader is referred to [217] where the phase space integration of
the collision term 3.16 for the case of 2 — 2 annihilations is worked out in
detail.
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Dark Matter Probes

Weakly Interacting Massive Particles can be produced in the early Uni-
verse precisely in the right abundance to be the dark matter that fills
the Universe. This is the so-called WIMP miracle (see Section 3.2.1).
However, the WIMP production in the early Universe only requires that
the dark matter annihilates to light particles in the plasma at a rate of
(00) [7amy 20 = 2 — 5 x 107* cm?/s.  And thus, the WIMP miracle on
its own is too broad to pinpoint the dark matter mass neither the dark
matter interactions with the SM particles. Concerning the mass, unitarity
requirements on the 2 — 2 annihilation process, as relevant for generat-
ing the dark matter abundance, set an upper limit on the WIMP mass of
m, S 100 TeV [218]. Additionally, the measurement of the number of rel-
ativistic species contributing to radiation at the time of the CMB sets a
lower bound on the WIMP mass of m, 2 5MeV [219], see Section 4.2. The
range of possible WIMP masses 5 MeV < m,, < 100 TeV is large, yet even
less constrained are the interactions of these dark matter candidates with
the SM. Presumably, the light particles to which WIMPs annihilate in the
early Universe are part of the SM', in which case there are three canonical
strategies for searching for WIMPs [131, 132, 133]. Direct detection, indirect
detection, and collider searches for dark matter represent the main WIMP
dark matter probes, and their complementarity places severe constraints on
the nature of the WIMP particle.

! Actually, regarding the abundance of such particles in our current Universe, there is
no need for them to be within the SM, the only requirement is that the dark matter
particles were in thermal equilibrium with a plasma with the required annihilation cross
section. If the dark matter predominantly interacts with particles BSM that are very
weakly coupled to the SM, they are said to belong to a dark sector [220]. See [3, 4] for
dark sectors related to sterile neutrinos.

47
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Figure 4.1: Graphical sketch of the WIMP processes that led to the main WIMP dark
matter searches.

This Chapter is intended to provide an overview of the searches for
WIMP dark matter particles. The physics case behind the most relevant
searches, the current constrains, and their future reach is discussed in the
following sections.
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4.1 Direct Detection Searches

The idea behind direct detection searches is very simple, since the Milky
Way is surrounded by a dark matter halo, and dark matter particles pop-
ulate it, they should at some rate cross the Earth and scatter with nuclei.
In practice, one expects the scattering rate to be small due to the weak
interactions of WIMPs with SM particles. In addition, since dark mat-
ter velocities in the halo are similar to that of the solar system rotation
v ~ vy = 220km/s the amount of energy deposited after a scattering is
small [221, 222]. For instance, m, = 10 — 10° GeV correspond to nuclear
recoils of £ = 0.1 — 50keV. This energy may manifest in the detector as
phonon excitations of the target material (heat), as scintillation photons
from an excitation of the target nucleus, or as direct ionization of the target
atoms [223]. Typical targets are noble liquids like Xenon or Argon, scin-
tillating crystals, and detectors like Germanium. Additionally, due to the
smallness of the expected rates and the very low thresholds, experiments
should successfully deal with a variety of backgrounds.

Direct detection searches may be the most sensitive WIMP dark matter
probe to date. Considering its relevance, following [224], we explicit the
required formulae for calculating the number of events from WIMP scatter-
ings. For a given target with mass number A, the differential rate per unit
detector mass per unit time is given by the following expression

dl di a(E) py
dE ~ B Gt 4.1
dFE MdetectordtdE 2!“)2(A m, C( ) ) 5 ( )

where 4 = mymy/(m, + my) is the reduced mass of the dark matter-
nucleus system, o(F) is the WIMP-nucleus cross section, p, is the local dark
matter energy density customarily taken to be p, = 0.3 GeV/cm?® [225], and
C(E,t) is the mean inverse speed:

= [ IO

U>VUmin u

d*u, (4.2)

where by simple kinematics, the energy of the nuclear recoil F is related to

the velocity v as
2
E
E =y (1 —cosl) = vpin = mA2 , (4.3)

where v, is the minimum velocity that could be attributed to a recoil of
energy E. 6 is the scattering angle in the center of mass frame and f(u,t) is
the distribution of dark matter velocities with respect to the detector. The
form for f(u,t) is usually taken to be a Maxwellian distribution, this choice




50 Chapter 4. Dark Matter Probes

is the so-called Standard Halo Model. Accounting for the peculiar velocity
of the Sun, neglecting the time dependence of Earth rotation around the
Sun, and noting that particles with velocities v > ves. = 544 km/s should
have escaped the Milky Way’s gravitational potential, leads to an analytical
expression for { given by:

1
voy’
1
C(E) — 2Nescvoy

m [erf(z) —erf(z —y) — %(y+z—x)e‘z2] , y—zl<z<y+z

sy w<ly—2

[erf(x+y)—erf(a:—y)—%ye‘zﬂ , z>y, x<l|y—z|

0, yt+z<zx
(4.4)

where & = Unin /0, Y = Ve/Vo, 2 = Vese/Vo With vg = 220 km/s, v, = 245
km/s and

Nese = erf(2) — 2z exp(—22)/7/? . (4.5)

Finally, we need to relate the WIMP-nucleus cross section o(E), with the
WIMP-nucleon one. The two most common types of WIMP interactions
are spin-independent (SI) and spin-dependent (SD). For them, the relation
between the nucleus and nucleon cross section is given by

taa (2 + fu (A= 2))°

osi(F) =0 F*(E), 4.6
si(E) = 0,3 7 (E) (4.6)
2
ren(E) — 721 (02 Sy () + 0 a0 Sy E) + 025, (E) ) W
sb 2J +1p2, a2 ’ '

where o, is the WIMP-proton cross section, Z is the atomic number of the
nucleus, J is the spin of the nucleus, and p,,, is the reduced WIMP-nucleon
mass. F(E), Spp(E), Spn(E), Spn(E) are nucleon form factors that take into
account the distribution of nucleons in the nucleus and therefore are nucleus
dependent (see [222] for the most common ones). f,, fu, a,, a, represent the
WIMP relative coupling strength between protons and neutrons. In general,
one expects these couplings to be similar unless a cancellation occurs. Note
for instance that, for a WIMP mediated by the SM Z, the relative strength
is fZ/f7 = —15las o~ —22 for s%,(q ~ 0.1 MeV) ~ 0.2385 [47].

- 2
1/2-2s%,

Finally, the number of expected events (V) is simply given by weighting
Equation 4.1 with the detector efficiency to nuclear recoils ¢(E):

N = Exposure X »_ f;R;, (4.8)

R= [P apem) 2B 2 ip) (4.9)

B QM?CA My
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where the sum is over the isotopes present in the target, F; and Es are the
limits of the covered energy window in a given analysis, and the Exposure
depends upon the fiducial mass and the integration time as Exposure =
Mﬁd X t.

The set of equations presented above encode the main physics and repre-
sent the standard equations describing the scattering interactions between
WIMPs and nuclei. However, it is important to mention two recent relevant
developments for direct detection analyses:

1. Effective Field Theory of Dark Matter Direct Detection

In reality, the scattering of dark matter with nuclei is not necessarily
ST or SD. In [226] the effective field theory of direct detection was ob-
tained; namely, a complete map between dark matter-quark to dark
matter-nucleon operators was established. The form of all possible
WIMP-nucleus interactions was obtained in terms of Galilean invari-
ant operators. In practice, one uses the machinery developed in [226]
to study interactions that are not SI or SD, see also [227].

2. Halo Independent Methods

The WIMP scattering rate depends upon various astrophysical fac-
tors [228]. In particular, it depends upon the velocity distribution
of WIMPs. This velocity distribution is unknown (although it is ex-
pected to be somewhat similar to a Maxwellian distribution [229]) and
assuming a particular form could spoil comparisons between experi-
ments due to their possibly different energy windows. The work of
Ref. [230] introduced an astrophysical independent method to com-
pare direct detection experimental results. We refer the reader to [231]
for the definitive statistical procedure in order to asses such halo in-
dependent analyses.

4.1.1 Experimental Situation and Prospects

The limits on the WIMP-nucleon scattering cross section from direct
detection experiments have improved at an exponential rate [19] since they
were first conceived [221]. Null searches from XENONIT [135], PandaX [137]
and LUX [136] have set the tightest constraints to date on the WIMP-
nucleon scattering cross section for SI interactions (and for SD-neutron in-
teractions). Figure 4.2 shows the most up to date constraints on SI scat-
terings together with the projection for next generation of direct detection
experiments. The current limits are of great relevance and generically rule
out many dark matter candidates with masses m, > 10GeV. The con-
straining power of current limits is such that they have to be taken into
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Figure 4.2: Current bounds and projections at 90% CL for various direct detection
experiments for SI interactions. Bounds shown for XENONIT [135], although LUX [136]
and PandaX [137] provide very similar results. We also depict the projections for the
XENONIT full run [232], LZ [141] and Darwin [142]. Isocontour neutrino lines for the
irreducible neutrino background [233] are shown in green, the neutrino floor.

account even for WIMP-nucleus interactions that are momentum ¢, veloc-
ity v, or loop-suppressed. In order to have a feeling on how such constraints
probe dark matter models, Figure 4.3 shows the bounds from direct de-
tection together with the relic abundance prediction for probably the most
ubiquitous WIMPs: those that couple to the SM Z and Higgs bosons. Such
models have been studied in detail by the author in [5], work presented in
full form in Part II of this thesis. However, we present an updated sample
here. One clearly notices that direct detection bounds represent stringent
constraints on such types of models. Given that dark matter particles anni-
hilating through their couplings with the Higgs or the Z boson are among
the most natural WIMPs, this means that the WIMP paradigm is already
under some pressure from the null searches from current direct detection
experiments. Future planned experiments like LZ [141], DarkSide-20k [234]
and Darwin [142] are expected to improve the current limits by 1-2 orders
of magnitude, with projected exposures of ~ 15ton x yr and ~ 200 ton X yr
respectively. After such expected increase in sensitivity, the experiments
will start measuring neutrinos from various sources [233]. These neutri-
nos will represent an irreducible background and will certainly slow further
progress. This is the so-called “neutrino floor”. This irreducible background
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of coherent neutrino scatterings will modify the reach of future direct de-
tection experiments to WIMP-nucleon scattering depending on the target,
the exposure, the type of interactions, and the dark matter mass [235].

To conclude, direct detection represents a fundamental probe for dark
matter. The current limits are of unprecedented sensitivity and rule out
a variety of theoretically appealing models. However, we must note that
there are very well motivated models that either have momentum, velocity
or loop suppressed scatterings with nucleons and may be harder to test
by this procedure. It should be clear however, that if next generation of
direct detection experiments do not to find a signal, the WIMP paradigm
will be under strong pressure. It should be noted that scenarios in which
the dark matter scattering is suppressed, should still allow for the search of
the annihilation products of dark matter particles and for their production
at collider experiments. These are the subjects of study of the two next
Sections.
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Figure 4.3: Relic abundance predictions for two benchmark dark matter models in
black. The constraints from colliders are shown in red (see Section 4.3). Current bounds
from direct detection are illustrated in magenta from XENONIT [135] and projections
for LZ [141] are shown in blue. The upper frame corresponds to the Singlet Scalar
model [212] and the lower frame corresponds to a fermionic WIMP axially coupled to
the Z [236].
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4.2 Indirect Detection Searches

WIMPs are thermally produced in the early Universe by a freeze-out of
their annihilations with light particles in the plasma. Even though today’s
WIMP cosmological abundance has been considerably diluted compared to
its primeval one Nioday/Mearly ~ 107%°, since dark matter is present and
dominates the dynamics of a variety of astrophysical environments and the
Universe itself in a sizeable portion of its history 3 < z < 3000, signals from
its annihilations are expected in the current and recent Universe. From the
astrophysical point of view, we expect that the WIMPs present in galaxies
and clusters of galaxies annihilate, in particular in the most dense regions.
From the cosmological perspective, dark matter annihilations may lead to
an impact in the ionization history of the Universe, and thus, to a mea-
surable effect on the CMB anisotropies or at experiments that target the
characterization of the epoch of reionization. From a cosmic-ray perspec-
tive, the WIMP annihilation products may lead to an excess in different
cosmic-rays fluxes. Particularly in gamma-rays, neutrinos, positrons and
antiprotons.

The annihilation rate for selfconjugate dark matter particles, as in the
early Universe, is written as

(o0) o {ov) 02
r— _ ) Px 41
2 T T e (4.10)

where (ov) is the annihilation cross section, n, is the number density, p,
is the energy density, m, the mass, and the factor of two avoids double
counting. From this expression, it is clear that the higher the density of
WIMP particles is, the larger the annihilation rate. This will be for example
the case of the inner region of the Milky Way, dark matter dominated dwarf
galaxies or galaxy clusters. From a cosmological point of view, we know
that since n, o (1+ 2)? the rate will be higher the younger and smaller the
Universe was. Additionally, since CMB observations fix the energy density
in dark matter p, = {2, p., the annihilation rate decreases like m_ 2 provided
(ov) is kept constant. Thus, for heavy WIMPs, bounds from indirect or
direct searches will relax simply due to the fact that there are fewer dark
matter particles.

The annihilation cross section may depend upon the relative velocity
of the colliding dark matter particles. The velocity dependence is directly
related to the angular momentum of the collision. If the angular momentum
is L = 0, the collision is called s-wave and does not depend upon the velocity.
If the angular momentum is L = 1, the annihilation is called p-wave and
the annihilation cross section scales as (ov) oc v?. If the annihilation is
p-wave, due to the fact that in the early Universe v ~ 3T'/m, ~ 0.1 x ¢ the
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a 2 TeV decaying particle will be the same.



Indirect Detection Searches 57

WIMP freeze-out is not significantly affected [126]. However, dark matter
particles with typical stellar velocities v ~ 300 km /s ~ 1073 x ¢ suffer from a
~ 1075 suppression in the annihilation cross section in the current Universe
compared to the primeval one. This velocity dependence precludes indirect
searches constraints for p-wave annihilating thermal relics.

The final annihilation products of WIMPs will be stable SM parti-
cles: photons, neutrinos, electrons and positrons, protons and antiprotons,
and some stable light nuclei too. It must be noted that with respect to
cosmic-ray searches, since electrons and protons are produced in a variety
of astrophysical phenomena, they represent a harder target for dark mat-
ter searches. Thus, in general, cosmic-ray indirect searches of dark matter
focus on photons ~, positrons e~, antiprotons p*, and neutrinos v. Fig-
ure 4.4 shows the resulting spectra for various annihilation channels for a
m, = 1TeV WIMP.

In what follows, the physics case and status of the currently most con-
straining indirect dark matter searches is presented. We note that these
searches only represent a subset of all the existing ones, the reader is re-
ferred to [238, 239, 240] for recent reviews on the subject.

4.2.1 Cosmological probes

The CMB and BBN periods offer unique scenarios to test a variety of
BSM scenarios [13, 241, 242]. Particularly, they offer important constraints
on WIMP dark matter.

4.2.1.1 Dark matter annihilations and the CMB

Observations of the Cosmic Microwave Background can constraint dark
matter annihilations through their electromagnetic energy injection during
the dark ages (20 < z < 1100). Energy injection leads to increased ioniza-
tion, heating, production of Lyman-«a photons and distortions of the energy
spectrum of the CMB that are potentially observable. In particular, the lat-
est Planck results [13] set a bound feg (0v) /m, < 3.4x 1072 cm?/s/GeV at
95% CL where fg is the energy injection efficiency into the medium. This
efficiency depends upon the channel. Note that, for instance, a gamma-
ray of £ ~ 1GeV will be transparent to the intergalactic medium. The
efficiency fog, is in principle a redshift dependent expression; however, it
has been shown that for generic WIMP models, this time dependence can
be well mimicked by a weighted constant efficiency [243]. In light of this
result, Refs. [244, 245] generalized the Planck 2015 constraint and provided
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a consistent treatment of the energy injection in the medium for any given
WIMP model, where fo € [0.15—0.6] depending on the precise annihilation
channel and the mass. The main result from the Planck 2015 observations
is that s-wave annihilating dark matter is ruled out for dark matter masses
m, < 10GeV independently on the annihilation channel, provided it is
not to neutrinos. We note that studies of the impact of p-wave annihi-
lations in the CMB anisotropies and in reionization observables have also
been carried out; however, due to the velocity suppression of p-wave an-
nihilating dark matter, such analyses do not probe thermal dark matter
candidates [246, 247].

4.2.1.2 Constraints from other energy injections at the CMB and
BBN epochs

As discussed in the previous paragraph, the CMB anisotropies are very
sensitive to energy depositions during the dark ages. Similarly, the produc-
tion and destruction rates of light elements in the early Universe could also
be severely affected by electromagnetic injections of energy. The excellent
agreement between the CMB and BBN observations with the predictions
assuming no additional energy injection, constraints the presence of parti-
cles in the early Universe that could inject significant electromagnetic power
into the plasma. In particular, BBN excludes decaying particles with 7 2> 1
present in thermal abundances [248], and both BBN and the CMB obser-
vations constrain other — not necessarily thermal — relics with a variety of
masses, lifetimes and abundances [249, 250]. Such constraints do not di-
rectly apply to dark matter particles, but there are several models in which
long-lived particles are expected to accompany the dark matter ones.

4.2.1.3 Bounds on additional relativistic species

The precise CMB observations by Planck [13] indicate that the number
of neutrino-like relativistic species contributing to radiation is Neg = 3.15+
0.23. The predicted value in the SM is N3M = 3.045 [251] (the small
difference from 3 is due to QED corrections, non-instantaneous neutrino
decoupling and neutrino oscillations in the primeval Universe). This result
implies:

1. There is a lower bound on thermal dark matter of m, 2 5MeV [219]
(but for a real scalar WIMP) independently on whether the annihila-
tion is s-wave or p-wave. Thermal dark matter particles decouple at
T ~ m, /20 and therefore, their thermal contact either with neutrinos
or the electromagnetic plasma results in a net change on N.g-.
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2. The contribution to the relativistic energy density from additional rel-
ativistic species present at z = 3000 should be small. This constraints
the possibility of dark matter being accompanied by light stable par-
ticles [252]. This constraint can however be evaded provided that
such light stable particles decoupled early enough, or by modifying
the thermal history of the early Universe.

4.2.2 Cosmic-ray searches
4.2.2.1 Gamma-rays

The main advantage of cosmic gamma-ray searches is that photons point
to their source. Yet, a variety of astrophysical phenomena, like pulsars,
blazars and others generate them at the energies of interest for dark mat-
ter annihilations F, = MeV — TeV. So far, the most reliable source of
constraints on dark matter annihilations with gamma-rays are the dwarf
galaxies of the Milky Way. Dwarf galaxies are among the most dark mat-
ter dominated objects in the Universe. They are usually faint, since their
number of gravitationally bounded stars is of the order of 50 and below.
However, upon kinematical measurements, their gravitational potential is
found to be heavily dominated by dark matter [16]. From dwarf galax-
ies observations [253], the Fermi-LAT [138] collaboration has been able to
place very strong constraints on WIMPs annihilating to hadronic (bb, 777)
channels, ruling out dark matter masses below < 50 GeV for s-wave annihi-
lating thermal relics. It is worth noticing that the dark matter searches in
dwarf galaxies are not free of uncertainties, such as those associated with
departures from spherical symmetry [254] and with issues related to stellar
membership [255]. However, they are considerably less severe than other
methods. In addition to dwarf galaxies, bounds on the dark matter anni-
hilation cross section from gamma-ray searches can also be set from galaxy
groups observations [256] and from the Milky Way halo emission [257].

4.2.2.2 Neutrinos

As seen in Figure 4.4, neutrinos are copiously generated by dark matter
annihilations (produced either by direct decay or by charged pion decays
depending on the annihilation channel). On one hand, the resulting neu-
trinos from the annihilation point directly to the source. But on the other
hand, neutrinos have tiny cross sections and therefore are difficult to de-

tect. Despite the elusive nature of neutrinos, limits from neutrino telescopes
such as IceCube [258] and ANTARES [259] have been set by considering
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dark matter annihilations from the entire Milky Way. These bounds are,
however, weaker by ~ 3 orders of magnitude as compared to those from
gamma-ray searches. It should also be noted that bounds from neutrino
telescopes on dark matter particles exclusively annihilating to neutrinos are
also three orders of magnitude above the thermal relic expectation. In ad-
dition to searches in the Milky Way, neutrino telescopes are also capable
of searching for dark matter annihilations in the Sun. If the dark matter
interacts with protons and it is sufficiently heavy 2 4 GeV, dark matter
particles can be trapped in the center of the Sun and eventually annihilate
(to neutrinos). By these means, the IceCube [260] and ANTARES [261] col-
laborations have placed competitive bounds on the proton SD cross section
compared to those reported from direct detection experiments, particularly
if the annihilation is to 77,

4.2.2.3 Positrons and antiprotons

Contrary to photons and neutrinos that point to their source, positrons
and antiprotons — when generated in dark matter annihilations — are sub-
ject to diffusion in the galaxy through magnetic fields. The modelling of
such diffusion processes is considerably involved and subject to many un-
certainties [262]. However, from the observational perspective, the AMS-
02 experiment has measured — with unprecedented accuracy — the cosmic
positron [263] and antiproton [264] spectra. Despite of the modelling diffi-
culties and the uncertainties associated with the cosmic-ray propagation in
the galaxy, many groups have carried out analysis constraining dark matter
annihilations using the positron and antiproton data, see for example [265]
and [266, 267] respectively. The positron constraints are particularly strong
for leptonic (ete™, putu~) channels, while the antiproton bounds provide
a good handle on hadronic channels. The constraints and the systematic
uncertainties from these studies are shown in Figure 4.5. We notice that
the systematic uncertainty in these studies varies within a factor of three to
ten depending on the WIMP mass, the annihilation channel, and the study.

4.2.3 Signals

4.2.3.1 The Galactic Center gamma-ray excess

In 2009 Hooper and Goodenough [269, 270] found evidence for an ex-
cess above the expected background observed in the diffuse gamma-rays
coming from the Galactic Center in the Fermi-LAT data. Compared with
other putative signals from dark matter annihilation, the Galactic Center
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Figure 4.5: Main current constraints from indirect dark matter searches. Upper panel:
constraints on leptonic channels. Planck 2015 [13] constraints as obtained in [244] (solid),
and AMS-02 studies from [265] (dashed) where the band represents the systematic uncer-
tainty, and in double-dotted black the thermal relic expectation from [211]. Lower panel:
constraints on the bb channel. Constraints from the Fermi-LAT collaboration [138, 268]
and from the AMS-02 antiproton spectra [266], the band represents the systematic un-

certainty.
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gamma-ray excess stands out. This signal has been subject of intense study
over the past nine years (see Refs. [269, 270, 271, 272, 273, 274, 275] and
references therein). The signal has been shown with high statistical sig-
nificance to exhibit a spectrum, morphology and overall intensity that is
compatible with that predicted from annihilating dark matter particles in
the form of a ~ 30-70 GeV thermal relic distributed with a profile similar to
that favored by numerical simulations. In addition to the dark matter an-
nihilation interpretation, millisecond pulsars have been proposed to explain
the excess — since they have a very similar gamma-ray spectrum — and they
represent the leading astrophysical interpretation [276, 277, 278]. Yet, this
interpretation will require pulsar populations which are very different from
those observed in the environments of globular clusters or in the field of the
Milky Way. At this point in time, however, there is no clear resolution to
the question of the origin of the Galactic Center excess. Radio searches for
millisecond pulsars populations have been proposed [279] and continuous
observations by the Fermi-LAT satellite on Milky Way dwarf galaxies may
shed light (never better said) on the actual interpretation. In this thesis, we
have highlighted the viability of a dark matter interpretation of the Galactic
Center gamma-ray excess [6, 7).

4.2.3.2 Cosmic-ray antiprotons

A ~4.5 o antiproton excess [266, 267] has been reported from measure-
ments of the cosmic-ray antiproton spectrum by AMS-02, peaking at ener-
gies of approximately ~10-20 GeV. Furthermore, the characteristics of the
antiproton and the Galactic Center gamma-ray excesses suggest that they
could potentially be generated by annihilations of the same dark matter
candidate. For the simple case of a dark matter candidate that annihilates
directly to bb, masses in the range of ~50-90 GeV have been shown to be
able to accommodate the spectral shape of the antiproton excess [266, 267].

4.2.4 Summary and Outlook

Indirect searches of dark matter represent a key tool to test the dark
matter nature (see Figure 4.5 for a compilation of constraints). The high
precision observations of the CMB by the Planck satellite have ruled out
s-wave annihilating dark matter for m, < 10GeV [13] independently on the
annihilation channel [244], but to neutrinos. Along these lines, future CMB
Stage-IV experiments could potentially test s-wave thermal dark matter for
m, < 40 GeV [54]. CMB observations [13], through the measurement of the
number of the effective relativistic species, constrain the thermal history of
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the Universe and prohibit the existence of a number of long-lived particles
that could potentially be related to the dark matter particle. Furthermore,
such constraints have significant room for improvement since stage-IV CMB
experiments [54] will reach unprecedented sensitivity to Neg (0(Neg) = 0.03)
and will improve our knowledge of the thermal history of the Universe.
Gamma-ray searches currently constrain dark matter hadronic annihilation
channels for s-wave thermal relics of masses < 50 GeV. The Fermi-LAT col-
laboration [143] foresees that with 15 years of data, and taking into account
the likely discovery of new Milky Way satellites by upcoming photometric
galaxy surveys like LSST [101], the bounds on bb and 7+7~ annihilations
could strengthen for thermal relics to 400 GeV and 200 GeV respectively
(unless excesses at dwarf galaxies appear, which would be even more inter-
esting). The positron and antiproton cosmic-ray spectrum measurements
also provide a good handle on dark matter annihilations [265, 266, 267]. At
present, the resulting bounds from such analyses are subject to more un-
certainties than those from CMB studies or from Milky Way dwarf galaxies
gamma-ray searches. However, if these uncertainties are reduced in future
studies, positron and antiproton searches will provide robust tests on anni-
hilating dark matter.

The indirect searches possibilities are countless. In addition to those
previously discussed, the upcoming 21-cm cosmological observations may
prove useful for constraining annihilating dark matter [280, 281]. Gamma-
ray observatories targeting the TeV dark matter region like CTA [282], or
the continuous observation of extragalactic neutrinos by the IceCube tele-
scope [283] could be relevant for heavy dark matter relics. Finally, although
we have restricted ourselves to the hypothesis that dark matter is stable,
indirect searches show that the dark matter lifetime, depending on the de-
cay channel, should be orders of magnitude higher than the age of the
Universe [121, 246, 284, 285, 286].

To conclude, indirect dark matter searches are crucial probes of dark
matter. Via their variety of approaches, methods and perspectives a plethora
of theoretical scenarios have been tested. However, the unfeasible reach of
indirect searches to thermal candidates produced via p-wave annihilations
in the early Universe make indirect dark matter searches mandatory to be
complemented with direct detection and collider searches.
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4.3 Collider Searches

Motivated by the simplicity of the WIMP miracle, it is expected for the
dark matter to have some sizeable (although weak) interactions with SM
particles. However, the WIMP miracle on its own does not provide enough
information to pin down what are the precise non-gravitational interactions
of the dark matter particle. Therefore, some theoretical input is needed in
order to provide guidance to what such interactions may be. Theoretical
models attempt to simultaneously explain various missing pieces in the SM,
like neutrino masses, the strong CP problem or the hierarchy problem, to-
gether with the dark matter problem. It is usually the case that very well
motivated theories and models that account for dark matter include other
non-stable and less weakly interacting particles that are often easier to de-
tect than the dark matter itself and can lead to very particular signatures
at colliders. This is for instance the case of Supersymmetry [130, 131]. De-
spite the clear model dependence of the signatures to expect at lepton and
hadron colliders from dark matter and their BSM accompanying particles,
there are a few model independent signatures and processes that may point
more directly to WIMP dark matter.

Based on the fact that ¢) dark matter should have a lifetime considerably
larger than the age of the Universe ¢t = 13.8 Gyr, and i) WIMPs are neutral
and weakly interactive; if produced at particle colliders, WIMPs would es-
cape the detector and their presence would only be then attributed to some
missing energy or momentum transfer in the collision. From this perspec-
tive, the main model-independent constraints and signatures of dark matter
at colliders are summarized in the following (see Figure 4.6). For a complete
status of the dark matter searches at the Large Hadron Collider (LHC) the
reader is referred to the ATLAS and CMS exotic results [139, 140]. For a
review of the LHC dark matter searches we refer the reader to Ref. [287],
for their interpretation in the context of simplified dark matter models,
see [288], and for unitarity and gauge invariance implications of simplified
dark matter models see [289].

4.3.1 The Higgs

The Higgs, being the main character in the SSB of the SM, plays a
pivotal role in the electroweak interactions within the SM. From this per-
spective, its connection with WIMPs seems very plausible and theoretically
appealing. The Higgs behaviour, based on its measured properties [198],
resembles so far that predicted by the SM. The precision of such mea-
surements constrains severely some dark matter models. Particularly, dark
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Figure 4.6: Diagrams of some of the main processes that constrain dark matter at
particle colliders. Upper panel: monojet and mono-v-Z-H dark matter production dia-
grams. Middle panel: Higgs and Z invisible decays. Lower panel: Drell-Yan dilepton or
dijet production of a Z’ mediator.
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matter couplings with the Higgs will induce new invisible decays of such
scalar, provided m, < my/2. In the SM, this branching ratio is quite small
Br®™(H — inv) = Br(H — vwvr) ~ 107%. From the LHC data, the AT-
LAS and CMS collaborations report a 95% CL upper limit on such invisible
decay of Br(H — inv) < 0.23 [290, 291]. This constraint usually rules out
WIMPs coupled to the Higgs with masses m, < mpy/2, see for instance
Refs. [3, 4, 5] presented in full form in Part II of this thesis. In addition to
possible direct couplings of the Higgs to dark matter, it is worth mention-
ing that to date, the only mass mechanism displayed in nature is the Higgs
mechanism. Thus, it seems very plausible that dark matter masses are gen-
erated from the same mechanism but through a different scalar field. In
general, these new scalar states will mix with the SM Higgs leading to small
departures from its predicted rates within the SM. In this spirit, precision
Higgs measurements performed at the LHC probe — although indirectly —
the mass generation of dark matter particles. Thus, since the Higgs repre-
sents such a portal to dark matter, its characterization may be fundamental
to probe the nature of dark matter.

4.3.2 The Z

The Z boson is, together with the photon, the responsible of the neutral
current interactions within the SM. Its properties were measured at the
per-mil level at LEP [292]. Similarly to what happens with the Higgs, were
the dark matter to couple directly to the Z, there would be very little room
for dark matter being thermally produced in the early Universe with m, <
mz/2 [5]. In addition to such direct constraint, the Z precision observables
have accurately shaped the SSB pattern of the SM, and therefore particles
accompanying the dark matter that could spoil such pattern suffer from

very strong constraints.

4.3.3 Dilepton/dijet

In the case that WIMPs do not directly couple to SM bosons, but inter-
act with leptons or quarks through a BSM mediator, very strong constraints
from the LHC and other collider experiments apply. Processes involving two
leptons in the final state (e or p) are among the best characterized Drell-
Yan processes in the SM. In addition, in regions of invariant dilepton mass
sufficiently outside the Z resonance the backgrounds are rather small. The
power of these constraints is such that they allow to rule out dark matter
particles coupled to these mediators even when m, ~ mgy/2; i.e. when
the relic abundance is produced on resonance. For instance, the recent
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LHCb [293] and ATLAS [294] analyses severely constrain particles decaying
to muons in the mass range 0.2 GeV < myz < 70 GeV and to electrons and
muons in the mass range 150 GeV < mz < 3.5 TeV respectively. For medi-
ators that couple predominatly to quarks, recent dijet analysis [295] provide
stringent constraints in the 200 GeV < myz < 3.5 TeV mass range [296, 297].

4.3.4 Monojet

If dark matter is produced at hadron collider experiments, it is expected
to be produced together with one or more QCD jets from initial state ra-
diation. In a given collision, requiring one jet to be very energetic and
considering only processes with large missing momentum transfer has led
to strong constraints on dark matter models with leptophobic and coloured
mediators by the ATLAS [298] and CMS [299] collaborations.

4.3.5 Mono-V-Higgs

In a similar fashion to monojet searches, a v, Z or H could be emit-
ted from initial state radiation in association with dark matter, although
with a smaller cross section. However, on the bright side, photons, lepton-
ically decaying Z’s, and various Higgs decays render very clean signatures
at the detector. Therefore, searches focused on such channels also provide
somewhat strong constraints [298, 300, 301], particularly to dark matter
mediators that couple significantly to the electroweak bosons. Note that
constraints from such searches are expected to significantly improve in the
future since they are mostly statistically limited.

4.3.6 Low energy probes

Electron-positron colliders at energies £ = my ~ 10GeV offer very
stringent tests for light dark matter. Particularly, the BaBar collaboration
has placed strong constrains on light mediators that decay to charged lep-
tons [302] (e and p), and also to mediators that decay invisibly [303] in the
mass range ~ 0.2 — 10 GeV.

4.3.7 Summary and Outlook

To conclude, almost independently on the dark matter nature, provided
it is somehow related to the SM, there are various ways of probing dark mat-
ter at collider experiments. The direct production of dark matter particles
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via monojet or mono-y-Z-H searches offers very model independent con-
straints. The invisible decays of the Higgs or the Z bosons provide strong
constraints on light dark matter particles with electroweak interactions. In
addition, searches for mediator particles that connect the SM to dark matter
represent very stringent constraints for WIMPs that do not directly couple
to SM particles. Figure 4.6 shows an schematic representation of the main
ways of testing dark matter at colliders, and Figure 4.7 shows a sample
of constraints for leptophobic dark matter models. From Figure 4.7 one
can appreciate the complementarity of the different searches and the high
sensitivity reached at the LHC experiments.

So far no conclusive evidence for BSM physics has been claimed at any
particle collider. However, the very precise data acquired at colliders as
LEP, LHC and BaBar have shaped our understanding of the plausible the-
oretical models that could account for the dark matter in the Universe. In
particular, they have pushed WIMPs to energy scales above the TeV in
a wide variety of channels. The future of collider probes for dark matter
seems promising with the upcoming upgrades at LHC, the already ongoing
installation of Belle-II [145], and the possible exploration of the long lived
frontier by MATHUSALA [304]. Thus, collider searches for dark matter
offer a controlled and very precise test of the WIMP hypothesis. There are
however two limitations of collider searches i) if the dark matter is heavier
than the collider maximum center of mass energy, it cannot be produced by
pure kinematics, and i) if a detection of a particle with the desired prop-
erties of a dark matter candidate is made at a collider experiment, further
confirmation from direct or indirect searches will be required in order to
identify it with the dark matter particle that constitutes the non-baryonic
matter of our Universe.
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Figure 4.7: ATLAS constraints on leptophobic dark matter models. Reproduced
from [139).

4.4 Finale

At present, WIMP dark matter is subject to very strong constraints
from null searches at direct detection experiments [135, 137, 136] (Sec-
tion 4.1), the absence of confirmed signals from indirect searches [13, 138,
241, 242, 265, 266, 267] (Section 4.2), and the lack of any sign of new physics
at collider experiments [139, 140] (Section 4.3). Although at this point
in time already under some experimental pressure, the WIMP paradigm
still elegantly addresses the production of dark matter in the early Uni-
verse and theoretically it is successfully linked with theories and models
that simultaneously confront various missing pieces in the SM. In addition,
WIMPs have led to a plethora of experimental ideas that are currently
probing the consequences of the existence of such dark matter particles in
a fully complementary way. There are ongoing and future experimental
efforts [141, 142, 143, 54, 144, 145] to test the dark matter nature, and it
does not seem unlikely that in the near future a signal could be observed
at any experiment targeting WIMPs. What it is certainly expected is that
the experimental results in the years to come will shape our theoretical
understanding of the nature of dark matter, possibly in an unforeseen way.






Chapter 5

Summary and Conclusions

As outlined in the Introduction 1, the astrophysical and cosmological
evidence for the existence of dark matter is overwhelming. Dark matter
dominates the dynamics of galaxies, clusters of galaxies and the vast major-
ity of the virialized objects in the Universe. The cosmological implications
are perhaps even more striking: dark matter seeds the large scale structures
that we observe today. Furthermore, high precision CMB observations by
the Planck satellite [13] show that ~84% of the matter in the Universe
is non-baryonic, and that dark matter represents ~26% of the Universe’s
energy budget (when interpreted within the ACDM paradigm). The un-
ambiguous evidence for dark matter, and the motivation for particle dark
matter, strongly contrasts with the lack of new physics in all other experi-
ments. In the absence of evidence for particle dark matter, in this thesis we
have taken a broad phenomenological approach studying the complemen-
tarity of cosmological and particle physics probes of thermal dark matter
candidates. In what follows, the motivation and main results from each of
the individual studies presented in this thesis are discussed.

As outlined in Section 1.4 and reviewed in Chapter 4, the dark matter
interactions with SM particles are strongly constrained. However, due to
their elusive nature, neutrinos represent the exception to this rule. In or-
der to constrain the possibility that neutrinos interact with dark matter we
analized the cosmological implications of dark matter-neutrino scattering
for current and future CMB and LSS observations [1]. These cosmological
probes are affected by dark matter-neutrino scattering via collisional damp-
ing, suppressing the matter power spectrum at small scales. In our study we
combined Planck 2013 CMB observations with the WiggleZ matter power
spectrum measurements in the redshift interval 0.1 < z < 0.9. We obtained
the tightest constraints on dark matter-neutrino interactions from cosmol-
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ogy within the linear regime, i.e. when the cosmological perturbations can
be solved with out the need for numerical N-body simulations. Additionally,
we provided forecasted sensitivity analysis for upcoming galaxy surveys,
such as DESI, in the context of dark matter-neutrino interactions.

Given the complexity of the interactions and particle content in the
Standard Model, one might question the often used simplifying assump-
tion that dark matter is comprised of a single particle species. We have
recently entered an era of precision cosmology that offers a quantitative
test of this assumption. In [2] we considered a scenario with both cold and
non-cold dark matter particles. We confronted this model with the latest
CMB observations by the Planck satellite, tomographic weak lensing mea-
surements from the KiDS survey, and the observed number of Milky Way
dwarf galaxies. The combination of this measurements covers the linear,
mildly non-linear and the highly non-linear regimes of cosmological pertur-
bations. As a result of this study, we were able to constrain the abundance
of non cold dark matter in a manner that is complementary to constraints
derived from the Lyman-« forest.

Neutrino masses and the nature of dark matter are perhaps the two
most obvious missing pieces of the SM. It is therefore theoretically appeal-
ing to link both phenomena within the same model. In [3], we linked the
dark matter particle with sterile neutrinos — responsible for the light active
neutrino masses via the type-1 seesaw mechanism — within a spontaneously
broken global U(1)p_; symmetry. One of the main consequences of this
scenario is the appearance in the spectrum of a massless Goldstone boson,
the majoron. The rich phenomenology of the model was explored in detail.
We tested the viability of the model with collider, direct detection and in-
direct searches. In particular, we realized that when the CP-even scalar in
the model is sufficiently heavy, the dark matter annihilates predominantly
to sterile neutrinos in the contemporary Universe. We showed that due to
the presence of the massless majoron, dark matter annihilations can only be
probed by gamma-ray searches for dark matter masses = my . In comple-
mentary work [4], we considered dark matter confined to a dark sector, with
interactions only connected to the SM via sterile neutrinos. In this model,
the sterile neutrinos — being singlets under both groups — represent the link
between the dark sector and the SM. Within this framework, the dark group
is global and remains unbroken; and thus, the dark matter is naturally sta-
ble by virtue of being the lightest particle of the dark sector. We detailed
the phenomenology of the scenario, testing its validity with collider con-
straints, direct detection and indirect detection searches. Within this set
up, the dark matter relic abundance is solely set by annihilations to sterile
neutrinos. This leads to observable signatures at experiments sensitive to
dark matter annihilations like Fermi-LAT or Planck.
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As discussed in the Introduction 1, the WIMP represents the leading
theoretical dark matter candidate. We detailed its early Universe produc-
tion in 3.2.1 and several searching probes and methods in Chapter 4. There
are many electroweak processes through which a WIMP could potentially
annihilate; however, none of them are as ubiquitous across the landscape
of dark matter models than those which result from couplings between the
dark matter and the SM Z or Higgs bosons. In [5] we focused on the sub-
set of models in which the dark matter annihilates through the exchange
of either the Z or the Higgs bosons. We considered fermionic, scalar, and
vector dark matter candidates within a model-independent context, and
found that the overwhelming majority of these dark matter candidates are
already ruled out by existing experiments. Furthermore, we showed that
future direct detection experiments will probe nearly the entire parameter
space of the models considered in this study, with the sole exception of a
dark matter candidate with purely pseudoscalar couplings to the Higgs.

While there exist various putative dark matter-like signals, the Galac-
tic Center gamma-ray excess as reported by the Fermi Gamma-Ray Space
Telescope stands out. This signal has been deeply studied over the past
nine years and has been shown with high statistical significance to exhibit
a spectrum, morphology and overall intensity that is compatible with that
predicted from annihilating WIMPs. The observation favours a dark matter
mass of ~30-70 GeV with a distribution comparable to what is found in
numerical simulations. Millisecond pulsars have also been shown to posses
a spectrum capable of accounting for the excess. At this point in time,
however, there is no conclusive answer to the question of the origin of the
Galactic Center excess. From the theoretical perspective, it is fundamental
to know what kind of dark matter particles could account for the Galactic
Center gamma-ray excess. In [6] we considered an exhaustive list of simpli-
fied models that are capable of generating the observed gamma-ray excess
and confronted them with current constraints from collider and direct de-
tection experiments. We showed that both s-wave spin-1 mediator dark
matter models and dark matter annihilating via a ¢-channel are ruled out
by a combination of LHC and PandaX/LUX constraints. We also showed
that models with a pseudoscalar mediator remain viable. The very strong
constraints from both collider and direct detection experiments motivate
the possibility that dark matter resides in a so-called hidden sector. Hidden
sectors are those in which the mediator’s coupling to the dark matter parti-
cles are much larger than those of the SM. Taking such a ratio of couplings
strongly reduces the production of the mediator at colliders and forces dark
matter annihilation to proceed through cascade decays into the SM (this
is also the case of the scenarios explored in [3, 4]). In [7], we considered
various hidden dark matter sectors where the final state annihilation was to
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dark Z's, dark scalars, or an admixture of the two. We identified the broad
regions of parameter space in which the observed spectrum and intensity
of the Galactic Center gamma-ray excess can arise from thermal dark mat-
ter and remain consistent with all current constraints (in particular from
dwarf galaxies gamma-ray searches by the Fermi-LAT collaboration). In
addition, we pointed out that cosmic-ray antiproton measurements could
potentially discriminate some hidden sector models from more conventional
dark matter scenarios.

To summarize, in this thesis we have investigated the cosmological and
phenomenological implications of dark matter. Cosmologically we have
broadly focused on the complementarity of early and late Universe probes,
including scenarios beyond the canonical ACDM model. In particular, we
have tested dark matter-neutrino interactions and cold plus non-cold dark
matter cosmologies. These studies help in shaping our understanding of
how the non-gravitational nature of dark matter may impact the observ-
able Universe. From a phenomenological perspective, we have focused on
the potential connection between dark matter and sterile neutrinos and on
generic WIMP dark matter models, in particular those that could account
for the Galactic Center gamma-ray excess. The former allow us to gain
insight on the possible nature of dark matter should it be related with the
neutrino mass generation mechanism. In our investigations of WIMP dark
matter models, we have quantitatively showed the extent to which Z and
Higgs dark matter mediated models are probed by current and future exper-
iments, and we have highlighted the viability of a dark matter interpretation
of the Galactic Center gamma-ray excess.

The complementary approach followed in this thesis has been shown to
be very useful in constraining the nature of dark matter. At this point in
time, however, we still do not know what the dark matter is. Yet, this
thesis has served to constrain various possibilities and to explore the phe-
nomenology of very well-motivated candidates. In the years to come, data
from upcoming galaxy surveys, CMB stage [V experiments, direct detec-
tion experiments, colliders, and experiments searching indirectly for dark
matter signatures will certainly shape our understanding of the nature of
dark matter.
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1 Introduction

Dark matter (DM) is required to explain the galactic rotation curves, lensing and virial mo-
tions of galaxy clusters, observed matter power spectrum and cosmic microwave background
(CMB) acoustic peaks. The current paradigm is that DM can be well-approximated by a
collisionless fluid, consisting of weakly-interacting massive particles (WIMPs) and leading to
a characteristic matter power spectrum (P(k) oc k~3). However, direct evidence for WIMPs
remains elusive and it is now legitimate to question the validity of the standard picture.

The ACDM framework provides an excellent fit to the currently-available data [1, 2].
Any future rejection or modification of this model must therefore come in the form of com-
parison with a (better) alternative hypothesis, or through the discovery of new data in direct
conflict with ACDM predictions. Possible modifications to the Standard Model either assume
new relativistic species such as sterile neutrinos [3, 4], or different DM characteristics such
as interactions with particles in the visible or dark sector. Either way, these “Beyond the
Standard Model” scenarios predict a modification of the ACDM matter power spectrum at
small scales.

There is in fact a plethora of DM models in the literature that exhibit such devia-
tions (e.g. refs. [5-27]), many of which predict additional damping and/or oscillations in
the P(k). While CMB experiments such as Planck allow one to constrain the cosmological
parameters with unprecedented precision [1, 2], extracting the P(k) from Planck or the next-
generation of CMB probes (such as COrE+ [28] or PIXIE [29]) will be limited by the large
uncertainties involved in foreground modelling, which hinder any angular power spectrum
analysis at large £.! Therefore, to unravel the nature of DM, a direct probe of the P(k) is
needed. Here we show that the next generation of large-scale structure (LSS) surveys could
provide us with key information on the particle properties of DM, due to their extremely
high precision.

Galaxy clustering surveys [30-36] have already observed the imprint of Baryon Acoustic
Oscillations (BAOs), a standard ruler to measure the Hubble expansion rate, H(z), and the
angular diameter distance, Da(z). Recently, the Baryon Oscillation Spectroscopic Survey
(BOSS) collaboration [37] reported a separate extraction of H(z) and Da(z) to a precision

! An additional difficulty is that the C¢ are the result of the convolution of the P(k) with a window (Bessel)
function that accounts for the angular scale, thus preventing one from detecting small features in the P(k).



of 1% [30]. Here we show that by exploiting all of the information contained in the shape
of the full P(k) (rather than solely the BAO geometrical signature [38-40]), one can test the
validity of the ACDM model at scales below a Mpc.

For concreteness, we focus on one specific scenario, in which DM scatters elastically
with the active neutrinos (hereafter, vyCDM) [5-18]. Such a DM candidate erases small-scale
perturbations through collisional damping [5, 7] and suppresses neutrino free-streaming in
the early universe. This leaves a unique signature in the angular and matter power spectra
and provides us with a framework to quantify the potential of future LSS surveys to constrain
DM microphysics. We exploit both the current publicly available galaxy power spectrum data
(in particular, from the WiggleZ survey [36]) and the expected full-shape power spectrum
measurements from the forthcoming Dark Energy Spectroscopic Instrument (DESI) [41].

The structure of the paper is as follows. In section 2, we describe the vCDM scenario.
In section 3, we compute up-to-date constraints using both CMB data from Planck and
full-shape LSS data from the WiggleZ survey. In section 4, we perform a forecast of the sen-
sitivity of planned experiments such as COrE+ and DESI to the vCDM framework (and any
model that generates small deviations from ACDM). Finally, we draw our main conclusions
in section 5.

2 Dark matter-neutrino interactions

In the »CDM scenario, DM remains in kinetic contact with the neutrino sector long after the
chemical freeze-out (see refs. [5-18] for previous related work). Small-scale DM perturbations
are then erased as a result of ongoing elastic scattering through “collisional damping” [5,
7], rather than slowly clustering under gravity. At the same time, neutrinos cannot free-
stream as efficiently as in ACDM and behave more like a relativistic perfect fluid. The main
consequences are: (i) an enhancement of the CMB acoustic peaks and (ii) a reduction of
small-scale power in the matter power spectrum [9-11].

DM-neutrino interactions do not affect the background equations but they do modify the
evolution of the DM and neutrino fluctuations. They can be implemented by a modification
of the Euler equations. In the conformal Newtonian gauge,?

fpn = k2 — Hopyv — S~ a(pu — 6,) (2.1)
. 1
0, = k2¢ + k2 <46V - UV) - N(QV - QDM)
o= 2~ Bk — Lo
v T 10 T
Fo= m [EFV(K—l) - (5 + 1)Fy(€+1)] — ftFye, 0 > 3

where 9, 0 and o are the density, velocity and shear perturbations respectively, F,, refer to
higher (¢ > 2) neutrino moments, v is the gravitational potential, H is the conformal Hubble
parameter and S = (3/4) ppm/pu-

The key quantity in eq. (2.1) is ft = a opM—, npM, Which can be written in terms of the
dimensionless quantity u defined as

ODM—v mpm 171
= . 2.2
" [ oTh ] [100 GeV} (22)

2In analogy to the perturbation equations governing baryon-photon interactions, see e.g. ref. [42].



This variable u describes the ratio of the DM-neutrino elastic scattering cross section, opy—y,
to the DM mass, mpwm, normalised to the Thomson cross section, oty (see ref. [6]). In our
analyses, we will consider both s-wave (opm-—,0 = constant) and p-wave (opm—p2 T2)
cross sections. For p-wave cross sections, we can write u(a) = ua_Q, where u is the present-
day value and a is the cosmological scale factor, normalised to unity today. The larger the
value of u, the greater the suppression in the linear matter power spectrum with respect to
ACDM, for a given wavenumber k, as shown in figure 1 (and can also be seen in refs. [9-11]).

DM interactions leave a further imprint in the galaxy power spectrum through damped
acoustic oscillations, which, in general, show up at smaller scales than those illustrated in
figure 1. They were first pointed out in the context of DM-photon interactions (in the
weak-coupling regime) in ref. [6] and were later observed in interactions with baryons [22],
neutrinos [9, 10] and dark radiation [25, 26]. They arise because the DM fluid acquires a
non-zero pressure as a result of interactions with the thermal bath and are therefore similar
to the photon-baryon fluid before recombination. Although they cannot be observed using
current data, they provide a characteristic signature for future experiments.

However, in addition to the models mentioned above, damped oscillations in the P(k)
are also expected for certain types of self-interacting DM [43], late-forming DM [44] and
atomic DM [45]. Taking all these possibilities into account, it would be difficult to determine
the specific nature of the DM coupling from this feature alone. Furthermore, since the
oscillations are not as prominent as in the case of DM-photon interactions [6] or atomic DM
in the sDAO (strong dark acoustic oscillation) scenario [46], they may not be resolved. In
this case, there could be a degeneracy with both warm DM [47] and axion DM [48] models,
which predict a sharp cut-off in the matter power spectrum at small scales.

3 Current constraints

To assess how powerful the constraints from future LSS surveys can be, we first derive
the limits set by current CMB and galaxy clustering surveys. These will then serve as a
benchmark for our forecasts in section 4.

To perform this analysis, the modifications shown in eq. (2.1) are implemented in the
Boltzmann code CLASS [49] (see also ref. [11]) and the posterior likelihoods are obtained using
the Markov Chain Monte Carlo (MCMC) code MONTE PyTHON [50]. The prior ranges for
these parameters are listed in table 1. Since uw can vary by many orders of magnitude, we
select a logarithmic prior distribution for this parameter, in contrast to the linear priors used
in refs. [9-11].

For simplicity, we assume massless neutrinos® and fix the effective number of neutrino
species, Neg, to the standard value of 3.046 [51]. We have verified that allowing Neg to vary
has an impact on the value of the Hubble parameter, Hy, but does not change the sensitivity
to the v parameter.

The current CMB constraints (using Planck 2013 + WMAP polarisation data [1]) are
shown in table 2. The corresponding upper limits on the DM-neutrino scattering cross section

(at 95% CL) are

U]gpl\ilafilfg <6 x 1073 (mpy/GeV) cm?, (3.1)

3This is in contrast to Planck, whose analysis assumes two massless and one massive neutrino with m, =
0.06 eV [1]. Such a small neutrino mass only affects the CMB through a slight shift in the angular diameter
distance, which can be exactly compensated by a decrease in 100 h of ~ 0.6 [1].



Parameter Prior
Qph? 0.005 — 0.1
Qpmh? 0.01 — 0.99

100 A 50 — 100
109 Ag 1—4
Ng 0.5— 1.5
Treio 0.01 —» 0.1
log(u) (s-wave) —6—0
log(u) (p-wave) —18 — —11

Table 1. Flat priors for the cosmological parameters considered here. ,h? is the baryon den-
sity, Qpmh? is the DM density, h is the reduced Hubble parameter, Ay is the primordial spectrum
amplitude, ng is the scalar spectral index, Tieio is the optical depth and wu is defined in eq. (2.2).

s-wave (u = const.) p-wave (u o< T?)
Parameter Planck 2013 COrE+ Planck 2013 COrE+
Qph? 0.0221 £+ 0.0003 0.02223 + 0.00004 0.0221 £ 0.0003 0.02222 + 0.00004
Qpmh? 0.120 4+ 0.003 0.1199 £ 0.0005 0.119 4+ 0.003 0.1197 £+ 0.0005
100 h 70.0+ 1.2 67.3+0.2 68.0+1.2 67.3+0.2
1094, 2.20 4+ 0.06 2.207 £ 0.010 2.19 4+ 0.06 2.207 +£0.010
Ng 0.961 4+ 0.008 0.9656 + 0.0017 0.961 4 0.008 0.9639 £+ 0.0019
Treio 0.090 4+ 0.015 0.0792 4+ 0.0002 0.090 4+ 0.013 0.0790 £+ 0.0002
logyo(u) | < —4.04 (95% CL)  —4.33 (95% CL) | < —13.6 (95% CL) < —14.6 (95% CL)

Table 2. Marginalised posteriors for s-wave (left) and p-wave (right) DM-neutrino scattering cross
sections set by the Planck 2013 data (+ WMAP polarisation) (see section 3) and the COrE+ forecast
(see section 4). Unless otherwise indicated, the errors represent the 68% CL.

if s-wave and

a](DPl\}[aiC,ITQ) <2 x107% (mpy/GeV) cm?, (3.2)

if p-wave. These results are consistent with those quoted by the authors of refs. [9, 10], with
the caveat that they did not perform a full MCMC analysis.

We now repeat the previous analysis adding LSS data on the full shape of the matter
power spectrum. Concretely, we use the galaxy clustering information from the WiggleZ
Dark Energy Survey [36]. The WiggleZ sample consists of ~ 238,000 galaxies and covers
a region of 1 Gpc? in redshift space. Our calculations have shown that comparable results
can be obtained from the BOSS DR11 measurements [30]. Following a similar analysis to
ref. [52], we construct the likelihood function as follows:

— 2 10g[L(¥a)] = X*(0a) = Y AC' A, (3.3)
ij

where the covariance matrix reads

Cij = (Phato (ki) Prato (k7)) — (Phato(ki)) ( Prato(k5)) (3.4)
and
Ai = | Phato (ki) — Paato.w (ki 19&)} : (3.5)



s-wave (u = const.) p-wave (u o T?)
Parameter | kmax = 0.12 A Mpc™!  kmax = 0.2 R Mpc™! | kmax = 0.12 h Mpc™!  kmax = 0.2 h Mpc~!
O h? 0.0220 £ 0.0003 0.0219 £ 0.0003 0.0219 £ 0.0003 0.0218 £ 0.0003
Qpumh? 0.122 £ 0.002 0.123 £ 0.003 0.122 £ 0.002 0.123 £ 0.002
100 A 70.0£1.1 66.6 = 1.0 669+ 1.1 66.7 = 1.0
10% A 2.19 £0.05 2.19£0.05 2.19£0.05 2.19£0.05
Ng 0.956 £ 0.007 0.956 £ 0.006 0.956 + 0.007 0.955 + 0.007
Treio 0.086 £ 0.013 0.086 £ 0.013 0.085 £ 0.013 0.085 £ 0.013
logio(u) | < —4.18 (95% CL)  —457 (95% CL) | < —13.7 (95% CL) < —13.9 (95% CL)

Table 3. Marginalised posteriors for s-wave (left) and p-wave (right) DM-neutrino scattering cross sec-
tions set by the combination of WiggleZ full-shape galaxy power spectrum measurements and Planck
2013 (+ WMAP polarisation) data. Unless otherwise indicated, the errors represent the 68% CL.

In eq. (3.5), Phato(k;) is the measured galaxy power spectrum and Phalow(ki, ¥q) is the theo-
retical expectation for the set of model parameters ¥, listed in table 1. In turn, Pyajow (i, Ua)
is a convolution of the computed galaxy power spectrum with the survey window functions,

<k2‘7 kn), aIld iS g'Ven by
i W kz? kn P o kn aSC R 19
P a‘lozw(ki7 790() - E ( ) ha ( / 1 OC) .

n scl

(3.6)

In this equation, ag represents the scaling, which takes into account that the observed galaxy
redshift has to be translated into a distance using a fiducial model. In this case, we use the
same values as in ref. [53]: Qp = 0.049, Q,, = 0.297, h = 0.7, ng = 1 and og = 0.8. The
scaling factor is given by refs. [52, 54]:

s _ Da(2)’H(z)

1 D ga(2)?Hia(2)
The theoretical galaxy power spectrum Py, (k, ¥4 ) is related to the matter power spectrum
P™(k,9¥,) through the relation

Phato(k,90) = b* P™(k,9,), (3.8)

a

(3.7)

where b is the bias, which is assumed to be constant. We analytically marginalise over b as
in ref. [55]:
)2 45 Phatow (ki 96)Cj; ' Phalo (k)
> _ij Phatow (ki ﬁa)Cl-;lphalo,w(kj, Ua)

In figure 1, we show the measured galaxy power spectrum, phalo(k), from WiggleZ in the
four redshift bins (0.1 < 2 < 0.3, 0.3 < 2 < 0.5, 0.5 < z < 0.7 and 0.7 < z < 0.9) exploited in
our analyses [36]. We also depict the convolved power spectrum, Pyalo (ki V), as defined
in eq. (3.6), for the ACDM fiducial model of ref. [53] and for two values of the u parameter
(u=10"% and v = 1075, both in the s-wave scenario). The characteristic damping of the
P(k) due to the interacting DM-neutrino fluid is clearly visible and allows us to tighten the
constraints with respect to the previous CMB-only analysis.

In table 3, we present the posteriors obtained using the combination of WiggleZ and
CMB data. We perform two separate analyses, including data for which: (i) & < kpax =
0.12 h Mpc™! (purely linear regime) and (i) & < kmax = 0.2 h Mpc™! (weakly non-linear
regime).

(3.9)
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Figure 1. The data points show the galaxy power spectrum, Phalo(k:), in the four redshift bins
(0.1 <2<0.3,03<2<0.5,05<2<0.7and 0.7 < z < 0.9) measured by the WiggleZ survey [36].
We also depict the convolved power spectrum, Pyalo.w(ki, U ), as defined in eq. (3.6), for the ACDM
fiducial model of ref. [53] (solid black) and for two values of the u parameter: u = 10~* (dotted red)
and v = 1075 (dashed green) in the s-wave scenario. The vertical dashed line denotes the separation
between the linear (k < 0.12 h Mpc™!) and non-linear (k > 0.12 h Mpc™—!) regimes.

In terms of the DM-neutrino scattering cross section (at 95% CL) with kpax =
0.12 h Mpc ™! (kmax = 0.2 h Mpc™!), we obtain

ToME) < 4% 1073 (mpy/GeV) em?;
(<2x1073 (mpy/GeV) cm?) (3.10)
for the s-wave cross section. As we shall see in the next section, these bounds are competitive

with those resulting from our forecasts for the future CMB mission COrE—+.
Meanwhile, for the p-wave cross section, we obtain

Ulgvh\;iﬁgjfgz) <1x107% (mpy/GeV) cm?;

(<8 x107* (mpy/GeV) cm?) . (3.11)
Therefore, including data in the weakly non-linear regime (k < 0.2 h Mpc~!) only strengthens

the constraints by a factor of 2 (s-wave) and 1.25 (p-wave) with respect to those in the purely
linear regime (k < 0.12 h Mpc~!). We note that, in the s-wave scenario, the bounds are as



much as ~ 3.5 times tighter than those using only CMB measurements, showing the benefits
of utilising the full shape of the P(k). The improvement is not as significant for the p-wave
case because the suppression appears at larger scales (see e.g. ref. [26]).

4 Forecasts for future experiments

The CMB and LSS analyses in section 3 allowed us to obtain current constraints on the DM-
neutrino elastic scattering cross section. We will now assess the power of future experiments
in (i) constraining DM microphysics and (ii) detecting small deviations from the ACDM
matter power spectrum in the weakly non-linear regime. These two analyses require slightly
different methodologies. In the first case, we construct a mock catalogue based on the
ACDM cosmology and compute the strongest possible upper limit on the v parameter using
the expected sensitivity of future experiments. In the second case, the mock data assumes
small but non-negligible DM-neutrino interactions in order to assess our ability to detect
them and more generally, reconstruct possible deviations from ACDM. In both cases, we use
projected sensitivities.

As in the previous section, we first consider CMB observables only and then include data
from LSS surveys. We focus on two planned experiments: (i) COrE+ [28], a CMB space
mission currently proposed for the 2015-2025 ESA call, and (ii) DESI [41], a multiplexed
fibre-fed spectrograph to detect galaxies and quasars up to redshift z ~ 2, that is expected
to run in the 2018-2022 timeframe.

4.1 COrE+

We first produce full mock CMB data sets (temperature and E-polarisation, plus lensing). We
then compute the fiducial angular power spectra, Cy, using the best-fit cosmology reported
by the Planck 2015 final mission, including the TT, TE and EE spectra [2]. To these Cy, we
add a noise component Ny consistent with each COrE+ channel specification and given by

92
N[ =6150"07 exp [L(L+1 4.1
7 170 o’ exp [L(L+ )81n2 , (4.1)
where o/’ correspond to the temperature or polarisation errors (i.e. I,J € {T,E}). The

expected temperature and polarisation sensitivities are given in table 4.
Following ref. [56], the effective x? is given by

D IC]|
2.(9,) = 2+ fuy | = +In— -3, 4.2

where D is a certain function of the noised power spectra (see eq. (3.4) in ref. [56]) and
|C| and |C| represent the determinants of the theoretical and observed covariance matrices
respectively. Finally, fq. represents the observed fraction of the sky (in practice, it weights
the correlations between multipoles when the map does not cover the full sky). For this
analysis, we use fgo, = 0.7 [28].

The third step in our analysis is to compute a Gaussian likelihood around our fiducial
spectra, using CLASS, tuned to obtain a 0.01% precision on the Cy (as in ref. [56], according
to eq. (4.2) and with a noise given by eq. (4.1)). Then, assuming a 4-year sensitivity and
using MONTE PYTHON to sample the parameter space with the priors given in table 1, we
can predict the sensitivity of COrE+ to the ACDM parameters. Note that we only consider



Channel 0 AT AP
(GHz) (arcmin) (pK-arcmin) (pK-arcmin)

105 10.0 2.68 4.63
135 7.8 2.63 4.55
165 6.4 2.67 4.61
195 5.4 2.63 4.54

Table 4. COrE+ 4-year sensitivity. 6 is the Full Width at Half Maximum (FWHM) of the beam,
AT and AP are the temperature and polarisation sensitivities respectively [28].

the TT, TE and EE observables. For simplicity, we neglect tensor modes (i.e. BT, BE and
BB) as they have currently not been observed [57].

The results are presented in table 2. We infer that the future sensitivity of COrE+ to
a DM-neutrino coupling would be (at 95% CL)

a]()(f\?f;) <3 x 1073 (mpy/GeV) em?, (4.3)
if s-wave and
oSO < 2501074 (mpy/GeV) em?, (4.4)

if p-wave.

While we find that the standard cosmological parameters will be measured to much
higher precision than with Planck, there is only a modest gain in sensitivity to the DM-
neutrino cross section. Furthermore, these limits are slightly worse than those obtained after
combining Planck with current LSS data in the weakly non-linear regime. From these results,
we expect detection with COrE+ to be possible for u ~ 1074,

To assess the power of COrE+ to detect and reconstruct the vCDM cosmology or similar
deviations to ACDM, we also produce mock data sets with « = 10™* and u = 107 as fiducial
models (for s-wave interactions). We then attempt to reconstruct these models by means of
the usual MCMC method. The u = 1075 case is presented in figure 2 (and similarly for
p-wave with v = 107'). With COrE+-like CMB data, one may reconstruct a universe
with © = 10™* with a 40% 1o error. However, the u = 10™° case would provide us with
CMB information entirely consistent with v = 0, in agreement with eq. (4.3). Therefore,
u > 5 x 1079 is the best sensitivity that one could achieve with CMB experiments in the
near future.

4.2 DESI

The DESI survey [41] is expected to provide a wealth of information on the matter distribution
(i.e. the P(k)) in the Universe at relatively small scales and up to redshift z ~ 2. To forecast
the ability of DESI to discover new physics, we first compute the expected errors from the
DESI instrument, following a Fisher matrix approach, which is the usual method used to
forecast galaxy survey experiments.?:>

The Fisher matrix is defined as the expectation value of the second derivative of the like-
lihood surface around its maximum. As long as the posterior distribution for the parameters

“http://desi.lbl.gov/.
Shttp://sci.esa.int /euclid /.



is well approximated by a multivariate Gaussian function, its elements are given by [58—60]

1 19C 1 9C

Fop==Tr|C~ 4.
oo = 5T C s, 895 (4:5)

where C' = S+ N is the total covariance, which consists of signal .S and noise N terms. Once
more, we take a fiducial cosmology defined by the parameters that best fit the Planck 2015
TT, TE, EE + lowP data [61] in the presence of DM-neutrino interactions with « = 107 in
the s-wave scenario and u = 1074 in the p-wave scenario.’

Assuming a Gaussian likelihood for the DESI band powers, the Fisher matrix can be
written as:

; . . -
max 81nP (k) 01n Py (k) - dk
FLSS / gg gg ‘/e k 4.6
P 8195 ff( )2<27r>3 ( )
max 8 In Pyo(k, pt) Oln Pyo(k,
/ / gg \ 1) s )Veff(k‘,u)
mln 8§
2rk2dkdp
2(2m)3 7
where Vog is the effective volume of the survey and given by
nP(k,p) 1°
Verr (k = \=—57/7 N 4 ‘/éurve ) 4.7
eff( ,,LL) [nP(k,,u)—l—l] Yy ( )

where p is the cosine of the angle between the vector mode (E) and the vector along the line
of sight, and n is the galaxy number density (which is assumed to be constant throughout
each of the redshift bins).

To perform the analysis, we divide the data in redshift bins of width Az = 0.1 and cut
the small-scale data at k = 0.25 h Mpc~! to avoid the highly non-linear regime. The lowest
wavenumber (i.e. the largest scale), kyin, is chosen to be greater than 27/AV/3 where AV
represents the volume of the redshift shell. We note that using data in the non-linear regime
would require numerical simulations of this model. This has been performed for specific cases
in refs. [14, 17]. As we will discuss later, constraints using this method are competitive with
our DESI forecast.

The real-space linear DM power spectrum, Ppy, is related to the linear redshift-space
galaxy power spectrum, Py, by

Pyy(k) = Pom(k) (b + B p?)?, (4.8)

where b is the bias relating galaxy to DM overdensities in real space (as in eq. (3.8)) and
is the linear growth factor.

DESI is expected to cover 14,000 deg? of the sky in the redshift range 0.15 < z < 1.85.
We use the values of the bias given in ref. [63] for the three types of DESI tracers, namely
beLg(z)D(z) = 0.84 for the Emission Line Galaxies (ELGs), birg(2)D(z) = 1.7 for the
Luminous Red Galaxies (LRGs) and bgso(2)D(2) = 1.2 for the high redshift quasars (QSOs).
Here, D(z) is the normalised growth factor and both the bias and the growth factor are
assumed to vary in each redshift bin accordingly to these expressions. To combine the Fisher
matrices from the three DESI tracers, we use the multi-tracer technique of ref. [64].

5See ref. [62] for more details on the Fisher matrix formalism for galaxy redshift surveys such as DESI.
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Figure 2. The 68% and 95% CL allowed regions in the (Qpyh?,u) plane for the s-wave (left) and
p-wave (right) scenarios. Blue: current constraints from the combination of WiggleZ and Planck
2013 data, with kpax = 0.12 h Mpc™!; magenta: projected sensitivity of the upcoming COrE+ CMB
experiment, assuming u = 107° (or u = 10~ if p-wave); orange: projected sensitivity of the DESI
galaxy survey, again assuming v = 1075 (or u = 10~ if p-wave), with kpa.x = 0.25 h Mpc~1.

For the s-wave scenario, we obtain a 1o error on the u parameter of
SuPFS) ~ 3.7 % 1076, (4.9)
for the fiducial value of u = 10~°. For p-wave, we obtain:
SuPPSD ~ 4.4 % 10717 (4.10)

for the fiducial value of u = 1074, Crucially, DESI will ensure a ~ 2.5¢0 detection of DM-
neutrino interactions if the strength of such a coupling is u ~ 107> (or a ~ 20 detection for
u =~ 1071 if p-wave).

Our results are summarised in figure 2, where the DESI 68% and 95% CL allowed
regions in the (Qpyh?,u) plane are shown (assuming the Planck 2015 fiducial cosmology
plus an interaction strength of v = 107% if s-wave and v = 104 if p-wave), along with the
current constraints and the COrE+ reconstruction. One can clearly see the improvement
in the extraction of a DM-neutrino coupling that will be provided by the next-generation
LSS surveys. This analysis indicates that planned galaxy clustering surveys will provide an
extremely powerful tool (competitive or even better than future CMB experiments) to test
the fundamental properties of DM.

Since the main impact of ¥CDM is the damping of structure on small scales, one of
the largest effects will be a reduction in the number of satellites around galaxies such as
the Milky Way. Until now, the only way to study interactions at these scales has been via
N-body simulations, which show that for DM-radiation couplings greater than w ~ 107,
the number of satellites in the Milky Way would be much smaller than observed [14, 17].
Therefore, with the sensitivity of u ~ 3.7 x 1076 expected from DESI, we would have a handle
on alternative scenarios to ACDM that modify our cosmic neighbourhood, independently of
the assumptions that go into N-body simulations.”

"With improvements in numerical algorithms and computing power, N-body simulations are becoming
increasingly more affordable and will continue to provide a complementary method to test structure formation
in models beyond ACDM. However, they will remain computationally expensive, especially if one wishes to
simulate structures on both large and small scales or test a wide range of modifications to the P(k).

~10 -



5 Conclusion

Cosmology provides a promising tool to measure the particle properties of dark matter (DM).
A DM coupling to visible or dark radiation (including neutrinos, axions, dark photons or any
other light uncharged particle) can lead to strong departures from the standard ACDM
cosmology and produce visible signatures for CMB experiments and LSS surveys. In the
specific case of DM-neutrino scattering, one expects an enhancement of the CMB acoustic
peaks due to the fact that DM is strongly coupled to neutrinos and vice versa, which delays
the neutrino free-streaming epoch and alters DM clustering with respect to the standard
ACDM picture. However, the largest impact is imprinted as a damping in the matter power
spectrum, surveyed by large-scale structure (LSS) galaxy surveys.

In this study, we have looked for the optimal method to measure such small depar-
tures from the ACDM scenario. As cosmological measurements may constitute the only
tool available to detect such effects, it is crucial to study the potential sensitivity of future
experiments. We have shown that i) with current CMB measurements, one can probe s-
wave and p-wave DM-neutrino cross sections of opym—p0 S 6 X 1073 (mpy/GeV) cm? and
opM—_v2 < 2 % 10740 (mpy/GeV) cm?, respectively (at 95% CL) and ii) by simulating a
next-generation CMB experiment (i.e. a COrE+-like mission) by means of a Markov Chain
Monte Carlo analysis, one can only weakly improve on the current sensitivity.

The prospects for both constraints and detection are far better for future galaxy surveys,
such as the DESI or Euclid experiments. Already, current LSS data, combined with Planck
CMB measurements, provide competitive constraints to those forecasted for a future CMB
experiment such as COrE+. Future data from the DESI experiment alone could improve the
current sensitivity limit by an order of magnitude, and provide an accurate (percent-level)
measurement of the scattering cross section for values above that limit. Therefore, we have
shown that galaxy clustering surveys are an excellent probe to detect new physics beyond
ACDM. Remarkably, future LSS experiments will be sensitive to effects that until now have
only been accessible via N-body simulations.
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We explore an extended cosmological scenario where the dark matter is an admixture of cold and
additional noncold species. The mass and temperature of the noncold dark matter particles are extracted
from a number of cosmological measurements. Among others, we consider tomographic weak lensing data
and Milky Way dwarf satellite galaxy counts. We also study the potential of these scenarios in alleviating
the existing tensions between local measurements and cosmic microwave background (CMB) estimates of
the Sg parameter, with Sg = 641/9Q,,, and of the Hubble constant H,,. In principle, a subdominant, noncold
dark matter particle with a mass my ~ keV, could achieve the goals above. However, the preferred ranges
for its temperature and its mass are different when extracted from weak lensing observations and from
Milky Way dwarf satellite galaxy counts, since these two measurements require suppressions of the matter
power spectrum at different scales. Therefore, solving simultaneously the CMB-weak lensing tensions and
the small scale crisis in the standard cold dark matter picture via only one noncold dark matter component

seems to be challenging.

DOI: 10.1103/PhysRevD.96.043501

I. INTRODUCTION

Within the current canonical cosmological model,
dubbed the ACDM model, the dark matter is assumed to
be made of a totally cold gas of weakly interacting
particles, accounting for ~26% of the current Universe
mass-energy density. This standard picture has been
extremely successful in explaining both the large scale
structure observations of our Universe and the pattern of
the temperature and polarization fluctuations in the cosmic
microwave background (CMB) [1]. Nevertheless, the
mechanism explaining the origin and the physics of this
cold dark matter component remains obscure [2—4], with
possible candidates ranging from the GeV-TeV energy
scale to very light (ueV) dark matter axions. Together with
this hitherto theoretically unknown cold dark matter nature,
there are a number of observations which further motivate
the searches for other possible dark matter candidates.

On the one hand, there is the small scale crisis of the
ACDM model. This problem is closely related to several
galactic and subgalactic phenomena, as the Milky Way
satellites problem [5,6] and the so-called foo big to fail
problem [7], which refer to the fact that the predictions
from the ACDM picture fail in reproducing the number of
low-mass subhalos expected within a Milky Way-sized
halo and the measured kinematics of the Milky Way
satellites, respectively. A large effort in the literature has
been devoted to alleviate these problems [8—19].

On the other hand, recent measurements of tomographic
weak gravitational lensing, as those from the Kilo Degree-
450 deg2 Survey (KiDS-450) [20,21], show substantial
discordances with CMB measurements from Planck [1,22]
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in the matter perturbations at small scales. These discor-
dances are quantified in terms of the extracted values of the
amplitude of the small-scale density fluctuations, quanti-
fied by the parameter oy, at a given matter density, Q,,.
In particular, the quantity S5 = 651/Q,, as measured by
KiDS is in tension with the Planck estimate at the level of
2.30 [20]. Similar results had already appeared in the past
from the analyses of CFHTLenS data [23,24]. A number
of recent dedicated studies in the literature have shown that
the CFHTLenS and the KiDS discrepancies are independent
of the small-angle approximations commonly exploited in
weak lensing data analyses [25-27].

Here, instead of refining cosmic shear analyses, we follow
a different avenue to ameliorate these problems. In the spirit
of Ref. [21], we consider a modified version of the most
economical pure cold dark matter model, allowing for a
mixed dark matter cosmology with an additional, nontotally
cold, dark matter relic. These models with an admixture of
cold and noncold dark matter particles have been dubbed
mixed dark matter (MDM) models; see e.g. Refs. [28-33].
The motivation to consider these models is twofold: in
addition to their potential in alleviating the tension between
cosmic-shear and CMB measurements, they could also
provide a solution to the aforementioned ACDM small-
scale crisis, while leaving unchanged the predictions from
the ACDM model at large scales. The reason is simple: the
particle associated to the second, nontotally cold dark matter
component will have a significant free-streaming length,
that affects the matter power spectrum on the smallest scales,
therefore improving the compatibility with the observations
of the local Universe [34] through a reduction of the Sg
quantity.

© 2017 American Physical Society
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In this study we scrutinize these mixed dark matter
scenarios, using the most recent tomographic weak lensing
measurements from the KiDS-450 survey, in combination
with Planck CMB data. By means of these data sets we shall
derive constraints on the current temperature and mass-
energy density of the noncold dark matter component,
searching for the most favored cosmological dark matter
scenario. Furthermore, we also consider current estimates
from the observed number of Milky Way satellite galaxies,
comparing these results to those preferred by weak lensing
data.

The structure of the paper is as follows. In Sec. I we
present the methodology followed here, describing the
mixed dark matter model, the included data sets and the
technical details of our numerical analyses. Our results are
shown in Sec. III. We draw our main conclusions in Sec. I'V.

II. METHODOLOGY
A. Mixed dark matter modeling

In this paper we explore a scenario where the dark matter
fluid is made of two components: one which corresponds
to the standard cold dark matter (CDM) plus a second
one with a nonzero temperature Ty, which is a warm dark
matter (WDM) component.l In the following we shall refer
to this model as the mixed dark matter (MDM) model.
While the CDM component is simply parametrized via its
energy density w, = Q_.h?, the second dark matter compo-
nent is parametrized through its temperature 7Ty
and its energy density fraction fy relative to the total dark
matter component wpy; = Wy + @,., defined as

@x

fX:—7 (1)

@Wpm
where w; = Q,h? refers to the present mass-energy density.
Notice that the mass of the second, noncold dark matter
particle can be computed from its energy density and its
temperature using the relation

@)

In our analyses we shall consider 0 < fy < 1 for the WDM
energy density and —1.5 <log,((Tx/7T,) < 0 for its tem-
perature. The upper temperature prior, Ty = T, is fixed to
be the one corresponding to the pure hot dark matter
regime, i.e. to the standard neutrino temperature, while the
lower prior is chosen in order to preserve the validity of the
numerical calculations for the MDM model used here, as
we explain in what follows.

A crucial point when dealing with the MDM modeling is
related to the power spectrum of the density perturbations,
which is modified when a second nontotally cold dark

"We consider relics with a Fermi-Dirac distribution. A change
in the distribution will not change dramatically the results, see
e.g. [33].
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matter component is also considered in the cosmological
evolution. The deviations of the matter power spectrum
in the MDM model from its standard shape within the
CDM model may be highly nontrivial and must be treated
cautiously, since we are dealing with weak lensing probes,
which require a good knowledge of the perturbation
behavior in the nonlinear regime.” We recall that the non-
linear approximations that are commonly used for the
numerical computations are calibrated on N-body simula-
tions. These calibrations, however, must be considered
carefully, since the extrapolation for unusual models may
spoil the correctness of the adopted formulas.

In this regard, we show in Fig. 1 the relative difference
between the nonlinear matter power spectrum of some of
the MDM models explored here with respect to the
corresponding CDM only case. We use wpy = 0.12 for
all the plots, with fxy = 0 for the CDM-only model and
fx = 0.5 for the other cases, and we vary the noncold
dark matter particle temperature. The panels refer to four
possible nonlinear prescriptions: the standard [36-39]
(upper left panel) and the accurate [40] (upper right panel)
versions of the halo model, the standard halofit code
[41] (lower left panel) and the fitting formula presented
in Ref. [42] (lower right panel), that we shall adopt here
(see below). Notice that the halofit prescription badly
fails in reproducing the expected behavior of the nonlinear
power spectrum when the temperature 7'y of the nontotally
cold dark matter particle deviates significantly from the
neutrino temperature, 7,. In the limit 7y — 0, the MDM
case should approach the CDM one, eventually overlapping
with it, and this behavior is clearly not reproduced.
The accurate halo model’ also presents some problems
at the smallest scales. Following these results, the best
model to describe the nonlinear perturbation growth in the
MDM case seems to be the standard halo model. However,
even in this case there exists an unphysical bump at scales
k ~ 1 h/Mpc which makes its predictions unreliable.

The clear failure of these three widely used nonlinear
models for a significant range of temperatures 7y has
motivated us to search for an alternative description of the
nonlinearities in the power spectrum in the presence of an
additional noncold dark matter component. We have there-
fore adopted the prescriptions presented in Ref. [42], that
we briefly summarize here.

Starting from the standard nonlinear matter power spec-
trum for a CDM universe Pcpy computed with {[41,43], the

*This is a delicate issue, as we are dealing with a second dark
matter component different from the standard three neutrino
active contribution. For the implementation of massive neutrinos
in nonlinear matter power spectrum simulations, see Ref. [35].

The term “accurate” is related to the fact that this improved
version of the original halo model [36-39] takes into account
several corrections (that include, among others, the baryonic
feedback), i.e. factors that are not included in the standard halo
model, see Ref. [40] for details.
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FIG. 1. Relative difference of the MDM nonlinear matter power spectrum at z = 0 (for fy = 0.5) with different temperatures 7'y, with

respect to the pure CDM case (for which fy = 0), for four different nonlinear approaches, as described in the text. For all of them we fix
wpy = 0.12. The nonlinear prescription adopted in this work, given by Ref. [42], is the one corresponding to the lower right panel.

authors of Ref. [42] find that the fitting function that best
matches the results of N-body simulations in the presence of
a noncold dark matter component is given by

Pyipm (k) 2
———= =Tk rx, k!
Pcpm(k) (ks e ko)

X (3)

= (] ——— =
(1 + k/k&)0'7441

—rx)+

where the two quantities that appear in the right-hand side

read as
1-f5 ’

Ky(ka, fx) = ka- f5°. (5)

rx(fx) =1—exp <—a

In the latter equation, k, is the damping scale given in
Ref. [44] as a function of the linear growth rate D(z),

my

2207
ky(my,z) = (keV) D(z)83388.8 hMpc~!. (6)

Finally, parameters a, b, ¢ in Eq. (4) are obtained by
fitting the parametrization above to the N-body simulation
results [42],

a = 1.551, b =0.5761, c=1263. (7)
In all the relevant parts of our computation, therefore,
we substituted the nonlinear matter power spectrum
with the one given by Eq. (3). This means that we need
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to compute the nonlinear matter power spectrum Pcpy
in the CDM-only model using the standard HALOFIT
prescription.

B. Data sets

1. Cosmic microwave background (CMB)

We consider the CMB measurements of the most recent
Planck data release [1,22], using the full temperature power
spectrum at all multipoles (2 < # <2500, Planck TT),
the polarization power spectra only in the low multipoles
range (2 <7 <29, 1owP) and the lensing likelihood
computed from the 4-point correlation function. Since there
could be still some level of residual systematics contami-
nation [1], we neglect the polarization measurements at
high multipoles (highP), following therefore a very
conservative approach which will ensure very robust limits.
We refer to the Planck TT + lowP + lensing
combination of data as the “CMB” data set.

2. KiDS data

An essential point of this study is the addition of the
measurements of the Kilo Degree Survey (KiDS) [20,21]
using the methodology explained in [20].

The KiDS data can be used to reconstruct the 2-point shear
correlation functions &/ () for the i, j tomographic bin
combination at the angle 6. The data set that we use here is
from KiDS-450 [20,45,46] and covers an effective area of
360 degz. The median redshift is z,, = 0.53, while the
effective number density is n.; = 8.5 galaxies arcmin™2.
The experiment covers 7 angular bins in the range 0.5 to
72 arcmins for £7(6) and 6 angular bins between 4.2 and
300 arcmins for £4(6).

The calibration of the photometric redshift distributions
is made through the “weighted direct calibration” (DIR)
method presented in Ref. [20]. This uses the data of external,
overlapping spectroscopic surveys and creates series of 1000
bootstrap realizations to obtain the uncertainties and the
correlations between the tomographic bins. Each bootstrap
sample is used for a fixed number of iterations of the MCMC
scan performed here. This bootstrap procedure ensures that
the analysis is statistically unaffected by the photometric
redshift bias corrections [21], which can instead significantly
change the results of the analysis of e.g. CFHTLenS data
and may alleviate the tension with the value of o determined
by Planck [47].

Furthermore, the KiDS data are analyzed taking into
account the intrinsic galaxy alignments, for which the
correlations of intrinsic ellipticities of galaxies with each
other and with the shear of background sources must be
considered. This is done varying two nuisance parameters:
the amplitude A;, and the redshift dependence 75 (see
Ref. [48]). As we have checked that our results do not change
significantly if we turn on these “extended systematics”
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settings [21], we will only show the results obtained within
the standard prescription, i.e. 714 = 0 and —6 < Ajp < 6.

To perform the analyses as presented by the KiDS
Collaboration [20,21], we should include the calculation
of baryonic effects in the nonlinear matter power spectrum,
that are computed using HMCODE [40]. As we discussed in
Sec. IT A, this code gives biased results when applied to the
(unusual) MDM cosmology when the noncold dark matter
temperature is much smaller than the standard neutrino one.
Since we are using Eq. (3) for computing the nonlinear
matter power spectrum, we shall not use HMCODE and the
related prescriptions on the baryonic feedback.

3. Satellite galaxies

As we have already introduced, one of the problems of the
ACDM model at galactic and subgalactic scales is the one of
the missing satellite galaxies. Here we explain how we
compute the constraints from the observations of dwarf
satellite galaxies in the Milky Way (MW).

Dwarf galaxies are usually faint and small objects that
must be observed and correctly identified as satellites of the
MW. In the following we briefly comment on the current
observational status [49,50]. The number of known standard
satellites of our Galaxy is eleven. The SDSS experiment,
with a sky coverage of fg, = 0.28, observed other fifteen
satellites [S1], with a corresponding Poissonian error of ~4.
Recently, the Dark Energy Survey (DES) has reported the
discovery of eight new Milky Way companions, which
could potentially be ultrafaint satellite galaxies [52,53].
In the absence of a robust confirmation of the fact that these
new eight DES candidates are truly all of them Milky-Way
satellite galaxies, we adopt here the conservative approach
of Ref. [49] and restrict ourselves to the classical satellites
plus the extrapolated number of the SDSS measurements,
see the discussion that follows.

We assume here that the number within the SDSS footprint
is binomially distributed with probability fg, = 0.28, fol-
lowing an isotropic distribution. Then, a SDSS-like experi-
ment would have observed 54 MW satellite galaxies over
the entire sky, with an associated (binomial distribution) error
of 11. Therefore, together with the eleven classical MW
satellites, this would imply a total number of N, = 65 £ 11.
Following Ref. [49], we assume a halo-to-halo scatter [54] by
reducing our estimated number of MW satellite galaxies,
quoted above, by 10%. Nevertheless, we are aware that this
number is probably an underestimate of the true number of
dwarf satellites, as a consequence of the technical challenges
of the observation. Notice however that, due to the incom-
pleteness of the SDSS sample, it could be possible that, when
accounting for corrections in e.g. the observed luminosity
function, the number of satellite galaxies around the MW
could be much larger than these estimates, see e.g. Ref. [55].
For this reason, we present the results obtained combining
the satellites likelihood with other data sets following two
different approaches. In the most conservative scenario,
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labeled “SAT(low)” in the following, we apply the observed
number of MW dwarf satellite galaxies N9 = 58 4+ 11 as a
lower limit only, by means of a half-Gaussian likelihood,
following e.g. Ref. [33]. In this conservative approach we
apply the dwarf galaxy bounds only when the number of
satellite galaxies predicted within a given model is below the
mean number of satellite galaxies that are observed. In this
way we envisage the putative situation in which not all dwarf
spheroidal galaxies have been detected, being the current
estimates subject to increase by ongoing and/or future
searches. We also follow a more aggressive scenario in which
we apply the current measurement N = 58 £ 11 via a
standard Gaussian likelihood. This latter case will be referred
to as “SAT”.

Another problem related to dwarf satellites is that it is
also difficult to infer the mass of these objects, since they
are dominated by dark matter, and the only possibility to
measure the properties of the DM halo is through stellar
kinematics inside the object. Studies that use different
profiles for the halo suggest that all the known dwarfs have
a mass larger than M,;, = 10842~ M o [56], a number that
we shall use in the calculations explained below.

For the theoretical computation of the number of satellites
we follow the procedure described in Refs. [33,49,57], based
on a conditional mass function that is normalized taking into
account the results of the N-body simulations. The function
which gives the expected number of dwarf satellite galaxies
with a given mass M, reads as [49,57]

P(1/R,)

dNg 11 (Mh)
dinM;  C,67* \M,) R3,/2x(S, - S;)

(8)

Here P(1/R, = k) is the linear matter power spectrum for
the given cosmological model, / stands for “host halo”, i.e.
the MW galaxy, and the subscript s stands for “satellite” or
“subhalo”. The coefficient C,, = 45 is chosen to mimic the
results of N-body simulations [17]. In our calculations we
assume M), = 1.77 x 10"2h=" M, for the MW. This may be
not the exact mass of our Galaxy, but it is chosen because it
lies in the estimated range for the MW mass [58], and it
matches the mass of the Aquarius-D2 simulation [59], from
which the calibration on the N-body simulations results is
computed [17]. The estimated number of satellites NI, is
obtained integrating the above Eq. (8) between the minimum
mass of satellites M ,;,,, previously described, and the mass of
the host halo M/,

My dN
ho= 2 dM.
W= [ au, ©)

min

The parameters describing the subhalo (or the host halo)
are the radius R, (R),), the mass M, (M;) and the corre-
sponding variance S, (S,,). They are related by
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S.(M) = % / " RPRWA(KM)dK,  (10)
7 Jo
M, =70, (cR)" (1)

where i = s, h. The parameter ¢ = 2.5 is used to calibrate the
calculation on N-body simulation results.

To evaluate the variance, we use a procedure based on a
rederivation of the Press and Schechter [60] mass function,
for which we use a k-sharp filter approach [18] to cut all the
scales k below the cutoff scale k, = 1/R;, and R, depends
on the subhalo mass as in Eq. (11). This filter is written in
terms of a window function

1, if k <k, (M);

0, if k> k,(M). (12)

W(k|M) = {

C. Numerical analyses

We base our analyses on the standard ACDM model,
with the addition of a second noncold dark matter compo-
nent. The parameters that we vary in our analyses are then
the energy density of baryons, @, = Q,h?; the total energy
density of the dark matter components wp,,, the fraction of
the total dark matter mass-energy density in the form of
noncold dark matter (fy) and its temperature through the
logarithm log,o(Tx/T,) (see also Sec. II A); the optical
depth to reionization, z; the ratio of the sound horizon to the
angular diameter distance at decoupling ®; and the ampli-
tude and the tilt of the primordial power spectrum of
curvature perturbations, In(10'°A,) and n,.

Other cosmological parameters are fixed to their stan-
dard values as follows. The sum of the three active neutrino
masses is fixed to zero. Despite neutrino oscillation
measurements tell us that at least two of the neutrinos
must have a mass, with a minimum total mass of E m, =
0.06 eV for the normal ordering, the error that we make
when fixing > m, =0 is small. For the three massless
neutrinos, we fix the standard value N%; = 3.046, corre-
sponding to the three active neutrino contribution obtained
in the limit of noninstantaneous neutrino decoupling [61,62].

For the Planck CMB and satellite galaxy number counts
we use the Markov chain Monte Carlo (MCMC) tool
Monte Python [63], interfaced with the Boltzmann solver
CLASS [64]. We use then the obtained covariance matrices
to run MCMC with KiDS data, by means of the Boltzmann
solver CAMB [65] together with its MCMC companion
CosmoMC [66].4

*For the latter one, we use the July 2015 version with the
required modifications to perform the analyses of the KiDS data
[21], publicly available at http://github.com/sjoudaki/kids450.
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Together with the cosmological parameters, we vary all
the required nuisance parameters involved in the Planck
and the KiDS likelihoods.

III. RESULTS

Figure 2, left panel, depicts the 68% and 95% C.L.
allowed contours in the (R2,,, og) plane resulting from a
number of possible data combinations and comparing
different underlying cosmological models. In the simplest
ACDM picture, the allowed regions for the KiDS and
Planck data sets do not basically overlap, showing a clear
tension, as pointed out before by Refs. [20,21]. Such a
tension is clearly alleviated when one considers the
possible MDM extension to the minimal ACDM picture:
notice that the contours for KiDS and Planck overlap for a
larger region in the MDM case. This very same improve-
ment can be noticed from the one-dimensional posterior
probability distribution of the Sg = 65+/Q,, quantity in the
right panel of Fig. 2.

A possible way of quantifying the tension in the mea-
surements of Sg arising from the Planck and KiDS data sets in
possible extensions of the ACDM framework has been
presented and used in Ref. [21]. The tension is defined by

T(Ss) = IS0 = S221/\/e(SP) + (5D, (13)

where D, and D, refer to the Planck and KiDS data sets, Sy is
the mean value over the posterior distribution and o refers to
the 68% C.L. error on Sg. If we compute the value of 7'(Sg)
from the constraints obtained within the MDM scenario
explored here, we get a displacement of TMPM(Sg) = 10,
which indicates that the 2.36—2.86° obtained between Planck
and KiDS Sy values within the canonical ACDM scenario is
considerably reduced. The level of the improvement is very
similar to that reached when other possible extensions to the
minimal scenario are considered, as, for instance, in the
presence of a dark energy equation of state or within modified
gravity models [21]. The fact that assuming a MDM scenario
the tension between the Planck and KiDS constraints is
strongly alleviated fully justifies the combination of these
two data sets, already depicted in both panels of Fig. 2.
Figure 3 shows the two-dimensional 68% and 95% C.L.
allowed contours in the (Sg, Tx/T,) and (Sg, fy) planes.
We illustrate the results from KiDS, CMB and their
combination. We can notice from the contours shown in

>The authors of [20] quote a 2.3¢ tension among the obtained
Sg values from Planck (CMB temperature and low-£ polariza-
tion) and KiDS. Our analysis of the KiDS results with the
prescriptions published together with Ref. [21] leads to a value of
T(Sg) = 2.8, with small variations when we consider our results
from Planck CMB data or the Planck chains publicly available at
https://wiki.cosmos.esa.int/planckpla. When the full CMB data
set we explore here is considered, which includes the Planck
lensing likelihood, the tension shifts to 7'(Sg) = 2.5.
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the left panel of Fig. 3 that there exists a degeneracy
between the Sg quantity and Ty /T,. The reason for that is
because the larger Ty is, the closer the noncold dark matter
component behaves as a hot dark matter fluid, and therefore
a larger matter component (and, consequently, a larger
value of Sg) would be required to compensate for the
suppression of perturbations at small scales. As expected,
there are no bounds on the noncold dark matter fraction f'y,
as one can see in the right panel of Fig. 3. Indeed, for a very
small value of Ty the noncold dark matter is observatio-
nally indistinguishable from a pure cold component, and
therefore its relative abundance is perfectly compatible
with fy = 1.

As previously stated, the motivation for MDM scenarios
is twofold. We have already shown above that a noncold
dark matter component provides a possible way of allevi-
ating the tension between Planck CMB measurements and
tomographic weak lensing data from KiDS. As mentioned
in our introductory section, there is another very important
motivation to look for additional extensions of the minimal
cold dark matter picture, namely, the so-called small scale
crisis of the ACDM, and, in particular, the Milky Way
satellite problem [5,6]. We have therefore also considered
in our analyses the constraints from the MW dwarf satellite
galaxies, that we are going to discuss in what follows.

The first panel of Fig. 4 shows the one-dimensional
probability distribution of the noncold dark matter temper-
ature relative to that of the neutrino bath Ty /T,. Planck
CMB data measurements provide the 95% C.L. upper
bound of Tx/T, < 0.4, which could be naively translated
into a contribution to AN = (Tx/T,)* = 0.02 during the
periods in the Universe expansion history in which these
noncold dark matter particles are relativistic. Notice that
this value is much smaller than the limit obtained from
Planck CMB measurements on the contribution from
(massless) dark radiation or light sterile neutrinos.
However, the limits are not directly comparable as the
energy density of the noncold dark matter component
explored here is that of a nonrelativistic fluid for a large
region of the parameter space. KiDS measurements show a
preference for higher temperatures, indeed the 95% C.L.
upper limit is set by the upper prior in the Ty/T,
(Tx/T, < 1) parameter. When analyzing KiDS data taking
into account the Planck CMB constraints on all the
cosmological parameters, we obtain Tx/T, < 0.6 at
95% C.L. We also show in Fig. 4 the results obtained
combining the MW satellites counts with CMB measure-
ments. The blue curve depicts the one-dimensional prob-
ability distribution of the noncold dark matter temperature
when the current estimates of MW satellite galaxies are
treated as regular Gaussian priors and are combined with
Planck CMB measurements. This data combination con-
strains the temperature to lie within a narrow region,
favoring scenarios with values of Ty/T, in the range
0.15 < Tx/T, < 0.17, therefore smaller than those quoted
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FIG. 2. Left panel: 68% and 95% C.L. allowed contours in the (Q,,, og) plane, see text for details. Right panel: one-dimensional
posterior probability distribution of the Sg quantity for the same data combinations and models shown in the left panel.
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68% and 95% C.L. allowed contours in the (Sg, Tx/T,) and (Sg, fx) planes resulting from different data sets: KiDS alone,

CMB alone, the combination of KiDS and CMB data, and the combination of CMB measurements with MW satellite number counts,

see text for details.

previously for the KiDS plus Planck MDM case. This
difference can be explained in terms of the preferred value
of my, which turns out to be larger for Planck plus MW
satellites than for Planck plus KiDS data. If we instead
consider the MW likelihood in the form of a conservative
half-Gaussian likelihood, imposing the current observed
number of galaxies only as a lower limit, there is no lower
bound on the noncold dark matter temperature, as the half-
Gaussian likelihood turns out to be perfectly compatible
with a pure ACDM universe, for which the number of
satellite galaxies is around 160. The upper limit on Ty /T,
is very close to the one quoted above for our more

aggressive MW likelihood scenario (Tyx/T, < 0.19 at
95% C.L.), and smaller also than the constraint obtained
from Planck plus KiDS data.

The second panel of Fig. 4 shows the one-dimensional
probability distribution of the noncold dark matter mass
mX.6 Notice that there exist a 95% C.L. lower limit from
Planck data on the mass of the MDM component
my > 32 eV. This bound on the mass is related to the
fact that, below that region, the noncold dark matter fluid

We recall that my is a derived parameter in our analyses.
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FIG. 4. One-dimensional posterior probability distribution for the Ty /T, ratio, for the noncold dark matter mass my, its relative
fraction f'y and for the Hubble constant H, for different data combinations in the MDM scenario, see the text for details. For comparison
purposes, in the case of the Hubble constant, we also depict the resulting one-dimensional distribution from a fit to Planck CMB data in

the context of a ACDM cosmology.

behaves as a hot dark matter component (even if its
temperature is lower than the neutrino one), and CMB
observations do not allow for such large contribution from
hot dark matter relics. On the other hand, KiDS measure-
ments show a mild preference for a dark matter mass in the
sub-keV region, that can provide the suppression of the
small-scale perturbations required to reduce the value of
the Sg quantity for KiDS. The combination of Planck CMB
plus KiDS weak lensing data does not significantly change
these findings.

When considering the MW dwarf satellite constraints in
their less conservative form, we observe that there is a
preferred narrow region for the noncold dark matter mass,
which, as we shall further illustrate in short, turns out to be
very close to the warm dark matter region’ The mass of
the particle lies in the range 0.95 keV < my < 2.9 keV
(95% C.L.). Additional and independent constraints from
power spectrum measurements from the Lyman alpha
forest flux and from the universe reionization history can
be applied in this case, see Refs. [72—76] for the most recent
analyses.

When adopting the more conservative, half-Gaussian
approach for the MW likelihood, the lower bound we get
for the noncold dark component is very close to the region
quoted above, my > 0.09 keV at 95% C.L., as lower values
of the noncold dark matter mass will lead to a very large
suppression of the matter power spectrum at galactic and
subgalactic scales, in which case the number of MW
satellite galaxies gets strongly reduced. However, for this
case, there is no upper limit on my, as a model with only the
cold dark matter component is perfectly allowed once the
upper bound in the observed number of MW galaxies is no
longer considered, largely relaxing the allowed mass range.

"For pioneer work on WDM cosmologies see Refs. [67-71].

Notice that the preferred region for the mass my obtained
considering the MW satellites observations is larger than
the one suggested by KiDS weak lensing measurements.
This is due to the fact that the suppression in the growth of
structure required to satisfy MW satellite galaxy observa-
tions is associated to a smaller scale (large wave number k)
than the one required to explain KiDS weak lensing data.
The differences in the preferred values of my from weak
lensing and from KiDS lead to differences in the allowed
values of Tyx/T,. As previously stated, the bound on my
directly depends on the constraint in the abundance of the
particle. Consequently, the larger (smaller) the allowed
mass is, the smaller (larger) the temperature should be to
satisfty CMB constraints, see Eq. (2).

The bounds on the noncold dark matter fraction are
shown in the third panel of Fig. 4. Planck measurements
result in an almost completely flat distribution for fy, as
particles with small temperatures and large masses will
produce CMB photon temperature and lensing patterns that
are identical to those obtained in the pure cold dark matter
case. KiDS and its combination with CMB measurements
lead also to flat distributions for fy, with limits coinciding
with the assumed priors on fy. When dealing with the MW
satellites likelihood in the less conservative approach, its
combination with Planck CMB sets a robust preference for
fx >0, ie fx>034 at 95% C.L., while in the more
conservative approach the fy distribution is flat. Therefore,
the results that we obtain when considering the MW dwarf
satellites in the less conservative approach followed here
strongly suggest the need for a nonzero noncold dark matter
component. The explanation is simple: while we observe a
number around 60 satellite galaxies, the corresponding
number for a CDM-only case would be ~160. A suppres-
sion of the matter perturbations at small scales (as, for
instance, that associated to a noncold dark matter compo-
nent) is required, in order to match the predicted number
and the observed one.
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We can also note from the two panels of Fig. 3 that the
allowed contours in the (Sg, Tyx/T,) and (Sg, fx) planes
after considering the MW dwarf satellite galaxies like-
lihood do not deviate significantly from the CMB con-
straints. This shows that the second dark matter component
required to fully explain the satellites counts at galactic
scale does not help in solving the tension in the Sg
parameter that exists between Planck CMB and KiDS
weak lensing data. On the other hand, there exists also the
possibility that the current measures of the number of
MW dwarf galaxies are only underestimations of the true
number, and future observations will increase the present
statistics. Figure 3 illustrates also such a possibility, when
combining MW satellite number counts with CMB data.
In this more conservative approach to the MW satellites
problem, we can notice that the satellites limits on f
overlap with those from the CMB, adding no extra
information on the noncold dark matter abundance.

Finally, the fourth panel of Fig. 4 shows the one-
dimensional posterior distribution of the Hubble constant
H,. Notice that, as in the case of Ref. [21] for other possible
extensions of the ACDM scheme, the Hubble parameter
values show a better agreement with direct estimates of H,
[77,78] in the MDM scheme than in the pure cold dark
matter scenario. The Planck constraint on the Hubble
constant in the MDM scenario explored here (Hy = 68.5 £
0.9 kms~' Mpc™") is higher than in the pure ACDM case
(Hy = 67.3 4+ 1 kms~! Mpc™!), i.e. the mean value of H,
is shifted by approximately 1.5¢. The reason for the larger
preferred value of H, in the context of MDM scenarios can
be understood as follows. From Fig. 2 it is straightforward
to infer that the value of Q,, in these scenarios is generically
lower than in the pure ACDM case. This fact is reinforced
when combining Planck and KiDS data. As the CMB peaks
structure does not leave much freedom on the value of the
physical (total) matter energy density Q,,h% a smaller
value of Q,, requires the mean value of H, to be larger, in
order to leave the product €,,4* unchanged. When com-
bining Planck CMB and KiDS data sets we obtain H, =
70.0 £ 0.6 kms~! Mpc™!, showing a much better matching
to the Hubble parameter value extracted from local obser-
vations. This value, for instance, is consistent (within 1)
with that of Ref. [77], Hy, = 72.5 +2.5 kms~! Mpc~!, and
the 3.40 tension within the ACDM paradigm between
CMB and the Hubble constant estimates of Ref. [78],
Hy=73.24+1.74kms'Mpc!, is reduced to the 25 level.
Finally, the combination of MW satellites and Planck data
leaves unchanged the value of H, from CMB alone in
MDM scenarios, as expected, since MW satellites obser-
vations do not require a change on the dark matter
abundance but on its nature, and therefore no shift is
required in H.

IV. CONCLUSIONS

Observations at galactic and subgalactic scales compro-
mise the viability of the canonical ACDM paradigm, which
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otherwise provides an excellent fit to large scale structure
and cosmic microwave background (CMB) observations.
The number of satellite galaxies in Milky-Way (MW) sized
halos and the measured kinematics of the MW satellites
pose the question of whether a universe made out of a
pure cold dark matter component and a dark energy fluid
can successfully explain all cosmological observations.
Furthermore, there are a number of additional inconsistencies
among small scale predictions from the ACDM model and
observations from recent data releases from tomographic
weak gravitational lensing surveys, as those from the Kilo
Degree-450 deg? Survey (KiDS-450) [20,21]. More con-
cretely, there are discrepancies in the value of the amplitude
of the density fluctuations at a given matter density €,
commonly quantified in terms of S5 = 63/Q,,.

Models with an admixture of cold and noncold dark
matter particles (MDM models) may potentially alleviate
the ACDM observational problems outlined above, as the
free streaming nature associated to a nontotally cold dark
matter component will suppress the matter power spectrum
on the smallest scales, leading to a better agreement among
large and galactic and subgalactic scales measurements.
Here we have analyzed these MDM scenarios using the
most recent tomographic weak lensing measurements from
the KiDS-450 survey, combining them with Planck CMB
data. We have also studied the constraints derived using the
current estimates for the observed number of MW satellite
galaxies.

In a similar way to other extended cosmological models
[21], the tension in the measurements from Planck and
KiDS of the Sg quantity is reduced from 2.3 —2.80 to lo
in MDM scenarios. Furthermore, the value of the Hubble
parameter H, is perfectly consistent with that measured
by late universe observations [77]. We find Hy = 70.0 £
0.6 kms~! Mpc~! after combining Planck CMB and
KiDS tomographic weak lensing data, value which is in
a good agreement with the Hubble parameter value
extracted from local observations, see e.g. Ref. [77],
which quotes a value of Hy = 72.5 £ 2.5 kms~! Mpc~!.

We have also searched for the allowed ranges on the
noncold dark matter properties, as its temperature and its
mass. We find a 95% C.L. upper limit Ty /T, < 0.6 after
combining Planck CMB and KiDS data. Current estimates
of the number of satellite galaxies, N9 = 58 £ 11, when
translated into a standard Gaussian likelihood and com-
bined with CMB measurements, prefer smaller values of
the temperatures ratio (0.15 < Ty /T, < 0.17 at 95% C.L.),
as they would require larger values of my to suppress the
growth of structure at the scales involved in MW halo
observations. However, if current MW satellite observa-
tions are conservatively interpreted as a half-Gaussian
likelihood, imposing the current measured number only
as a lower limit, the lower bound on the noncold dark
matter temperature disappears, and we obtain Ty/T, <
0.19 at 95% C.L. Concerning the noncold dark matter mass
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and its abundance, after combining Planck CMB and KiDS
measurements, we find a (mild) preference for a sub-keV
noncold dark matter particle mass, with no particular
evidence for a nonzero abundance of such a component.
However, satellite counts data, in their more aggressive
interpretation and combined with CMB measurements,
isolate the preferred regions 0.95 keV < my < 2.9 keV
and fx > 0.34 at 95% C.L., robustly establishing the need
for the existence of such a keV warm dark matter particle.
In the most conservative approach there is not such a
preference for fy # 0 and only alower bound on the noncold
dark matter mass exists, my > 0.08 keV at 95% C.L.
Therefore, a subdominant, noncold dark matter com-
ponent with my ~ keV could in principle alleviate some
existing tensions between CMB and low redshift obser-
vations. However, the masses and temperatures required
to explain weak lensing and MW observations are rather
different. While the scale of the power spectrum suppres-
sion required by KiDS data needs a sub-keV noncold dark
matter mass and a temperature Ty ~ T,/2, the ones
required by Milky Way satellites observations are asso-
ciated to larger masses and smaller temperatures. Future
weak lensing and MW satellites observations will further
sharpen the preferred regions, either enlarging or dimin-
ishing the existing differences among the current weak
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lensing and MW preferred constraints for the noncold
dark matter temperature and mass. Future work with
simulated data will be devoted elsewhere to further corner
MDM scenarios.
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1 Introduction

The study of the dark Universe is one of the best handles to understand what lies beyond the
Standard Model (SM), particularly possible connections between Dark Matter and other
sectors. The SM neutrino sector is especially interesting, as the observation of neutrino
masses already points to new physics beyond the SM, possibly in the form of massive
right-handed neutrinos. This raises the question whether these two new forms of massive
particles, Dark Matter and right-handed neutrinos, are somewhat linked.

A very minimal possibility would be that of right-handed neutrinos constituting the
Dark Matter of the Universe [1]. Yet, this option is tightly constrained in a region of small
mixing with active neutrinos and mass around the keV, which will be explored in upcoming
experiments and potentially excluded, see [2] for a recent review on the subject.

In this paper we propose a different scenario, where sterile neutrinos and a fermionic
Dark Matter particle would have a common origin within a dark sector. These dark
fermions would exhibit couplings to a dark scalar, which would bring a source of Majorana
masses. The right-handed neutrinos would mix with active neutrinos, providing a link to
the SM, which Dark Matter would inherit via exchanges of the dark scalar. Additionally,
the dark scalar could couple to the SM via a Higgs portal, providing Dark Matter yet
another mechanism to communicate with the SM. In this paper we choose the rather
natural option of charging the dark sector under U(1)p_r, but another minimal choice
would be to assume an exact symmetry of the dark sector which stabilizes the lightest dark



particle and allows to communicate with the SM via the right-handed neutrinos, singlets
under both the SM and the dark group, see [3, 4] and [5].

The paper is organized as follows. After presenting the set-up of our model in section 2,
and the consequences of the breaking of U(1)p_ in the scalar sector in section 3, we move
onto the phenomenology of the model in section 4. The study of Higgs decays and direct
detection in sections 4.1 and 4.2, does lead to strong contraints on the mixing between the
dark scalar and the Higgs. How Dark Matter can satisfy the observed relic abundance is
explored in section 4.3, and the correlation with indirect detection in section 4.4. We discuss
the implications of a strongly self-interacting Dark Matter in this model in section 4.5, just
before moving onto summarizing our findings in section 5. We conclude in section 6 by
providing a summary of the results and outlook of possible new directions of investigation.

2 A dark sector with U(1)p_p,

We consider the following set-up: we extend the SM with a complex scalar field, ¢ and n
chiral (RH) fermion fields, ¥ . All these new fields are SM singlets, and charged under a
global U(1) symmetry which can be identified with U(1) g_r, so that Ly = 2 and Ly, = 1.1

SM  U()s-r  Dark

4

W

Moreover, we assume that (for the reasons explained below) some of the dark fermions

have vanishing or suppressed coupling to the SM singlet operator L H, so they could be
stable (or cosmologically stable); we will denote such stable fermion(s) by xr, as opposed
to the rest of the dark fermions, which we will call Ng.

Communication between the Standard Model fields and the new singlet sector (¢, Ug)
is determined by the U(1)p_; charges and the requirement of renormalizability of the
interactions. The relevant part of the Lagrangian reads:

LD pipHH = \g(HH)? + p30'¢ — M\p(676)> — Ao (H H) (¢19) (2.1)

)‘xab — ) <>\Nab 7 ) o
— [ 2= WXy + hoc. | — NgroNg, + h.c. | — (Yool HNR, + h.c.
( V2 ® X RaXRb /2 ¢ NRraNpy ( L R )

!Note that U(1)p_r, is the only anomaly-free global symmetry in the SM. Therefore, extensions of the

SM including a gauged U(1)p—r1 have been considered in various contexts, and in particular in scenarios
where the breaking appears at low-scale (e.g. [6-9]).



where a = e, u, 7 denotes lepton flavour, a,b refers to the different dark fermion species
and the Yukawa coupling matrices Ay, Ay are symmetric.

The coupling between the Higgs and the complex scalar ¢, Ay, is a generalized Higgs
portal coupling, whereas the direct coupling between the right-handed fermions N and
the SM via the mixing term Y,, leads to masses for the active neutrinos. The Yukawa
coupling between the dark scalar and dark fermions A,, Ay generates a Majorana mass
for the x fields and sterile neutrinos provided ¢ develops a vev. Details on neutrino mass
generation in this set-up can be found in section 3.1.

So far, we have described a new sector linked to the origin of neutrino masses. We
now consider whether this sector could also describe Dark Matter. In our set-up there are
two possible candidates 1.) the right-handed fermions x g4, and/or 2.) a component of the
complex scalar field ¢. We discuss in turn each possibility.

Fermionic Dark Matter: possible mechanisms to ensure stability of the dark fermions
xr could be:

1. Zy symmetry: the simplest possibility is that the fermions xgr are odd under an
exact Zs symmetry, while all the SM particles, the singlet scalar ¢ and the remaining
fermions Np are even. Then, the Yukawa coupling of yr to SM leptons will be
forbidden, resulting on a stable sterile neutrino Dark Matter.

2. Compositeness: the dark sector is a low-energy description of a new strongly coupled
sector (charged under the global U(1) g_r), with the dark particles bound states of the
strong dynamics. Mixing between the SM operator I%H and fermionic bound states
0% with lepton number are allowed, but the strength of this mixing is determined by
the anomalous dimension of O%. One could also describe this set-up in terms of a holo-
graphic dual, where operators from a strongly coupled sector like O% are represented
by states living in more than 4D, O%(z) — xr(z, z), with z is the extra dimensional
coordinate. In this holographic picture, the SM particles (lepton doublets, Higgs) are
localized at some distance from where the fields x g have their main support. The val-
ues of Y, o, are obtained via dimensional reduction from 5D to 4D, namely computing
overlaps of the wavefunctions of the Higgs, lepton doublets and dark fermions [10, 11]

Vi 5 [ defu(2)in(2) e, (2) (2.2

In warped geometries, O(1) differences in localization parameters can lead to expo-
nential hierarchies among the different entries in Yy, [12] and hence (meta)stability
of some dark fermions.

3. Ezxotic lepton number: if there are at least two Weyl fermions in the dark sector,
they could have lepton number different from 41, so that the Yukawa interaction
Z(ZH X Ra,b is forbidden but the coupling ¢ X r, X%, is allowed provided L, + L = —2.
This scenario leads to Dirac Dark Matter particle, and has been explored in [13] in
the context of the Zee-Babu model for neutrino masses.



4. Different dark sector representations: the dark sector could have further symmetry
structure (more complex than the simple Z5 symmetry described above), so that
some of the chiral fermions are singlets under the dark symmetry group and thus
can couple to Z%H , while xgr, may transform non trivially under the dark group.
Then, ¢ Xra X5, is invariant and thus allowed, but the Yukawa coupling with the SM
fermions is forbidden by the dark symmetry.

In this paper we assume that either mechanism 1 or 3 are at work, and we discuss
the phenomenology of these two minimal realizations. In the case of an additional dark
sector symmetry, if it is global the only difference will be an extra factor in the annihilation
cross sections of section 4.3, related to the dimension of the representation to which xpr
belongs, so our results can be easily re-scaled; however, if the dark symmetry is gauged,
Dark Matter self-interactions could modify some of our findings.

Scalar Dark Matter: the imaginary part of the complex field (the so-called Majoron,
n) could be a Dark Matter candidate [6, 14] provided it acquires a mass, e.g. via non-
perturbative gravitational effects which break the global symmetry [15, 16]. For a recent
review on the subject see [17].

A massive Majoron decays at tree level to a pair of light neutrinos with a rate that
scales as [16]:

T(y — vv) = % (Z)Q : (2.3)

where m,, is the mass scale of ordinary neutrinos and vy the scale of U(1)p_, spontaneous
breaking. Therefore, for instance if m, < 10keV and v, 2 108 GeV, the lifetime of the
Majoron can be large enough for it to be stable on cosmological scales, while for vy in the
TeV range the Majoron decays very fast.

Moreover, the massive Majoron might also decay into two photons at the loop level,
although this mode is model-dependent. While it does not occur in the minimal singlet
Majoron scenario that we are considering, it is induced at one loop in the more general see-
saw model which includes also a triplet scalar field coupled to the SM lepton doublets [18],
and it could also be present if the dark sector contains other chiral fermion representations
charged under the SM gauge group with masses of order A > vy, which would make the
global symmetry U(1)p_1, anomalous. Current experimental bounds on pseudo-Goldstone

bosons with BR(n — 77) ~ 1 imply that it can have a lifetime longer than ~ 102

years if
its mass is m,, < 100keV, while for heavier masses, m, 2 10 MeV, the lifetime has to be
shorter than one minute [19].

Both Dark Matter candidates, a keV scale sterile neutrino and a massive Majoron
have received much attention in the literature, so we do not explore such possibilities any
further in this paper. Instead, we focus on the fermionic Dark Matter scenario extending
the study to larger masses, in the typical WIMP range, which to our knowledge has not
been considered up to now. It has been studied in the framework of gauged U(1)p_p,
however then there is also a new Z’ gauge boson and constraints from direct searches set

a lower bound on the scale of U(1)p_ symmetry breaking of order few TeV [20]. As



a consequence, the correct Dark Matter relic abundance can only be obtained near the
resonance regions, when twice the Dark Matter mass is approximately equal to the mass
of any of the mediators [21].

Notice that our scenario differs from one without spontaneous symmetry breaking in
several ways. In the absence of the U(1)p_1, global symmetry, masses for the Dark Matter
and sterile neutrinos, which explicitly break lepton number, should be added by hand
instead of being a consequence of the breaking of U(1)p_y . Therefore in that case they
would be independent of their corresponding couplings to the dark scalar ¢, while in our
case they are related by the vev of ¢ (see section 3). Moreover, there would not be a
Goldstone boson, and one would expect the real and the imaginary components of the
scalar ¢ to have masses of the same order.

3 Parametrization of the physical states

Both the SM Higgs and the complex scalar ¢ can develop vevs, which would break the
symmetry group SU(2)r x U(1)y X U(1)p—r — U(1)em X Z2. We parametrize the scalar
sector as:

G* vy + P+ in
H= vg+h+iGO | ¢ = Ta (3.1)
V2

where vy = 245 GeV. The minimization of the scalar potential in eq. (2.1), leads to the fol-
lowing tree-level relations between the Lagrangian parameters and the vacuum expectation
values of the fields H, ¢:

1 1
pi = gy + 5/\H¢v§) , ui = )‘dﬂji + 5)\H¢v%{ . (3.2)

The scalar sector then contains two CP even massive real scalars, h and j which mix and
upon diagonalization of the mass matrix lead to the mass eigenstates h and p, with masses
my, and m,, respectively. The state h is identified with the scalar boson of m; = 125 Gev
discovered at the LHC.

The masses of the physical states are:

mi = 2\ cos? 0 + 2)\¢v§, sin? 0 — Apgvpvgsin 20 (3.3)
m% = 2)\Hv%{ sin? 0 + 2)\¢v3§ cos® 0 + AHGVHV 5N 20 (3.4)
and the mixing angle
A
tan 20 = VY (3.5)

)\¢’03) - A HU?{
There is also a CP odd massless real scalar 1, which is the Goldstone boson of the sponta-
neous breaking of the global U(1)z_7, symmetry, the Majoron [6]. We assume that, even if
quantum gravity effects break the global U(1)p_1 and provide a mass to the Majoron, it

is much lighter than the other dark particles, i.e., m, < O(GeV) and we neglect it in our
analysis.



The quartic couplings in the Lagrangian can be written in terms of the physical masses
and the mixing angle in the CP even scalar sector as follows:

2 .2 26,2
mj, cos” 0 + mp2vH

A =

21)125,
2 2 2 .2
ms sin® 6 + m< cos® 0
Ay = —1 P (3.6)
¢ 2’1]2
¢
\ (mi—m%)sinQ@
He = 2’UH'U¢

Regarding the (neutral) lepton sector of the model, let us denote x the fermion without
Yukawa coupling to the SM lepton doublets, i.e., the Dark Matter candidate, and N, the
fermions with couplings Y., i.e., the right-handed neutrinos. In terms of the Majorana

fields
X =xr+ (Xr), N = Nr + (Ng)°, (3.7)

the fermionic part of the Lagrangian (2.1) can be written as

A AN o~ - _
L= _7% (¢ XPrx + ¢* XPrX) — 7% (¢ NPLN + ¢* NPpN) — (YLHPRN + h.c.) (3.8)

After the U(1) p—r, symmetry breaking, the chiral fermions acquire Majorana masses, m, =
AV, MmN = ANUg, and L becomes

A
L= —%Yx - 7" [(=h sind + pcos O)xx — inxV5X] (3.9)
my N . ~ = —
_TNN — = [(=hsinf+ pcos®)NN — inNvsN| — (YLHPRN + h.c.)

Note that so far we have considered N and x as Majorana fields, yet degeneracies in
the fermion mass matrix could lead to Dirac states. Indeed, one could find UV models
where the structure of Ay, leads to two nearby states y; and x2 which then would form
a Dirac Dark Matter candidate [22]. An example of this idea has been discussed in the
previous section 2 under exotic lepton number. See [23] for an alternative realization of
the global U(1)p_ symmetry in which the dark fermions can naturally be pseudo-Dirac,
in the context of an extended seesaw scenario for neutrino masses.

3.1 Neutrino masses

In this section we briefly review the generation of (light) neutrino masses, namely TeV
scale seesaw mechanism of type I. We denote v, the active neutrinos and N/ the sterile
ones. After electroweak symmetry breaking, the neutrino mass matrix in the basis (v, N?)

M, = ( OT mD) , (3.10)

is given by

where mp = Yvg/v/2 and Y, are the Yukawa couplings. Without loss of generality we
can take the sterile neutrino Majorana mass matrix my real and diagonal in the N’ basis.



The matrix M, can be diagonalized by a unitary matrix U, so that
M, = U* Diag(m,, MU', (3.11)

where m, is the diagonal matrix with the three lightest eigenvalues of M,, of order
m% /muy, and M contains the heavier ones, of order my.
The physical neutrinos n = (v;, Nj,) are related to the active and sterile ones, (v, N})

by
e} e (V) (3.12)
N Ny
L L

The unitary matrix U can be written as

Uai Ua
U= ", (3.13)
Usi Ush

where, at leading order in the seesaw expansion parameter, O(mp/my):

Uon' = [UPMNS]ai Ush =1
Uan = [mpmy L, (3.14)
Ui = —[my'mp Upnns)si -
Notice that at this order the states N and N’ coincide, so we identify them in the rest of
this paper.
Neglecting the mixing between the CP-even scalars, the Yukawa coupling of the SM-
like Higgs field h to the neutrinos can be written as [24]:
h _ .
Ly = —%ni[(mi + m;j)Re(Cij) + ivs(mj — m;)Im(Cyj)|ny, (3.15)
where the indices i, j refer to the light neutrinos v; for ¢, 5 = 1,2, 3 and to N}, for i, j = 4,5, 6,
and the matrix C can be written in terms of the mixing matrix U as:

3
Cij = UailUf;. (3.16)
a=1

4 Phenomenology

In this section we study the phenomenology of the proposed scenario. The main features
of the model are determined by the interactions within the dark sector, i.e. Dark Matter,
right-handed neutrinos, the scalar mediator p and the Majoron 7, and communication of
the dark sector with the Higgs and leptons. This table summarizes the source of constraints
on the parameters of our model which we will explore in this section:

Parameter Constraint
Mixing h and p | BRiyy, and DD
Mixing N and v h — exotic
Dark x, N and p|Qpm, DD and ID

Majoron 7 Neg and SIDM




n v

Figure 1. (Left) Decay of the Higgs to two Majorons 7 via the mixing of the Higgs with p. (Right)
Exotic decay of the Higgs into a light neutrino and a dark fermion via their mixing.

The mixing of the two scalars, the Higgs h and p, is tightly constrained by 1.) limits
on the Higgs invisible width BRi,, and global fits on Higgs properties as discussed on
section 4.1 and 2.) limits on direct detection (DD) from LUX [25, 26], and XENONI1T [27]
in the near future, see section 4.2.

The mixing of the dark fermions N and the left-handed SM neutrinos via their coupling
to the Higgs produces a spectrum of massive neutrinos (see section 3.1), but also leads to
exotic decays of the Higgs to a dark fermion and a light neutrino. These are discussed in
section 4.1.

The interactions and masses of the dark fermions, Dark Matter y and heavy neutrinos
N, and the dark scalar p can be probed in several ways. In section 4.3 we explain con-
straints from relic abundance Qpyh? from Planck [28, 29], which provide information on
the interplay among the competing annihilation processes, mainly the balance between the
right-handed neutrino channel yx — NN and the annihilation to dark scalars, xx — np
and — nn. Direct detection (DD) would provide complementary information, but it relies
on the mixing of the dark scalar to the Higgs as mentioned above. Finally, annihilation
of Dark Matter today could lead indirect detection (ID) signatures, namely features in the
gamma-ray spectrum and signals in neutrino telescopes. These are discussed in section 4.4.

Finally, properties of the Majoron dark scalar 1 can be probed by imprints in the
CMB, such as Neg (see section 4.4) as well as by constraints on self-interacting Dark
Matter (SIDM) which come from lensing and numerical simulations.

To deduce the constraints, we perform a simple Monte Carlo scan over the parame-
ters in logarithmic scale, restricting the values of the couplings to the perturbative range,
A N,¢ S O(1) and the masses in the region of interest, m, & mpy from 1GeV to 2TeV,
m,, from 0.1 GeV to 10 TeV and |f| from 10~* to 7. For the numerical implementation we
made use of LanHep [30] and micrOMEGAs [31] in order to obtain the correct relic abundance,
Higgs decays and today’s annihilation cross section. We calculate 105 points that match the
Planck constraint on the Dark Matter abundance at 3o [29], namely QA2 = 0.119840.0045.

4.1 Constraints from Higgs decays

In the two scenarios that we consider, the enlarged fermion and scalar sectors lead to new
decays of the Higgs boson, h as shown in figure 1. ATLAS and CMS constrain the invisible



Higgs decay branching fraction as [32, 33]

11inv
BRipy = — ™ <023  (95%CL), 4.1
v 11inv + FSM ( % ) ( )

where the SM Higgs width is I'qyt &~ 4 MeV.

The mixing of the two CP-even real scalars induce the following decay channels:

mh
I'(h—mm) = 3903 S 0 (4.2)
TUg
(m}% +2m2)2 . 2 . 9
L'(h— pp) = mwm% — 4m2(vg cos O — vg sin ) sin” 20 (4.3)
9 9\ 3/2
I'(h— xx) = M 1-— Ay my, sin? 0 (4.4)
167 m}%
22 Am2.\ 32
I'(h— NN) = X <1 — m2N> my, sin” 6, (4.5)
167 my

where we have neglected contributions to h — NN from the mixing among sterile and
active neutrinos. This is justified by the smallness of the mixing, O(y/m,/my). The
decay to SM particles is modified as

I'(h — SM particles) = cos® # 'sy; . (4.6)

These global modifications of the Higgs couplings are equivalent to the well-studied case of
mixing of the Higgs with a singlet and are well constrained [32, 33]. In the low m, region,
the constraints one obtains from the invisible width is of the same order as this overall shift,
hence below we use BRj,, as experimental input. Note that the corresponding expressions
for p decays widths are obtained by exchanging sin @ — cos 6 and mjy — m,,.

From the equation of the h decay rate into two Majorons, I'(h — 1), the experimental
upper limit on the invisible decay width of the Higgs boson leads to the following upper
bound on the mixing angle 6 [34]:

32702TSM BRy,. v
tan 6] < ¢~ Higgs ~ 2.2 10—3( ¢ ) 47
| tan ‘N\/ m3 (1 — BRiny) x 10 GeV (47)

Including the other decay processes, when kinematically allowed, would reduce further the
upper limit.

The Yukawa interaction term Y LH PrN also leads to novel Higgs decay channels into
neutrinos, even in the absence of mixing between de CP-even scalars. The corresponding
decay width reads (for 6 = 0):

) \2 )2
(= ning) = oA md ) [s <1 _ <m;2m>> e (l - Wm))] |
h
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Figure 2. Dark matter interaction relevant to direct detection constraints.

where A(a, b, ¢) is the standard kinematic function, w = 1/n! for n identical final particles
and the scalar and pseudoscalar couplings are:

§'= - [(mi + my)Re(Cy), P= o flm; —m)Im(Cy),  (49)
T H

with Cj; defined in eq. (3.16). The largest branching ratio is for the decay into one light
and one heavy neutrino [35]:

m2 m2 2
I'(h —vN) = smiV? <1 — mg) mp|Cun|? - (4.10)
H h

The attainable values for the above branching fractions have been analyzed in [35], for the
case of two heavy neutrinos, parameterizing the Yukawa couplings in terms of the observed
light neutrino masses and mixing angles, and a complex orthogonal matrix. After imposing
the relevant constraints from neutrinoless double beta decay, lepton flavour violating pro-
cesses and direct searches of heavy neutrinos, they find that branching ratios of h — v N
larger than 102 are generally ruled out for heavy neutrino masses my < 100GeV, and
typically they are much smaller, due to the tiny Yukawa couplings required to fit light neu-
trino masses with sterile neutrinos at the electroweak scale. Therefore, the contribution of
such decay modes to the Higgs decay width is negligible, and they do not alter the bounds
discussed above.

4.2 Direct detection

In this scenario, Dark Matter scattering on nuclei relevant for direct Dark Matter detection
is mediated via t-channel exchange by the CP even mass eigenstates, h, p and it is spin-
independent, see figure 2.

The elastic scattering cross section of y off a proton is given by [19]:

o2 Oasin20)2  mpmy (1 1\ (4.11)
4rvd,  (mp + my)? ’ '

Oxp 2

o2
mp o mg

where m,, stands for the proton mass and C' ~ 0.27 is a constant that depends on the
nuclear matrix element [31].
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Figure 3. Allowed values of the mixing between the Higgs and the dark sector as a function of the
Dark Matter mass (left) and the scalar mediator p (right) after imposing the constraints from LUX
and the Higgs invisible decay width. Large values of the mixing are possible only in the somewhat
tuned regions m,, ~ my, /2 and m, ~ my,.

The constraints on the combination A, |sin26| both from the invisible Higgs decay
width and from the LUX experiment [36] have been thoroughly analyzed in [19], in a
model where the Dark Matter is a chiral fermion charged under a global U(1) symmetry
spontaneously broken by a SM singlet scalar, ¢. Although such scenario does not include
the further interaction among ¢ and the sterile neutrinos which can be present when the
global U(1) is identified with U(1)p_p, the limits from direct Dark Matter searches apply
exactly the same, and the bounds from the Higgs invisible width will be even stronger in
our case, since there are new non-standard decays contributing to it, namely I'(h — NN).

We have analyzed the constraints on the mixing in our model, and found that for
low values of m, and m, the stronger limit comes from the invisible Higgs decay width,
while for higher masses the bound is determined by direct detection experiments. When
applying both constraints altogether they exclude # 2 0.1 for all parameter space but the
region m, ~ my, where a cancellation in the direct detection cross section occurs, see
eq. (4.11), and the regions m,, ~ my /2, m, ~ m,/2, where a resonance in the Dark Matter
annihilation cross section mediated by the Higgs or the p occurs. These results are shown
in figure 3, where the allowed values of the mixing as a function of the Dark Matter mass
and mediator p are shown back-to-back, to illustrate the correlation between the points of
6 2 0.1 and the regions where m, ~ my,/2 (left) or m, ~ my, (right).

4.3 Dark Matter relic abundance

The Dark Matter annihilations into SM particles are strongly suppressed due to the bounds
on 6 discussed in the previous section, except when m, ~ mj and in the resonance regions
My ~ mp/2 or my ~ m,/2. Moreover such annihilations channels are p-wave suppressed.
Keeping in mind that these somehow fine-tuned possibilities are always open, we focus on
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Figure 4. Diagrams relevant to the relic abundance computation.

the dominant annihilation channels, involving the new scalars p,n as well as the sterile
neutrinos N, see figure 4. For simplicity, in the following we will only consider one gen-
eration of right-handed neutrinos, but extending the discussion to more generations will
be straightforward. Therefore, in order to reduce the large number of free parameters in
this analysis we set the mixing angle § = 0, and we scan over the remaining independent
variables, chosen to be m,,my,m, and A,.
There are two channels with s-wave annihilation cross-section, the production of two
right-handed neutrinos and the final state np,
2

m 2\3 2
Oxx—pnUrel = m (4 - Tp) + O(vye) 5

2
m
Oxx—NNUrel = 64#124 V1-1% + 0. (4.12)
2

Other possible channels are p-wave suppressed,

mi 8+ r;‘; 2
Tox—ym Vel = 192108 (72 — 4)° el
2
_ mi V 1-7 2\ 2 4
Oxx—sppUrel = (144 — 32r7) viy + O(r}). (4.13)

384, (r2 - 4)2

Here v = 2,/1 — 4m§< /s is the relative velocity of the Dark Matter in the center of

mass frame and the ratios are given by r, = m,/m, and ry = my/m,.
As the annihilation channel into sterile neutrinos is not velocity suppressed, it can be
comparable to the scalar channels, xx — nm, pp, np, which alike the NN channel, are not
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Figure 5. Allowed values of dark fermion masses, m, and my. The different colours correspond
to regions in parameter space in which the annihilation channel constitutes more than 60% of the
total cross section for v = 107 3¢, as relevant for indirect detection.

vanishing even in the case of zero h — p mixing. We find that there is a significant fraction
of the parameter space of the model in which the annihilation channel into NIV is relevant,
and even dominant. This is shown in figure 5, where allowed values of dark fermion masses,
m, and my are depicted, with different colours corresponding to regions with dominance
of one channel in the annihilation cross section for v = 1073¢, as relevant for the calculation
of direct detection constraints. The three panels of figure 5 correspond to different ranges
of the dark scalar mass, m,. In particular, in the middle panel we have singled out the
region 3/2 < m,/m, < 3, where the annihilation into 77 is resonantly enhanced.

On the other hand, the annihilation channel 7p tends to dominate when kinematically
accessible (i.e., in the region m, < 2m,, since we are neglecting the mass of the Majoron,
my), as it is parametrically enhanced respect to the other s-wave channel into right-handed
neutrinos by (m,/my)?. Finally, in the range m, > 2m,, the two channels NN and nn
compete: the former dominates when my < m, and m, > 3m,, while in the resonance
region 3/2 < m,/m, < 3 we find that any of the two annihilation channels may dominate,
as well as the 7p if open (central panel).

Interestingly, the nn channel could have dominated the dynamics at freeze out, with
the NN channel playing an spectator role, but for the usual velocities that the Dark Matter
particles have in the galactic halo v ~ 1073¢, the NN channel could dominate the Dark
Matter annihilation at later times. However, even if dominant, the cross section may be
too small to lead to any indirect detection signature (see figure 8).

Notice that due to the U(1)p_, symmetry, there is a non trivial relation between the
mass of the sterile neutrinos and the Dark Matter annihilation cross section into them, since
both are proportional to the coupling Ay. As a consequence, when the sterile neutrinos
are very light, and the phase space is more favourable, the coupling is too small and the
annihilation into sterile neutrinos is suppressed. On the other hand, if the coupling Ay
is large, the sterile neutrinos are too heavy, and this annihilation channel is phase space
suppressed or even forbidden. Due to this relation between sterile neutrino masses and
coupling to the scalar ¢, the Dark Matter annihilation cross section into NN, although
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s-wave, does not always dominate over the p-wave suppressed 1 channel, which can be
enhanced near the resonance, m, ~ m,/2.

4.4 Constraints from indirect searches and CMB

Dark Matter is also searched for indirectly, through the detection of SM products (photons,
neutrinos and antiparticles) from its annihilation (or decay) in dense regions of the Universe,
such as the center of the Milky Way. In particular, detection of gamma rays and neutrinos
are useful because the signal can be traced back to the source.

Our scenario predicts that Dark Matter particles could be annihilating in the center
of the galaxy through the s-wave processes xx — np, NN, if kinematically allowed. When
the first annihilation channel dominates there are not photons in the final state since p
also decays invisibly to nn. Although quantum gravity effects could explicitly break the
global U(1)p_r symmetry providing a mass to the Majoron, it would decay into light
neutrinos [17], for which indirect detection constraints are quite weak, as we shall discuss
below. Therefore, we do not expect gamma ray signals from Majoron decays, and we are
left with the constraints from the NN channel.

Thus, in order to analyze the possible indirect detection signals we next discuss the
relevant decay modes of the heavy neutrinos. In this section we also neglect the CP-even
scalar mixing angle, #, which is tightly constrained by the invisible Higgs decay width and
direct Dark Matter searches, so it will not affect our results below.

The decay channel N — vn is always open (provided the Majoron mass is m, < my),
and neglecting the masses of the decay products its partial width is given by [37]:

DN = vjm) = 5o QZI vil?, (4.14)

where in the seesaw limit Ry; = 2Uy; = —2(mJ_V1m:[F)U PMNS)N; (we have summed over
all the light neutrinos in the final state) and induces typical decay widths of the order

1 m 2
LN = vm) = oo (J) my (4.15)

so that they safely decay before Big-Bang nucleosynthesis.

Regarding the decays to SM particles, they depend on the mass of the heavy lepton,
my. In the following we discuss two cases, depending on whether the neutrino is heavier
or lighter than massive vector bosons.

Light right-handed neutrino, my < my: if the right-handed neutrino is lighter
than the W boson, N will decay through off-shell h, Z, W bosons to three fermions. Since
the decay via a virtual h is further suppressed by the small Yukawa couplings of the SM
fermions, it is a very good approximation to consider only the processes mediated by virtual
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W, Z, whose partial widths read [37]:

(N — vqq) = 3ACNN[2(a + b2) + 3(aZ + b2 f(2) (4.16)
(N = 3v) = ACwn 2 £2) + ig(z, 2) (4.17)
I'(N = (qq) = 6 ACx f(w,0) (4.18)
D(N — vll) = ACNN[3(ag +b2) f(2) + 3f(w) — 2acg(z,w)] (4.19)
where Cyy is defined in eq. (3.16),
- ?322?; ’ (420

ay,by are the left and right neutral current couplings of the fermions (f = ¢,¢), the variables
z,w are given by
z=(mn/mz)*,  w=(my/mw)?, (4.21)
and the functions f(z), f(w,0) and g(z,w) can be found in [38].
Assuming no strong cancellations in the mixing matrix U, we expect Cnxn ~ my,/mpy,
so from the equations above we can estimate the ratio between the total decay width to
three SM particles and the invisible decay width to vn, given by egs. (4.14):

L3S L <mN>2 (%)2 <107 <%>2 , (4.22)
(N — vn) w2 \ vy vEH vH
where in the last term we have used that my < 80 GeV. Therefore the three-body decays
to SM particles are suppressed when mpy < my and the right-handed neutrino decays
invisibly to vn, unless vy 2 10vg. On the other hand, the coupling between the sterile
neutrinos and the Majoron 7 is Ay = mpy /vy < 0.05 for vy 2 1.6 TeV, probably too small
to have a significant DM annihilation cross section into NN in the first place.

Moreover, in the NN annihilation channel also light neutrinos are copiously produced,
which could lead to observable signals at IceCUBE. These will depend on the neutrino
energy, and therefore a detailed study of the final state spectrum is required to set con-
straints. Very roughly, for heavy Dark Matter we expect very energetic neutrinos, so that
this scenario could be tested with current IceCUBE data, provided E, 2 100 GeV. If the
Dark Matter is lighter, or the neutrino energy spectrum softer, DeepCore will be needed to
further constrain the parameter space, since it is expected to lower the IceCUBE neutrino
energy threshold to about 10 GeV.

Heavy right-handed neutrino, my > myy: for larger values of my, two body decays
to SM particles are open, and the corresponding widths read [24]:

2 m3 m2 2 2m2
(N - W*E) = QTIUQNPTN ( - 3V> (1 + 2W> (4.23)
64 miy my my
2 m3 m2 2 2m?2
(N = Zv,) = 7649(: y aN|2 ¥ (1 mf) <1+ mf) (4.24)
1% Z N
T(N = hup) = ycaN|2 ;V ( m2> (4.25)
647r miy my
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In the above expressions, we have assumed that N is a Majorana fermion. From
egs. (4.14) and (4.23), we se that in this mass range the ratio between Majoron and SM
particles decay widths is approximately given by

(N — SM) vg )2
tv o~ (o) 20

Thus in this mass range we expect a significant flux of gamma rays from the galactic
center produced by SM annihilation products, and bounds can be set from the Fermi-LAT
Space Telescope gamma ray data. A detailed study of the indirect detection signatures of
our scenario is beyond the scope of this work, since Dark Matter does not decay directly to
SM particles, as it is usually assumed in most analysis, but to two right-handed neutrinos
that subsequently decay to them. Therefore we just estimate here the expected constraints
using current analysis. See section 5 for a discussion on how these limits affect the allowed
region in the parameter space of our model.

Dark matter particles in the galactic halo can scatter elastically with a nucleus and
become trapped in the gravitational well of an astronomical object, such as the Sun. They
will undergo subsequent scatterings, and eventually thermalize and concentrate at the core
of the object. The Dark Matter accumulated in this way may annihilate into SM particles,
in particular neutrinos that can be detected by neutrino experiments like IceCUBE or
SuperKamiokande. However we do not discuss this type of indirect detection constraints
here, since in our scenario the limits from direct searches are tighter and moreover they can
always be avoided with a small enough mixing angle between the CP-even scalars, which
suppresses the DM-nucleon elastic cross-section still getting the correct Dark Matter relic
abundance through annihilation into NN or np, which is our case.

Measurements of the cosmic microwave background (CMB) anisotropies are also sen-
sitive to Dark Matter annihilation during the cosmic dark ages, because the injection of
ionizing particles will increase the residual ionization fraction, broadening the last scatter-
ing surface and modifying the anisotropies. Under the assumption that the power deposited
to the gas is directly proportional to that injected at the same redshift, with some efficiency
factor fof, constraints can be placed on the combination feg(ov)/mpnm, for different SM
annihilation channels in s wave. Again, the available calculations of feg assume that Dark
Matter annihilates directly to a pair of SM particles, and thus they are not directly ap-
plicable to our model, but we can roughly estimate the expected impact of such limits in
the allowed parameter space assuming as before that the constraints will be similar for
cascade decays. In [39], fes has been calculated as a function of the Dark Matter mass
for a range of SM final states, and using the most recent results from the Planck satellite
she found that for any linear combination of SM final states which does not contain a
significant branching ratio of Dark Matter annihilation directly into neutrinos one must
have (ov) < 3x1072"(mpp/1 GeV) cm3/s. However in our scenario when the Dark Matter
(and thus the sterile neutrino) is lighter than myy, the final states are v,n and therefore
the above limit does not apply.

Only for higher Dark Matter masses the final annihilation products can be charged
leptons and gauge bosons, but in this range the CMB limits are above the thermal relic
cross section, so they do not constrain our scenario.
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Figure 6. Diagram of self-interacting Dark Matter, via the exchange of a light pseudo-scalar.

The CMB also constrains the properties of the (massless) Majoron 1, which constitutes
a form of dark radiation and contribute to Neg [34]. In ref. [19], it was shown that typically
the limit on Neg is already saturated by constraints from direct detection. In particular,
for m, > 100 GeV, a non negligible contribution to dark radiation could only happen in a
small range of m, from 0.5 to 1 GeV.

4.5 Self-interacting Dark Matter

The dark sector contains a light particle, the Majoron 7, coupled to Dark Matter. This
opens the interesting possibility of a self-interacting Dark Matter candidate due to ex-
changes of the light particle via diagrams such as shown in figure 6.

Self-interacting Dark Matter could explain some of the issues encountered in simula-
tions for small-scale structure formation which assume collisionless-DM [40], and typically
predict too cuspy Dark Matter profiles. Self-interacting Dark Matter could explain the lack
of satellites (although introducing baryons on the simulation seems to reduce inconsisten-
cies [41, 42]) and more importantly the too-big-to-fail problem [43, 44] for og;/m, ~ 0.1-10
cm?/g.

Direct limits on self-interactions of Dark Matter are provided by lensing. From the
renowned bullet cluster limit [45] to observations of other astrophysical objects, Dark Mat-
ter self interactions have been bounded in the range of og;/m, < 1 cm?/g. Interestingly,
there has been a recent claim of a measurement of self-interactions in the system Abell
3827 [46] which lies above previous upper bounds. Note that this claim has been ques-
tioned by ref. [47], which propose modifications of the former analysis leading to limits
similar to the bullet cluster’s.

The effect of multiple exchanges of the light particle induces an Dark Matter effective
potential between two dark particles x of spin s at distance r
2

Vog(r) = —
eﬁ(r) 4r3m§<

(3(81.72)(52.’/2) — 51.52) s (4.27)

where we neglected terms proportional to the (possible) Majoron mass. This potential is
very singular at » — 0 and requires regularization. The treatment for this case is quite
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Figure 7. Coupling between the dark scalars and Dark Matter A, as a function of the Dark Matter
mass m,, (left) and heavy scalar mass m,, (right). Outside the resonance (up) and on the resonance
(down). The colors correspond to regions in parameter space in which the annihilation channel
constitutes more than 60% of the total cross section for v = 10~ 3¢, as relevant for indirect detection.

involved, similar to a non-relativistic calculation of nucleon-nucleon interaction via the
exchange of a light pion.

In the presence of these self-interactions, the annihilation cross section of a self-
interacting Dark Matter would be modified respect to our discussion in section 4.3. Addi-
tional channels like xx — xx should be considered as they would be Sommerfeld-enhanced,

4
%

—_— 4.28
647mm?2 ’ ( )

o (XX = XX)Vrel = S
where S is the numerical factor due to Sommerfeld enhancement. In ref. [48], numerical
calculations of S at short distances were studied for this type of potential, finding that the
enhancement could reach S ~ 10% for v, = 1073. To estimate what values of Ay would
lead to dominance of the self-interaction dynamics via a pseudo-scalar exchange, we follow
ref. [49] where the following bound is found

m, \9/4
Ay 2 0.6 (G;{/) . (4.29)

Note that in our model the mass of the Dark Matter particle and A, are related via the
dark scalar vev vs. We explored the range of these parameters leading to the correct relic
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abundance and the result is shown in figure 7. The estimate in 4.29 corresponds to the
upper-left corner in the left panel of this figure, away from the allowed region from the
relic abundance constraint.

Moreover, there are regions of the allowed parameter space where the scalar p is light,
and there will be exchanges of the p similar to those in figure 6 with p as a mediator.
As p is a massive scalar mediator, the type of effective potential one would generate is
Yukawa-type, with a less divergent behaviour than the pseudo-scalar. This case has been
studied elsewhere, see e.g. refs. [50-54], and here we just quote the parametric dependence
of the enhancement with the coupling,

S ~ A2 Jvral (4.30)

for attractive potentials and m, < m,. In the right panel of figure 7 we show values of
the coupling versus the mass of the mediator, finding in the region where the Sommerfeld
enhancement could dominate, the self-interaction would compete with the s-wave annihila-
tion into np. Note that a similar enhancement could happen in the channels of annihilation
to right-handed neutrinos. Indeed, one could exchange light 7 or p mediators as in figure 6,
but now between the Dark Matter particle and V.

We conclude that the effects of self-interactions via the exchange of a pseudo-scalar
mediator do not affect our model based on a naive estimate, but the effect of scalar ex-
changes and impact on the annihilation of Dark Matter into right-handed neutrinos deserve
further study.

5 Results

In this section we show how the constraints discussed in the previous sections affect the
parameter space of our model, described by m,,my,m, and the Yukawa coupling A,,
which fixes vy = my /Ay

As discussed in section 4.4 the annihilation product of the Dark Matter particle may
lead to sizeable imprints on FermiLAT or HESS or the CMB due to the emission of pho-
tons and the re-ionization power of the products of the annihilation respectively. The
annihilation channels that can lead a significant signature are to right-handed neutrinos
xx = NN with NN — W*W~+leptons, whenever m,, > myy. A precise analysis of these
decay channels would require a simulation of the photon spectrum from these cascade de-
cays, such as performed in ref. [55]. Instead, we naively show the actual bounds for a 2 to
2 process in figure 8.

Apart from signatures from gamma-rays, in our model neutrinos are typically produced
in Dark Matter annihilation, leading to a flux from dense regions of Dark Matter or en-
ergy injection into the CMB. Indeed, when the right-handed neutrino channel dominates,
numerous neutrinos will be produced in the annihilations. IceCUBE can constrain the
cross section to neutrinos measuring the flux from nearby Galaxies and Clusters (NG) [58],
the Galactic Halo (GH) [59] and the Galactic Center (GC) [60] and the CMB [39] can

constrain the annihilation cross section to neutrinos from the impact on re-ionization due
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Figure 8. Annihilation cross section at v = 1073¢ as a function of the Dark Matter mass as
relevant for indirect detection. The color bands account for regions of parameter space in which the
indicated annihilation channel provides more than 60% of the total cross section. Also shown in this
plot exclusion curves from FermiLAT dwarf galaxies (DG) [56] and HESS galactic center (GC) [57].

to electroweak corrections. However, currently these probes lie three orders of magnitude
above the model prediction, and thus cannot place a constrain on the model.

It has been noted that for Dark Matter masses above 200 GeV annihilating into a
pair of light neutrinos, Fermi-LAT data on gamma-rays sets the most stringent constraints
on the annihilation cross-section [61]. In principle, there would be similar limits in our
scenario, but such a heavy Dark Matter will also produce W bosons and leptons, which
lead to stronger bounds discussed above.

In figure 8 we summarize these results in the plane of annihilation cross section into
a particular final state versus the Dark Matter mass for the three kinematical regions of
interest. The colored contours correspond to regions with dominance of one channel in the
relic abundance, either to dark scalars or right-handed neutrinos. As argued in section 4.4
the annihilation products from the channels xx — pn and xx — nm cannot be constrained
since the p decays to two 7’s, which are invisible.

Therefore the only limits that apply are those related to annihilation into right-handed
neutrinos, which is suppressed by m?\, /m?< Promising signatures of these decays can be
obtained when right-handed neutrinos undergo two-body decays in W and charged leptons
or neutrinos in association with a Higgs or a Z boson, see eq. (4.23), and hence restricted to
my > my . On the other hand, for low Dark Matter mass only sterile neutrinos with my <
myy can be produced and the dominant decay N — v7n is unobservable, see section 4.4.
Finally, note that the diagonal feature on the green region in the right panel is due to the
fact that in the scan we have considered a minimum of 1 GeV for my.

From these results one can conclude that the model is currently unconstrained from
indirect detection once other limits are taken into account, although the prospects for
future experiments deserve a detailed study.

Notice that in the absence of the global U(1)p_;, symmetry the conclusions could be
quite different. First, the sterile neutrino mass would be independent of its coupling, Ay,

— 20 —



and there would not be any suppression of the annihilation cross section when my < m,.
Moreover, since in our case the Majoron is a Goldstone boson, it is expected to be lighter
than the other scalars in the theory, and one can neglect its mass and assume that all
possible annihilation and decay channels into Majorons are always kinematically allowed.
However if the lepton number symmetry were explicitly broken, generically the real and
imaginary components of ¢ would have similar masses, leading to cases where the channel
into pseudo-scalars could be kinematically closed.

In summary, on the one hand the scenario we have considered with spontaneously
broken U(1)p_y, is more constrained than the one with explicit breaking, due to relation
between sterile neutrino masses and couplings to ¢. On the other hand, if there was
no symmetry, we generically would expect a heavier pseudo-scalar, which could lead to
the closing of some invisible channels into Majorons. In this case, constraints from the
invisible Higgs decay width would be absent, Dark Matter would only annihilate into
sterile neutrinos, and the decay N — vn would not occur. Therefore limits from indirect
searches, in particular the curve from Fermi-LAT dwarf galaxies on 77 shown in figure 8,
would apply to low Dark Matter mass < myy.

6 Conclusions and outlook

In this paper we have studied a simple case connecting Dark Matter and the origin of
neutrino masses, where the link to the Standard Model is dictated by a global U(1)p_p,
symmetry. In our model, the dark sector contains fermions, Dark Matter and right-handed
neutrinos, and a complex scalar which plays the dual role of generating Majorana masses
for the dark fermions and communicating with the Higgs via a Higgs portal coupling. The
stability of the Dark Matter fermion can be due to an additional dark sector symmetry,
compositness or exotic lepton number.

After spontaneous electroweak and U(1)p_ symmetry breaking, the Higgs and dark
scalar mix. This mixing is very constrained by bounds on the invisible width of the Higgs
from the LHC and by LUX via the induced coupling of Dark Matter to the Higgs.

We then focused on other aspects of the phenomenology of this model, assuming that
the stable dark fermion constitutes the main component of Dark Matter in the Universe.
Due to the presence of right-handed fermions and a complex scalar in the dark sector, there
is an interplay between Dark Matter annihilation to both types of particles. Dark Matter
annihilation to right-handed neutrinos could dominate at freeze-out provided the scalar is
heavy. And, even when Dark Matter annihilation to Majorons dominated the dynamics at
freeze-out, we found that the annihilation to heavy neutrinos could control today’s indirect
detection signatures.

Moreover, we found a very interesting phenomenology reaching from possible signatures
at colliders via exotic Higgs decays, to effects on gamma-rays from right-handed neutrino
production and decays to charged particles. In this paper, we did not try to accommodate
a possible excess in the gamma-ray spectrum, instead used bounds from 2-to-2 scattering,
adapted to our case in a relatively naive fashion. A proper study of the spectrum of
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gamma-rays in our model is beyond the scope of this paper, but certainly deserves further
investigation since the estimated bounds are close to the WIMP thermal cross section.

Additionally, we noted that the presence of neutrinos in decay channels could be probed
in the future via neutrino telescopes and more precise studies of the CMB, but that at
the moment the limits are much weaker than any other annihilations involving charged
particles.

Finally, we briefly discussed the possibility of strong self-interactions of Dark Matter
due to the exchange of the dark scalar. We found that Majoron exchange cannot dominate
the Dark Matter dynamics, but the effect of exchanges of the dark scalar component
deserves further study.
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Abstract We analyze a simple extension of the standard
model (SM) with a dark sector composed of a scalar and
a fermion, both singlets under the SM gauge group but
charged under a dark sector symmetry group. Sterile neu-
trinos, which are singlets under both groups, mediate the
interactions between the dark sector and the SM particles,
and generate masses for the active neutrinos via the seesaw
mechanism. We explore the parameter space region where
the observed Dark Matter relic abundance is determined by
the annihilation into sterile neutrinos, both for fermion and
scalar Dark Matter particles. The scalar Dark Matter case
provides an interesting alternative to the usual Higgs por-
tal scenario. We also study the constraints from direct Dark
Matter searches and the prospects for indirect detection via
sterile neutrino decays to leptons, which may be able to rule
out Dark Matter masses below and around 100 GeV.

1 Introduction

Dark Matter and neutrino masses provide experimental evi-
dence for physics beyond the standard model (SM), and find-
ing a scenario where both phenomena are linked is an excit-
ing possibility. Another hint to a connection between these
two sectors comes from the standard mechanisms to gener-
ate the Dark Matter relic abundance and neutrino masses, as
both seem to require new massive degrees of freedom, with
a thermal relic and right-handed neutrinos, respectively.

An obvious possibility would be for right-handed neutri-
nos to constitute the Dark Matter of the Universe [1]. This
option is constrained to a specific region at the keV and small
mixing with active neutrinos in the minimal see saw model,
but in extended scenarios a larger parameter space is allowed,
for instance in the context of a gauged B — L symmetry [2,3].

2 e-mail: miguel.escudero@ific.uv.es

b e-mail: nuria.rius @ific.uv.es

¢ e-mail: v.sanz @sussex.ac.uk

Upcoming experiments may be able to exclude or establish
whether keV neutrinos are the origin of Dark Matter, see
e.g. [4].

In this paper we take a different approach, focusing on
the fact that heavy neutrinos can mediate between Dark Mat-
ter and the SM. We propose a simple extension of the SM
with a new scalar and fermion, singlets under the SM gauge
group but charged under a dark sector symmetry group. Ster-
ile neutrinos, which are singlets under both groups, are able
to mediate the interactions between the dark sector and the
SM particles, as well as generate masses for the active neu-
trinos via the seesaw mechanism. Therefore, the same cou-
pling that generates neutrino masses after electroweak sym-
metry breaking, determines the Dark Matter phenomenology.
Indeed, Dark Matter annihilation to right-handed neutrinos
and subsequent decays to SM particles characterize the com-
putation of the relic abundance as well as indirect detection
probes, respectively.

This minimal set-up has been studied in [5,6] for the case
of fermion Dark Matter, under the assumption that the sterile
neutrinos are pseudo-Dirac and heavier than the dark sector
particles. Our analysis differs from this previous work in that:
(1) we explore the region of parameter space where sterile
neutrinos are lighter than the dark sector, and therefore the
Dark Matter can annihilate into sterile neutrinos and (2) we
extend the analysis to the scalar Dark Matter case, which was
not considered before.

In a companion paper [7], we have explored an alternative
scenario with the dark sector charged under U(1)p_y, and
both papers provide two distinct possibilities for a sterile
neutrino portal to Dark Matter.

The paper is organized as follows. After presenting the
set-up of our model in Sect. 2, we move onto the constraints
from Higgs decays and direct Dark Matter searches in Sect. 3.
We describe the calculation of the annihilation cross section
in Sect. 4 where we impose constraints from the relic abun-
dance of Dark Matter. These results are then linked to indi-
rect detection probes via sterile neutrinos decays to leptons
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in Sect. 5. We conclude in Sect. 6 by summarizing our main
findings.

2 Exact dark symmetry

This portal is based upon the assumption that the dark sector
contains at least a scalar field ¢ and a fermion ¥, which are
both singlets of the SM gauge group but charged under a
dark sector symmetry group, Gdark, S0 that the combination
W¢ is a singlet of this hidden symmetry. Independently of
the nature of the dark group, if all SM particles as well as
the sterile neutrinos are singlets of Gy, the lighter of the
two dark particles turns out to be stable, and therefore it may
account for the Dark Matter density of the Universe.

SM Np . Dark
If this were the case then nothing would prevent a term
like

Lint = —(@¥ (A5 + ysAp)N + "N — psip)¥) (1)

to appear, besides the standard Higgs portal term A gy (H TH)
(¢"¢) included in the scalar potential,

Locatar = wi H H — A (H H)? — 15079 — 24 (679)*
—Ang(H H) (97 9), )

and the term responsible for the generation of neutrino
masses

Loy =—YaaL] HNgy + h.c.), 3)

where o = e, u, T denotes lepton flavour anda = 1...n,
being n the number of sterile neutrinos.

For simplicity we do not consider the possibility that the
scalar ¢ gets a vev, and we restrict the discussion to the min-
imal matter content, although there could be more than one
set of dark fermions and scalars.

Another simplifying assumption made in this paper is that
the dark symmetry Ggark is a global symmetry at low ener-
gies. We are therefore neglecting the possible phenomenol-
ogy of Ggark vector mediators, e.g., if the dark symmetry
were local there could also be kinetic mixing among the
dark gauge bosons and the SM ones, leading to further SM-
dark particle interactions [8,9]. The following discussion will
apply as well to this scenario, provided the kinetic mix-
ing is negligible. Nevertheless, the UV structure and sta-
bility of Dark Matter depends on whether Gy, is a true
global symmetry or a gauge symmetry. Global symmetries
are sensitive to higher-dimensional operators mediated by

@ Springer

quantum gravity effects [10], e.g. c¢ WH y*D,L/Mp; or
co®F,,, F*Y/Mp;, and could lead to disastrous decay of
Dark Matter unless cy,¢ < 1 [11-13].

Regarding the neutrino sector, light neutrino masses are
generated via TeV scale type I seesaw mechanism, which we
briefly review in the following. We denote v,, the active neu-
trinos and N; the sterile ones. After electroweak symmetry
breaking, the neutrino mass matrix in the basis (vy, N;) is
given by

Mu=( 9 ’"D), @)

mDmN

where mp = Yvy /+/2 and Y, are the Yukawa couplings.
The matrix M, can be diagonalized by a unitary matrix
U, so that

M, = U* Diag(m,, M) U, ©)

where m,, is the diagonal matrix with the three lightest eigen-
values of M,,, of order m%) /my, and M contains the heavier
ones, of order my.

The mass eigenstates n = (v;, Ny) are related to the active
and sterile neutrinos, (vy, Ny), by

v Vi
o —U* i ) (©6)
<N5>L <Nh>L

The unitary matrix U can be written as

Uwi Uah>
U= , 7
(Usi Ush ™

where, at leading order in the seesaw expansion parameter,
O@mp/mny):

Uwi = [Upmnslei  Usp =1,
Uan = Impmy' 1%, (8)
Usi = —[m;,lm{) Upmnslsi -

Notice that at this order the states N, and N, coincide, so we
identify them in the rest of this paper.

Neglecting the mixing between the CP-even scalars, the
Yukawa coupling of the SM-like Higgs field /4 to the neutrinos
can be written as [14]:

h
Ly = _Eﬁi[(mi +mj)Re(Cij) +iys(mj —m;)Im(Cij)Inj,
©

where the indices i, j refer to the light neutrinos v; fori, j =
1,2,3 and to N, for i, j = 4,5, 6, and the matrix C can be
written in terms of the mixing matrix U:

3
Cij=Y UaiU};. (10)
a=1

A variation of this scenario has been analyzed in [5,6], where
the sterile neutrinos are assumed to be pseudo-Dirac and
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Table 1 Explored parameter

space in the models Case my (GeV) mg (GeV) my (GeV) As MH
Fermion DM 1-2x 103 1-104 1-2 % 10° 10~4-4x 10~44x
Scalar DM 1-10* 1-2 x 103 1-2 x 10° 10~44x 10~44x

heavier than the dark sector particles, ¢, ¥. Thus, they can be
integrated out and generate at tree level the effective dimen-
sion five operator

O = W) (H ), (11)

which after the SM Higgs doublet acquires a vev leads to
the interaction O = (W¢)v vy /+/2, involving a SM left-
handed neutrino. This limit is in fact a (light) neutrino portal
to Dark Matter. Assuming that the fermion ¥ is the Dark
Matter, the model can accommodate current experimental
and observational constraints if My, is below ~35 GeV, or it
is in a resonant region of the Higgs or Z boson, or the dark
scalar and dark fermion are almost degenerate.

Our analysis is complementary, since we focus on a differ-
ent region of the model parameter space: we assume that the
sterile neutrinos are lighter than the Dark Matter and there-
fore the annihilation channel to NN is open. Furthermore,
we study both fermion and scalar Dark Matter. Although the
scalar Dark Matter case falls among the class of Higgs por-
tal models that have been extensively studied [15-34], it is
worth to explore whether the new annihilation channel into
N N allows one to obtain the observed relic density in regions
that are excluded in the standard Higgs portal framework.

In the following sections we describe the current con-
straints on the above scenario and the results of our numerical
analysis, based on a Monte Carlo scan over the free parame-
ters (my , mgy, my, Ay, Apg) in logarithmic scale, restricting
the values of the couplings and masses to the ranges dis-
played in Table 1. We present the analytic results for arbi-
trary Dark Matter—sterile neutrino couplings A, A, but for
the numerical implementation we have chosen A, = 0, since
as explained in Sect. 4, in this case strong constraints can
be set from indirect Dark Matter searches. We made use of
LanHep [35] and micrOMEGASs [36] in order to obtain the
correct relic abundance, Higgs decays and today’s annihila-
tion cross section. We calculate 10° points that match the
Planck constraint on the Dark Matter abundance at 3o [37],
namely Q4% = 0.1198 + 0.0045.

3 Constraints from Higgs decays and direct Dark
Matter searches

The enlarged fermion and scalar sectors lead to new decays
of the Higgs boson, &, which can be constrained using the

ATLAS and CMS limits on the invisible Higgs decay branch-
ing fraction:

w3
Cinv + I'sm
being the SM Higgs width I'sp ~ 4 MeV.

At tree level, there are two new Higgs decay channels:
when my < my,/2, the standard decay of the Higgs portal
scenarios, i — ¢¢ is kinematically allowed, contributing to
the invisible Higgs decay width by

BRijpy = (95% CL), (12)

A%{ v%l 4m?
L= ¢g) = 222 |1 ——F (13)
Tmy mj,

We show in Fig. 3 the upper limit on the Higgs portal cou-
pling A i derived from the experimental limit on the invisi-
ble Higgs decay width in Eq. (12), as a function of the singlet
scalar mass, mg.

Moreover, the Yukawa interaction term YL H Pg N also
leads to novel Higgs decay channels into neutrinos. The cor-
responding decay width reads [14]:

w
L(h = nin;) = —Snmhxm(mﬁ, m; ., m3)
2 2
x [s<1——(mi+f1j) )+P<1——(mi_2'71j) )}
my, my,

(14)

where A(a, b, ¢) is the standard kinematic function, w =
1/n! for n identical final particles and the scalar and pseu-
doscalar couplings are:

1
S = —[(m; + mj)Re(Cij))*,
VH
1 2
P = —[(mj —mi)Im(Cij)]", (15)
VH
with C;; defined in Eq. (10).
The largest branching ratio is for the decay into one light
and one heavy neutrino [38]:

2
my my 2
I'(h - vN) = > |1 ——5 | malCunl” (16)
8mrvy mj,
The attainable values for the above branching fractions have
been analyzed in [38], for the case of two heavy neutri-
nos, parameterizing the Yukawa couplings in terms of the
observed light neutrino masses and mixing angles, and a
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complex orthogonal matrix. After imposing the relevant con-
straints from neutrinoless double beta decay, lepton flavour
violating processes and direct searches of heavy neutrinos,
they find that branching ratios of 1 — v; N,, larger than 102
are generally ruled out for heavy neutrino masses My < 100
GeV, and typically they are much smaller, due to the tiny
Yukawa couplings required to fit light neutrino masses with
sterile neutrinos at the electroweak scale. Therefore, the con-
tribution of such decay modes to the Higgs decay width is
negligible, and they do not alter the bounds discussed above.

At one loop, the d = 5 Higgs portal operator W (H H)
is generated (unless the coupling of the Dark Matter to the
dark scalar and sterile neutrinos is chiral, i.e., Ay = 4, in
Eq. (1)) with a coefficient given by [6]:

A s (5 —23) my
HY 1672 (mé —m3)?
m2
X mé—mizv+m%\,log—jzv . a7
Mg

Thus, when my < mp/2 the invisible decay h — YV is
also allowed with partial decay width

and the current limit on the invisible Higgs decay branch-
ing ratio only leads to an O(1) constrain on Az, depend-
ing on the values of the remaining free parameters, namely
As, Ap, my and my. Notice, however, thatif my < my, /2, the
strong constraints from the invisible Higgs decay h — ¢¢
shown in Fig. 3 will apply as well.

Concerning the bounds from direct DM searches, they
also depend on which of the dark particles is lighter, and
therefore stable. In order to implement such bounds we shall
assume that the DM relic density is as determined by CMB
measurements, since this requirement is always fulfilled in
our scenario for both scalar and fermion DM, as we will see
in the next section.

If DM is the dark fermion, ¥, it only interacts with the
SM quarks at one-loop level (see Fig. 1), via the induced
Higgs portal operator ¥ (H ' H) just discussed, and there-
fore the bounds from direct detection are quite weak. How-
ever, since the interaction to quarks is mediated through the
Higgs, the scattering will always be spin independent. We
refer the reader for the actual matrix elements to [39]. In
Fig. 2 we show the excluded region by the invisible Higgs
decay and current LUX [40,41] results (dark blue points),
as well as the expected excluded region by XENONIT [42]
(light blue) and LZ [43,44]+SuperCDMS [45] (purple). Sim-
ilar constraints can be set with the current results from the
PANDAX experiment [46].

3/2
Gl ? (,_
T(h— W) = 11— — mp, (18)
8 my,
Fig. 1 Left, right elastic cross
section diagrams for the scalar
and fermion Dark Matter cases, ¢
respectively 7T i ',- ------ >
i
1
]
]
;
i h
i
]
1
]
1
1
1
q ®

@ Excluded by LUX+TH

© Projected by XENON1T+I

inv inv

Fig. 2 Constraints on the Higgs portal coupling for fermion DM
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Fig. 3 Constraints on the Higgs portal coupling for scalar DM

However, if DM is the dark scalar ¢, it interacts with the
SM quarks at tree level via the Higgs portal coupling, A g4,
and the null results from direct searches set strong limits
on this parameter. This is illustrated in Fig. 3, where we
show the allowed values of the Higgs portal coupling A g
as a function of the DM mass, my, derived from the invis-
ible Higgs decay width plus LUX bounds, as well as the
prospects from XENONIT and LZ+SuperCDMS. The dark
blue points in the usual Higgs portal scenario would be ruled
out, except for the upper limit, since the A 54 being too small
leads to a DM relic density larger than the one determined by
CMB measurements. In our scenario the alternative annihi-
lation channel into N N provides the correct relic density, but
the current constraints from LUX and Higgs invisible decay
width excludes them. We notice that for mg 2 300 GeV the
usual Higgs portal model still provides the correct relic abun-
dance. However, we find that XENONI1T can be sensitive to
such scenario for my < 2TeV.

4 Dark Matter relic abundance
4.1 Thermal history

In order to discuss the thermal production of Dark Matter in
the early Universe we will first describe the thermal history
for both the scalar and fermion Dark Matter scenarios.

1. Fermion Dark Matter ¥: At very early times ¢, ¥ and N
are in thermal equilibrium with the standard model via
the Higgs portal coupling. The heavy dark particle com-
panion will decay at T < mg and the dark sector may
still be coupled to the standard model bath if the Yukawa
couplings of the sterile neutrinos are large enough. If
they are small, then the ¥ and N bath will decouple and

remain in thermal equilibrium but with a different tem-

perature.! Then when the temperature of such a bath is

Tp ~ my /20 the Dark Matter will be produced and

the sterile neutrinos will decay at Tp < my. In order
to check whether the decoupling of the dark sector will
modify the production rate it is worth revisiting the pro-
duction mechanism, see [47] for a recent discussion of
decoupled dark sectors. Since the entropy is separately
conserved in both the visible and the dark sectors, the
standard relic abundance solution is modified approxi-
mately by a factor \/g¢!f /g, where g, measures the total
number of relativistic degrees of freedom in the SM bath
and gfff = g. + gp(Tp/T)* represents the effective
number of relativistic species. Given that the number of
degrees of freedom in the dark sector, gp is much smaller
than g, and Tp/T ~ 1 then /g¢ff /g, must be close to
one. Thus, a sizeable change in the couplings compared to
the case in which both sectors remain in thermal equilib-
rium is not expected since furthermore Q,4% oc 1/ )\i o
The only caveat to this argument occurs whenm, 2 my,
because in that case the sterile neutrinos may have alarger
number density than the equilibrium one and in order to
generate the same amount of Dark Matter higher cou-
plings between y and N will be needed. This scenario
has been recently studied by [48] for the precise model
proposed in this work. They found that in such region
one will need couplings a factor between 1 and 4 higher
depending on the Yukawa of the sterile neutrinos. Since
this change is mild, for our computations we will assume
that all species are equilibrium with the standard model.

2. Scalar Dark Matter ¢: At very early times ¢, ¥ and N
are in thermal equilibrium with the standard model via
the Higgs portal coupling. The heavy dark particle com-
panion will decay at T < my and the dark sector will
decouple from the standard model when the Dark Matter
freezes out at T ~ my /20 and the sterile neutrinos will
decouple and decay at T < my.

4.2 Relic abundance

In our scenario, the annihilation cross section into two sterile
neutrinos depends on the nature of the DM particle (scalar,
Dirac or Majorana fermion) and the type of coupling (scalar,
pseudoscalar). The relevant Feynman diagrams are shown in
Fig. 4. For example, let us assume right-handed neutrinos
are Majorana, and consider the two options of fermion and
scalar Dark Matter:

1 Yet, the actual value of the Yukawa couplings are not known.
The naive seesaw expectation is Y ~ /mymy/vg ~ 4 X
1078 /mn /(1 GeV) for m, ~ 0.1 eV, but larger couplings are consis-
tent with neutrino masses, for instance in the context of inverse seesaw
scenarios.
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b. SM

Fig. 4 Relevant annihilation channels

Fig. 5 Allowed parameter

SM

Fermion dark matter
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space of the mediator mass and
coupling in the scalar (/eft) and
fermion Dark Matter (right)
cases

Scalar dark matter

100 107

m

1. Fermion Dark Matter ¥ : The cross section for fermionic
Majorana Dark Matter and complex mediator ¢ reads

(@ + Bryw)? Vl—r%,q,

4nm§, (1+ r¢2) — 1’12\,(1,)2

OVgY NN = + 0@

(19)

where o = A2 — )L?U and B = A2 + )»f,, Ty = mg/my,
and Ny = mN/mq/.
One can obtain the case of a Dirac DM particle by in
Eq. (19) perform the exchange o« <> B. Similarly, the
case of a real scalar can be obtained by setting A, = Oin
Eq. (19), which leadstoo = 8 = )\f in this expression.
2. Scalar Dark Matter ¢: In the case of a real scalar Dark
Matter and Dirac mediator ¥ the cross section is as fol-
lows:

(@+Bryw)? (1= r12v¢)3/2

+ 00,
1+ r&, — rl%,¢)2

JU¢¢—)NN = anz
¢

(20)

where ry = my /mg and rygy =mpy/mg.

To obtain the expression for a complex scalar, one can
multiply this equation by a factor 1/4. Similarly, to con-
sider a Majorana mediator one would multiply the expres-
sion by a factor 4 and set A, to zero, o = B.2

2 Note that our results agree with the expressions obtained in Ref. [49],
where both fermions were set to be Dirac particles.

@ Springer
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An important observation is that there are situations where
the annihilation cross section at leading order in the relative
Dark Matter velocity, v, is proportional to the right-handed
neutrino mass. For example, the case of a Majorana Dark
Matter with chiral couplings, |As;| = [Ap| (0 = 0). In this
case when my <« mg, my the cross section is effectively
p-wave, which reduces the sensitivity of indirect detection
probes to these scenarios.

In the following we discuss two representative cases where
strong constraints can be set on the parameter space of the
sterile neutrino portal, namely cases where the cross section
is s-wave even for my = 0. We choose two benchmark sce-
narios, namely Majorana DM and real scalar DM with scalar
couplings ¢« = f = )\?. In Fig. 5 we show the allowed
parameter space in the mass of the mediator versus cou-
pling, A;. Besides the perturbativity limits, the coupling A
is constrained by the width of the mediator. In our approach,
the mediator particle is treated as a narrow resonance, i.e.
I'/m < 1, which implies A, < +/87. Taking into account
this limit, these plots show that the mass of the mediator must
be below m < 1 TeV to satisfy I' < 0.1m.

In the scalar Dark Matter case, annihilation into right-
handed neutrinos (Eq. (20)) is complemented via the Higgs
portal coupling A g4 into SM particles. Namely bb for low
mass DM, and gauge bosons and Higgses for heavier DM
particles. These channels could, in principle, compete with
the annihilation into right-handed neutrinos, yet in Fig. 3 we
showed how couplings to SM are strongly constrained by
direct detection experiments (LUX) and LHC bounds on the
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Fig. 6 Ratio between the cross section with standard model particles
in the final state and sterile neutrinos in the final state at v = 103 ¢,
as relevant for indirect detection searches. Currently, on the resonance
my >~ my/2and formg > 150 GeV both cross sections are comparable.
However, XENONIT could set the annihilation cross section to right-
handed neutrinos to be dominant in the entire parameter space but for
the resonance

invisible width of the Higgs. We find that for mg < 100 GeV
the production cannot proceed via SM particles. As aresult of
these bounds on the scalar portal, the relic abundance cannot
be satisfied in the standard scalar Dark Matter, which leads to
the conclusion that Higgs portal Dark Matter is not a viable
scenario for low dark matter masses. This is not the case here,
as our scalar has additional annihilation channels, via the
coupling to dark fermions. One can then find viable scenarios,
shown in Fig. 5, which satisfy the relic abundance and evade
direct detection constraints in all the Dark Matter mass range
from 1 GeV to 2 TeV.

Moreover, in the low Dark Matter mass region, annihila-
tions to right-handed neutrinos are dominant. This is shown
in Fig. 6, where we plot the ratio of annihilation cross sec-
tions via the Higgs portal and to the right-handed neutrino
channel today, for relative Dark Matter velocity v = 1073 c.
This ratio is very small, of the order or below 0.1% for low
mass, and up to 100% for mg 2 300 GeV. When the dark
matter mass is low, the regions with larger ratios are corre-
lated with degeneracies in the dark sector, namely regions
where the dark fermion mediator and the scalar are close
in mass. This fact has implications in the ability of detecting
Dark Matter today, which we discuss in detail in the next sec-
tion. Notice that the ~100% contributions to the Dark Mat-
ter abundance currently allowed through SM interactions for
mg 2, 300 GeV, could be restricted by XENONIT to ~10%
for most parameter space.’

3 The features in the low mass region of the plots are due to the
fact that the contributions to the SM are mediated by the Higgs
and there are several suppressions. When different channels become

Finally, in the fermion Dark Matter case, since the cou-
pling to the Higgs is generated at 1-Loop, the contributions
to the annihilation cross section from the SM particles is only
non-negligible in the resonant region my =~ my /2.

5 Constraints from indirect searches and CMB

In this scenario the annihilation of Dark Matter (with mpy <
100 GeV) into right-handed neutrinos is dominant, with the
heavy neutrinos decaying into SM particles via their mixing
with active neutrinos. Those decays can lead to significant
fluxes of gamma rays and neutrinos which can be probed
by experiments. In this section we consider the impact on
the model by limits from Fermi-LAT and H.E.S.S. on the
gamma-ray flux from dwarf spheroidal galaxies [50] and the
galactic center [51] respectively, as well as from studies of the
CMB [52] and IceCUBE analysis of neutrino fluxes [53-55].

To study the indirect detection signals in this model we
first need to understand how the heavy neutrino decays. If the
neutrino is light, my < mw, N will mostly decay through
off-shell Z and W. These three-body partial widths can be
read from Refs. [56,57] and are listed in the appendix; here
we just quote the typical form it adopts:

2
[ |
19273
where Uy, y is the mixing matrix between the heavy and active
neutrinos. For heavier N, the two-body decays into massive

vector bosons or Higgs and fermions are open. In this case
the partial width scales as [14]:

T(N—3f)~ Uan > m3, 21

g2

2
64”mw,z,h

(N — Vf)~ |Uan | my. (22)
See also the appendix for the detailed formulae.

The relative weight of the different lepton flavours to the
total width depends on the model for neutrino mass gen-
eration. The large angle 6,3 in the active neutrino mixing
matrix Upyns suggests a similar decay rate of N into u and
7, while the one into e is largely unconstrained. In fact, the
measured mixing pattern (see for instance [58]) is close to
Tri-Bimaximal, which leads to an exact & — t symmetry
[59]. In our case, if we assume that the largest active neu-
trino mass is generated by only one of the sterile neutrinos,
ms3 ~ Za(YO,NvH)Z/mN and the mixing angles are given
by Uan ~ Yonvy/my. Then tanbrz ~ Y, n /Yy ~ 1 and

tanfiy = Yen/\/Yiy + Y7y ~ 0.15 imply that Uy <
Uun ~ Uy [60].

Footnote 3 continued

kinematically unaccessible, my < my,, m, m. one finds a suppression
factor of (mb/mr)2 ~ 4, (m,/m(»)2 ~ 2, (mc/ms)2 ~ 100 respec-
tively.
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Fig. 7 Annihilation cross
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A detailed study of the indirect detection signatures of our
scenario is beyond the scope of this work, since DM does
not decay directly to SM particles, as is usually assumed in
most analyses. Therefore we just estimate here the expected
constraints using current analysis, taking into account that in
general the cascade decays lead to a softer energy spectrum
of the final SM particles than in the standard two-body decay.
In Fig. 7 we present the results of such an estimate exercise in
the case of decays to leptons, where limits from Refs. [50,51]
have been naively re-scaled as mpy — mpm /2. We find that
decays of the right-handed neutrinos resulting in tau-leptons,
e.g. from N — 1gq’ or N — vtTt~, are potentially the
most sensitive modes. Indeed, if these decays were dominant
one could obtain a limit from indirect detection on the Dark
Matter mass of O(100) GeV for both fermion and scalar
Dark Matter. One could also use the production of quarks
from off-shell W and Z to set bounds on the model.

Note that indirect detection signals in this case (i.e.,my <
my ) have been studied in [61], showing that it could be possi-
ble to explain the galactic center gamma-ray excess revealed
by various studies of the Fermi-LAT data in 1-4 GeV gamma
rays. Indeed, assuming that DM particles annihilate into two
sterile neutrinos lighter than the W boson, they find that m
in the range 10-60 GeV can explain the observed spectrum,
while the fitted annihilation cross section {(ov) is (0.5-5)
x10726¢cm?3 /s, roughly compatible with the WIMP annihi-
lation cross section (0 v)decouple ~ (2 — 3) x 10’26cm3/s,
when the Dark Matter particles decouple. More precisely,
the best fit points are around my ~ 30 GeV and mpym ~ 45
GeV, which are within the ranges we have found compatible
with all current experimental constraints in our model.

Finally, let us mention other sources of indirect constraints
for this model. Measurements of the cosmic microwave back-
ground (CMB) anisotropies are also sensitive to Dark Matter
annihilation during the cosmic dark ages, because the injec-
tion of ionizing particles will increase the residual ionization
fraction, broadening the last scattering surface and modify-
ing the anisotropies. Under the assumption that the power
deposited to the gas is directly proportional to that injected

@ Springer

at the same redshift, with some efficiency factor f.s, con-
straints can be placed on the combination feff(ov)/mpm,
for different SM annihilation channels in s wave. Again, the
available calculations of feff assume that DM annihilates
directly to a pair of SM particles [52], and thus they are not
directly applicable to our model, but we can roughly estimate
the expected impact of such limits in the allowed parameter
space assuming as before that the constraints will be simi-
lar for cascade decays, appropriately re-scaled for mpyg/2.
Under these circumstances, we find these limits are weaker
than the ones from Fermi-LAT discussed above.

Besides signatures from gamma rays, in the N N annihi-
lation channel also light neutrinos are copiously produced,
which could generate an observable flux from dense regions
of Dark Matter. IceCUBE has set constraints on the Dark
Matter annihilation cross section to neutrinos by measuring
the flux from nearby Galaxies and Clusters [53], the Galactic
Halo [54] and the Galactic Center [55]. However, currently
these probes lie three orders of magnitude above the model
prediction, and thus cannot place a constrain on our model.
Dark Matter particles in the galactic halo can also scatter
elastically with a nucleus and become trapped in the gravi-
tational well of astronomical objects like the Sun, eventually
thermalize and concentrate at the core of the object. Then they
may annihilate into SM particles, in particular neutrinos that
can be detected by neutrino experiments such as IceCUBE
or SuperKamiokande. In our scenario the limits from direct
searches are tighter than such indirect probes, since the inter-
action of Dark Matter to quarks is spin independent.

6 Conclusions and outlook

In this paper we have analyzed in detail a simple scenario
of a dark sector composed of a scalar and a fermion, both
singlets under the SM gauge group but charged under a dark
symmetry group. This sector is linked to the origin of neutrino
masses via couplings to the sterile neutrinos, which are able
to mediate between the dark sector and the SM.
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This scenario has been studied in Refs. [5,6], considering
just the case of fermionic Dark Matter and for sterile neutri-
nos heavier than the dark sector, with the result that current
experimental and observational constraints (electroweak pre-
cision limits, Dark Matter relic abundance, direct and indi-
rect detection constraints), can be accommodated only for
mpm < 35 GeV, or in the resonances, mpy =~ my, myz,
unless the dark scalar or dark fermion are almost degenerate.

We have extended these previous studies in two ways: we
explore the phenomenology of this type of models when the
sterile neutrinos are lighter than the dark sector, so that the
Dark Matter annihilation channel into NN is kinematically
allowed, and we consider both, fermionic and scalar Dark
Matter in this context. We have performed for the first time
an exhaustive numerical analysis of this alternative region
of the model parameter space, and after imposing all the
relevant constraints from direct detection and collider probes,
we find that it is possible to obtain the observed Dark Matter
relic abundance in the whole mass range explored, mpym €
[1GeV, 2 TeV], both for scalar and fermion Dark Matter.

We find that the scalar case is an interesting extension of
the Higgs portal. Indeed, in the usual portal the constraints
on the Higgs invisible decay and Dark Matter nucleon cross
section rule out the possibility of the scalar as the main com-
ponent of Dark Matter for mg < 100 GeV. But in our sce-
nario, annihilation can occur via the neutrino portal which
is dominant, i.e. more than 90%, in most of the parameter
space. On the other hand, in the case of a fermion Dark Mat-
ter, the contribution to the quark—Dark Matter scattering and
Higgs invisible width decay is at one loop and the Higgs
portal coupling is only mildly constrained.

Finally we explore the indirect detection characteristics of
this model, determined by the decays of the right-handed neu-
trinos into SM bosons and leptons. We consider constraints
from Fermi-LAT and find that those could be sensitive to
Dark Matter up to the electroweak scale, mpy < 100 GeV
independently of whether the Dark Matter particle is a scalar
of a fermion. However, a more detailed analysis of these con-
straints need to be done, as we performed a naive scaling on
constraints of Dark Matter decays to two SM particles. In our
scenario, the more complex decays of right-handed neutri-
nos would lead to less energetic SM probes. Finally, we also
comment on the possibility of this channel to be responsible
of the gamma-ray galactic excess at few GeV.

Acknowledgements We thank Olga Mena, Sergio Palomares Ruiz,
Roberto Ruiz de Austri, Jordi Salvadd, A. Vincent and J. Wudka for
illuminating discussions, and Concha Gonzéilez-Garcia for comments
on the manuscript. ME thanks Antonia Abenza for inspiring and encour-
aging conversations. This work has been partially supported by the
European Unions Horizon 2020 research and innovation programme
under the Marie Sklodowska-Curie Grant Agreements Nos. 674896
and 690575, by the Spanish MINECO under Grants FPA2014-57816-P
and SEV-2014-0398, and by Generalitat Valenciana Grant PROME-
TEO/2014/050. ME is supported by Spanish Grant FPU13/03111 of

MECD. NR acknowledges the support from the Munich Institute for
Astro- and Particle Physics (MIAPP) of the DFG cluster of excellence
“Origin and Structure of the Universe”. The work of VS is supported
by the Science Technology and Facilities Council (STFC) under Grant
Number ST/J000477/1.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP3.

Appendix: Sterile neutrino decay widths

Here we summarize the sterile neutrino decay modes, rele-
vant for indirect Dark Matter searches.

If the sterile neutrino is lighter than the W boson, it will
decay through off-shell #, Z, W bosons to three fermions.
Since the decay via a virtual /4 is further suppressed by the
small Yukawa couplings of the SM fermions, it is a very
good approximation to consider only the processes mediated
by virtual W, Z, whose partial widths read [56]:

T(N — vqq) = 3 ACyn[2(a2 + b2) +3(a2 + b3)1f(2)

(A.1)
1

I'(N — 3v) = ACyy Bf(z) + 786 z)] (A.2)
['(N — £9q) =6 ACnN f(w, 0) (A.3)
(N — vel) = ACyn[3(a? + b2) f (z)
+3f(w) — 2a,8(z, w)] (A.4)
where Cyy is defined in Eq. (10),

_ Gpmy

= W’ (A.S)

ay, by are the left and right neutral current couplings of the
fermions (f = ¢, £), the variables z, w are given by

2= (my/mz)*,  w=(my/mw)?, (A.6)

and the functions f(z), f(w, 0) and g(z, w) can be found in
[57].

For larger values of m y, two-body decays to SM particles
are open, and the corresponding widths read [14]:

2 3 2 \2 I
+,7 _ 8 oMy [, My My
PN = WD) = o lUan (1 m%, 1+ —

w my

(A7)
3 2\2 2m2

C(N — Zvy) = 7| aN|2]2V<1—ZZ) <1+2Z)
w Z my my

(A.8)
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g 2y my ’

o (A9)

w my

In the above expressions, we have assumed that N is a
Majorana fermion. If it is Dirac, then the decay channel
N — W™£7 is forbidden and the decay widths into Z/h, v
are ['p(N - Z/hv) =Ty(N — Z/hvy)/2.
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the parameter space associated with the WIMP paradigm. In this paper, we focus on the
subset of WIMP models in which the dark matter annihilates in the early universe through
couplings to either the Standard Model Z or the Standard Model Higgs boson. Considering
fermionic, scalar, and vector dark matter candidates within a model-independent context,
we find that the overwhelming majority of these dark matter candidates are already ruled
out by existing experiments. In the case of Z mediated dark matter, the only scenarios that
are not currently excluded are those in which the dark matter is a fermion with an axial
coupling and with a mass either within a few GeV of the Z resonance (mpym =~ mz/2) or
greater than 200 GeV, or with a vector coupling and with mpy > 6TeV. Several Higgs
mediated scenarios are currently viable if the mass of the dark matter is near the Higgs pole
(mpMm ~ mp/2). Otherwise, the only scenarios that are not excluded are those in which
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the dark matter is a scalar (vector) heavier than 400 GeV (1160 GeV) with a Higgs portal
coupling, or a fermion with a pseudoscalar (CP violating) coupling to the Standard Model
Higgs boson. With the exception of dark matter with a purely pseudoscalar coupling to the
Higgs, it is anticipated that planned direct detection experiments will probe nearly the entire
range of models considered in this study.
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1 Introduction

Over the past few decades, the WIMP paradigm has dominated the theoretical and experi-
mental landscape of dark matter. Interest in dark matter in the form of weakly interacting
massive particles (WIMPs) has been motivated in large part by the realization that a generic
stable particle with an electroweak scale mass and interactions will freeze-out in the early
universe with a thermal relic abundance that is comparable to the measured cosmological
dark matter density. And although there are many electroweak processes through which a
WIMP could potentially annihilate, none are as ubiquitous across the landscape of dark mat-
ter models than those which result from couplings between the dark matter and the Standard
Model (SM) Z or Higgs bosons.

As direct detection, indirect detection, and collider searches for dark matter have pro-
gressed, the WIMP paradigm has become increasingly well explored and constrained. And
although there remain many viable WIMP models, important experimental benchmarks have
been reached, providing us with valuable information pertaining to the identity of our uni-
verse’s dark matter. In this paper, we focus on the subset of models in which the dark matter
annihilates through the exchange of the Z or the Higgs boson. In scenarios outside of this
subset of models, WIMPs must annihilate through the exchange of particles beyond the SM
if they are to avoid being overproduced in the early universe.

The remainder of this article is structured as follows. In section 2, we consider dark
matter that is mediated by Z exchange, discussing fermionic, scalar and vector dark mat-
ter candidates. We find that a very significant part of this parameter space is ruled out
by a combination of constraints from direct detection experiments (LUX, PandaX-II) and
measurements from LEP of the invisible width of the Z. The only scenarios which remain
viable at this time are those with a fermionic dark matter candidate with a nearly pure
axial coupling to the Z and with a mass that lies within either a few GeV of the Z pole
(mpwm =~ 40-48 GeV) or that is heavier than 200 GeV, or a fermion with a vector coupling
to the Z and that is heavier than 6 TeV. Much of this parameter space is expected to be



tested in the near future with direct detection experiments such as XENONI1T. In section 3,
we consider fermionic, scalar and vector dark matter candidates that are coupled to the SM
Higgs boson. Across this class of models, we again find that the overwhelming majority of the
parameter space is experimentally excluded, with the exception of scenarios in which the dark
matter lies near the Higgs pole (mpy ~ mp/2), the dark matter is a scalar (vector) heavier
than 400 GeV (1160 GeV) with a Higgs portal coupling, or the dark matter is a fermion with
largely pseudoscalar couplings to the SM Higgs boson. In section 4 we discuss some caveats
to our conclusions, including scenarios with a non-standard cosmological history, or models
in which the dark matter coannihilates with another particle species in the early universe.
We summarize our results and conclusions in section 5.

2 Z mediated dark matter

2.1 Fermionic dark matter

We begin by considering a dark matter candidate, x, which is either a Dirac or a Majorana
fermion with the following interactions with the SM Z:

L [axy"(gyo + 9xa¥’)X] Zus (2.1)

where a = 1(1/2) in the Dirac (Majorana) case, and g, and g,, are the vector and axial
couplings of the dark matter, respectively. Note that g,, is necessarily equal to zero in the
Majorana case. These couplings allow the dark matter to annihilate through the s-channel
exchange of the Z, into pairs of SM fermions or, if the dark matter is heavy enough, into ZZ,
WTW ™= or Zh final states. In figure 1 we plot the fraction of annihilations which proceed to
each final state, as evaluated in the early universe (at the temperature of thermal freeze-out)
and for v = 1073 ¢ (as is typically relevant for indirect detection). Throughout this paper,
unless otherwise stated, we use version 4.2.5 of the publicly available code MicrOMEGAS [1]
to calculate all annihilation cross sections, thermal relic abundances, and elastic scattering
cross sections.

In figure 2, we explore and summarize the parameter space within this class of models.
In each frame, the solid black line represents the value of the dark matter’s coupling to the
Z (gxv Or gyq) for which the calculated thermal relic abundance is equal to the measured
cosmological dark matter density, Q,h? = 0.1198 £0.0015 [2]. If m, < mz/2, we can further
restrict the couplings of the dark matter using the measurement of the invisible Z width.
The predicted contribution from Z decays to dark matter is in this case is given by:

2\ 1/2 2 2

_ amy 4ms 9 4my, 9 2my,
(7 — xX) = 1 - —X X 1+ 22X, 2.2
(Z = xxX) = 45 ( 2 ) [gxa< w2 ) e (1T (2.2)

where again a = 1(1/2) for dark matter that is a Dirac (Majorana) fermion. In the shaded
regions appearing in the upper left corner of each frame of figure 2, the predicted invisible
width of the Z exceeds the value measured at LEP by more the 20, corresponding to a contri-
bution of ' > 1.5MeV [3]. Combined with relic abundance considerations, this constraint
translates to m, > 25 GeV (32 GeV) for the case of a purely vector (axial) coupling to the Z.

Direct detection experiments provide a powerful test of dark matter candidates with
non-negligible couplings to the Z. After integrating out the Z, the effective interaction
relevant for dark matter scattering with nuclei is given by:

1
E = W [)ZV“(QXU + gxa75)X] [‘Tyu(gqv + gqa’YS)Q] ) (23)
Z
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Figure 1. The fraction of dark matter annihilations that proceed to each final state, as evaluated
at the temperature of thermal freeze-out (left) and at v = 1073 ¢, as is typically relevant for indirect
detection (right). The upper and lower frames correspond to dark matter in the form of a fermion
with purely vector or purely axial couplings to the Z, respectively.

2 2 2
where guy = g2 (4CIW - 3i$)7 Jdv = 92 <_401W + ?;ch“//v)’ Jua = _92/4CW7 9da = 92/4CW7 etc.

are the couplings of the Z to Standard Model quarks.

At low energies, U4'¥ — 0 and U~%95¥ — 0, and thus only vector-vector and axial-
axial interactions are not suppressed by powers of velocity or momentum transfer. These
interactions lead to spin-independent and spin-dependent scattering cross sections, respec-
tively. The solid blue curves shown in figure 2 represent the current limits on the dark
matter’s coupling to the Z, as derived from the results of the direct detection experiment
LUX [4] (the PandaX-II experiment has placed a constraint that is only slightly weaker [5]).!

! Although the spin-independent constraints from direct detection experiments are generally presented for
the case of equal couplings to protons and neutrons, we have translated these results to apply to the models
at hand. It is interesting to note that a cancellation in the vector couplings of the Z to up and down quarks
leads to a suppression in the effective coupling to protons. In particular, Z exchange leads to the following
ratio of cross sections with neutrons and protons: ¢, /oy &~ (2940 + Guv)?/(29uv + gav)> = 180. We also note
that since xenon contains isotopes with an odd number of neutrons (***Xe and '*'Xe with abundances of
29.5% and 23.7%, respectively), this target is quite sensitive to spin-dependent WIMP-neutron scattering. To
constrain spin-dependent scattering, we converted the results of the most recent spin-independent analysis
presented by the LUX collaboration [4].
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Figure 2. Constraints on the mass and couplings of a fermionic dark matter candidate that annihilates
through the Z. The solid black contours indicate the value of the coupling for which the thermal relic
abundance matches the measured cosmological dark matter density, 2, h% = 0.12. The shaded regions
are excluded by the measurement of the invisible Z width. The left and right frames depict the cases of
a purely vector or axial coupling between the dark matter and the Z, respectively. The vast majority of
this parameter space is excluded by the current constraints from LUX and PandaX-II [4, 5], and much
of the currently viable parameter space is expected to be probed in the near future by XENONIT [6].

Together, these constraints rule out the majority of the parameter space for fermionic
dark matter candidates that annihilate through Z exchange. After accounting for these
constraints, we find that an acceptable thermal relic abundance can be obtained only in
the near-resonance case [7-9] (my, = mz/2) or for m, 2 200GeV with g,, > gy, or for

v = 6 TeV. Furthermore, with the exception of m, z 500 GeV with g\, > g,., we expect
that the remaining parameter space will be probed in the near future by direct detection
experiments such as XENONIT [6]. We point out that for fermionic dark matter heavier
than several TeV, perturbative unitarity is lost, and higher dimension operators such as those
ones considered in ref. [10] may become relevant for the phenomenology. It is interesting
to note that within the context of the MSSM, a bino-like neutralino (with a subdominant
higgsino fraction) can possess the characteristics found within this scenario [11].

In the narrow region of viable parameter space found near the Z pole, the dark matter
in this class of models annihilates with a cross section that is chirality suppressed in the
low-velocity limit, ov o (ms/m,)?, leading such annihilations to proceed mostly to bb final
states. In this mass range, the low-velocity cross section is sensitive to the value of the dark
matter’s mass, but consistently below the reach of planned indirect detection experiments
(for analytic expressions of this cross section, see the appendix of ref. [17]). In figure 3, we
plot the effective low-velocity annihilation cross section (as relevant for indirect detection) for
fermionic dark matter with an axial coupling to the Z.? These cross sections are well below
the constraints derived from Fermi and other existing indirect detection experiments [12-16].

2.2 Scalar dark matter

A complex scalar dark matter candidate, ¢, can couple to the Z through the following
interaction:

; t5 o 2 427
LDigep' 0,02 +g¢¢ z"z,. (2.4)

2By “effective” annihilation cross section we denote the value for the case of identical annihilating particles
(Majorana fermions). For a Dirac fermion (or a complex boson), the actual particle-antiparticle annihilation
cross section is equal to twice this value.
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Figure 3. The effective low-velocity annihilation cross section (relevant for indirect detection) for
Dirac or Majorana dark matter with an axial coupling to the Z. We note that for the masses in the
range not yet excluded by LUX or PandaX-II, this cross section is well below the constraints derived
from Fermi and other existing indirect detection experiments [12-16]. We also show the current
constraint from Fermi’s observation of dwarf spheroidal galaxies [13].

The annihilation cross section to fermion pairs in this case is suppressed by two powers of
velocity, and values of g4 that lead to an acceptable thermal relic abundance are shown as
a black solid line in the left frame of figure 4. We also show in this figure the region of
parameter space that is excluded by the measurement of the invisible width of the Z, which
receives the following contribution in this case:

2 2\ 3/2
T(Z = ¢g) = 22 <1 - 4”?) . (2.5)

In this model, there is an unsuppressed cross section for spin-independent elastic scat-
tering with nuclei, leading to very stringent constraints from LUX and PandaX-II. In the left
frame of figure 4, we see that the entire parameter space in this scenario is strongly ruled out
by a combination of constraints from LUX/PandaX-II and the invisible width of the Z.

2.3 Vector dark matter

An interaction between the Z and a spin-one dark matter candidate, X, can arise at tree-level
only through a kinetic term. In this case, gauge invariance requires the interaction to take
the following form:

£oigx (24 X710,X,) + X[ X, 0"2") +he. (2.6)

In the right frame of figure 4, we summarize the parameter space in this model. In
particular, we apply constraints from the invisible width of the Z, which receives the following
contribution in this case:

g mz (1—8rk, +28r%, —481%,) (1 —4r%,)1/?

2.7
192774, ’ (2.7)

NZ— XX") =

where rxz = mx/my.
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Figure 4. Constraints on mass and couplings of a complex scalar (left frame) or complex vector (right
frame) dark matter candidate which annihilates through the Z. The solid black contours indicate the
value of the coupling for which the thermal relic abundance matches the measured cosmological dark
matter density, 2,h? = 0.12. The shaded regions are excluded by measurements of the invisible Z
width, and the regions above the solid blue line are excluded by the current constraints from LUX
and PandaX-II [4, 5]. The entire parameter space in each of these scenarios is strongly ruled out.

After integrating our the Z, this model yields the following effective interaction for
elastic scattering with nuclei (retaining only unsuppressed terms):

Log > 900 (X 9, X" qy"q + h. c> (2.8)

m%
In the non-relativistic limit, this yields the following WIMP-nucleus cross section:
2
OxN = W |:Z(29uv + gdv) + (A - Z) (guv + 2gdv):|

< I (97 + Qz)MXN
167rmZ

(A_ Z)27 (29)

where Z and A are the atomic number and atomic mass of the target nucleus, and pu,n is
the reduced mass of the dark matter-nucleus system.

In the right frame of figure 4, we see that this combination of constraints from direct
detection experiments and the invisible width of the Z strongly rules out the entire parameter
space of this model.

3 Higgs mediated dark matter

3.1 Fermionic dark matter

In this subsection, we consider a dark matter candidate that is either a Dirac or Majorana
fermion, with the following interactions with the SM Higgs boson:

LD [ax(As + )‘xinS)X] H, (3.1)

where once again a = 1(1/2) in the Dirac (Majorana) case. The quantities A\, and Ay,
denote the scalar and pseudoscalar couplings between the dark matter and the SM Higgs,
respectively.
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Figure 5. The fraction of dark matter annihilations that proceed to each final state, as evaluated
at the temperature of thermal freeze-out (left) and at v = 1073 ¢, as is typically relevant for indirect
detection (right). The upper and lower frames correspond to dark matter in the form of a fermion
with purely scalar or purely pseudoscalar couplings to the Standard Model Higgs boson, respectively.

Dark matter annihilations in this model depend strongly on the choice of scalar or pseu-
doscalar couplings. In particular, scalar couplings lead to an annihilation cross section that is
suppressed by two powers of velocity, whereas pseudoscalar couplings generate an s-wave am-
plitude with no such suppression. In both cases, annihilations proceed dominantly to heavy
final states (see figure 5), due to the couplings of the Higgs to the particle content of the SM.

The contribution to the invisible Higgs width in this case is given by:

2 2
_ amg 4m 4m
T(H — xx) = = A+ A 1- m%j 1-— mi?j (3.2)

The current experimental constraint on the invisible branching fraction of the Higgs is
Tiny/(Tiny + Tsm) < 0.24,% which for I‘ISLIM ~ 4.07 MeV corresponds to the following:

_ BR(H — inv)
I'(H i
(H = X) < TSMT— R S inv)

~ 1.29 MeV. (3.3)

3This is derived from a combination of Run I and 2015 LHC data. See, for example, page 25
of the talk “Search for invisible decays of the 125GeV Higgs boson using the CMS detector”, by
Nicholas Wardle, http://indico.cern.ch/event /432527 /contributions/1071583/attachments/1320936,/1980904/
nckw_ICHEP_2016_hinv_cms.pdf.
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through the Standard Model Higgs boson. The solid black contours indicate the value of the cou-
pling for which the thermal relic abundance matches the measured cosmological dark matter density,
Q,h% = 0.12. The shaded regions are excluded by measurements of the invisible Higgs width. The
left and right frames depict the cases of a purely scalar or pseudoscalar coupling between the dark
matter and the Higgs, respectively. In the scalar case, the vast majority of this parameter space is
excluded by the current constraints from LUX and PandaX-II [4, 5]. The only currently viable region
(my = 56-62 GeV is expected to be probed in the near future by XENONIT [6]. Due to the momen-
tum suppression of the elastic scattering cross section, the case of dark matter with a pseudoscalar
coupling to the Higgs is much less strongly constrained.

Elastic scattering between dark matter and nuclei is entirely spin-independent in this
case, with a cross section given as follows:

2 2
OWN R % (Zfp+ (A= 2) fo]? [Ais + Aip;n?j , (3.4)
where ¢ is the momentum exchanged in the collision.

In figure 6, we summarize the constraints on this scenario. In the case of a purely
scalar coupling (A, = 0, shown in the left frame), the combination of the invisible Higgs
width measurement and the results of direct detection experiments rule out nearly all of
the parameter space. The exception is the mass range within a few GeV of the Higgs pole,
m, = 56-62 GeV. In this case, future experiments such as XENONIT are expected to test
the remaining region of parameter space.

In the case of a purely pseudoscalar coupling (Ays = 0, shown in the right frame of
figure 6), the momentum suppression of the elastic scattering cross section strongly reduces
the prospects for direct detection experiments, earning this scenario the moniker of “coy
dark matter” [18-20]. Naively, we expect the sensitivity of direct detection experiments to
the coupling, \,,, to be suppressed relative to A, by a factor of ¢/2m,, which for typical
scattering events is on the order of 1073. Simply rescaling the results shown in the left
frame of figure 6 by this factor leads us to conclude that current (LUX, PandaX-II) and near
future (XENONI1T) experiments will not be sensitive to dark matter in this scenario. It is
less clear, however, whether a larger experiment, with a sensitivity to cross sections near the
neutrino floor, might be sensitive to this scenario. With this in mind, we have calculated the
sensitivity of such an experiment to a dark matter candidate with a momentum suppressed
elastic scattering cross section with nuclei.



Dark matter with velocity or momentum suppressed scattering has been considered pre-
viously in the literature (see, for example, refs. [21-30]). To compute the number of events in a
large volume xenon experiment, we follow the procedure outlined in ref. [30], adopting a stan-
dard Maxwellian velocity distribution (vg = 220 km/s, vese = 544 km/s, Ugaren = 245 km/s),
a local density of 0.3 GeV/cm?, and a Helm form factor [31]. Regarding the detector spec-
ifications, we assume an optimistic scenario with an energy independent efficiency of 25%
and perfect energy resolution. We consider events with nuclear recoil energies between 6 and
30keV, where this lower limits was imposed in order to reduce the rate of neutrino-induced
background events [32, 33]. From the calculated event rate, we apply Poisson statistics to
place a 90% confidence level constraint on the dark matter coupling, assuming that zero
events are observed. In the right frame of figure 6, we plot the projected constraint from
such an experiment after collecting an exposure of 30 ton-years, which is approximately
the exposure that we estimate will accumulate between ~1-3 neutrino-induced background
events. From this, we conclude that even with such an idealized detector, it will not be
possible to test a dark matter candidate with a purely pseudoscalar coupling to the Higgs.

In the case of dark matter with a scalar coupling and near the Higgs pole, the low-
velocity annihilation cross section is suppressed by two powers of velocity, making such a
scenario well beyond the reach of any planned or proposed indirect detection experiment
(see the left frame of figure 7). In the case of dark matter with a pseudoscalar coupling
to the Higgs, however, the low-velocity annihilation rate is unsuppressed, leading to more
promising prospects for indirect detection (for analytic expressions of these cross section, see
the appendix of ref. [17]). In the right frame of figure 7, we plot the low-velocity annihilation
cross section (as relevant for indirect detection) for fermionic (Dirac or Majorana) dark
matter with a pseudoscalar coupling to the SM Higgs boson. In this case, constraints from
Fermi’s observations of dwarf spheroidal galaxies [13] may be relevant, depending on the
precise value of the dark matter mass. We also note that uncertainties associated with the
distribution of dark matter in these systems could plausibly weaken these constraints to some
degree [34-37|. It may also be possible in this scenario [18, 38-41] to generate the gamma-ray
excess observed from the region surrounding the Galactic Center [42-48].

3.2 Scalar dark matter

In the case of scalar dark matter with a coupling to the SM Higgs boson, we consider a Higgs
Portal interaction, described by the following Lagrangian:

1
LD aly [ngb? + 2H2¢2] , (3.5)

where a = 1(1/2) in the case of a complex (real) scalar, and v is the vacuum expectation
value of the SM Higgs boson.

In this class of models, the dark matter annihilates without velocity suppression, and
preferentially to heavy final states (see figure 8). The contribution to the invisible Higgs
width in this case is given by:

av2A2H 4m?
H

In figure 9, we plot a summary of the constraints in this class of models. In this case, we
find that complex (real) scalar dark matter with a mass greater than 840 GeV (400 GeV) is
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Figure 7. The effective low-velocity annihilation cross section (relevant for indirect detection) for
Dirac or Majorana dark matter with a scalar (left) or pseudoscalar (right) coupling to the SM Higgs
boson. For the case of scalar couplings, the cross section is always well below the sensitivity of Fermi
and other existing indirect detection experiments. In the pseudoscalar case, the prospects for indirect
detection are much more encouraging. In the right frame, we also show the current constraint from
Fermi’s observation of dwarf spheroidal galaxies [13].
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Figure 8. The fraction of dark matter annihilations that proceed to each final state, as evaluated
at the temperature of thermal freeze-out (left) and at v = 1073 ¢, as is typically relevant for indirect
detection (right), for the case of scalar dark matter coupled to the Standard Model Higgs boson.

not currently constrained, along with the region near the Higgs pole. XENONI1T is expected
to probe the remaining high mass window up to 10 TeV (5TeV). Similar constraints can be
found in the recent analysis of [49].

In figure 10, we plot the low-velocity annihilation cross section (as relevant for indirect
detection) for scalar dark matter with a Higgs portal coupling. In the currently allowed mass
range near the Higgs pole, this class of models predicts a very small low-velocity annihilation
cross section, which is likely unable to generate the measured intensity of the Galactic Center
gamma-ray excess [42-48] (see also, refs. [50, 51]).
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Figure 9. Constraints on mass and couplings of a complex scalar dark matter candidate which
annihilates through a Higgs portal coupling. The solid black contour indicates the value of the
coupling for which the thermal relic abundance matches the measured cosmological dark matter
density, 2, h? = 0.12. The shaded region is excluded by measurements of the invisible Higgs width,
and the region above the solid blue line is excluded by the current constraints from LUX and PandaX-
IT [4, 5]. This scenario is currently viable only if the mass of the dark matter candidate is near the
Higgs pole (m ~ mpy/2) or if my 2 400 GeV.
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Figure 10. The effective low-velocity annihilation cross section (relevant for indirect detection) for

complex or real scalar dark matter with a Higgs portal coupling. We also show the current constraint
from Fermi’s observation of dwarf spheroidal galaxies [13].

3.3 Vector dark matter

In the case of vector dark matter, we again consider a Higgs Portal interaction, which is
described in this case by the following Lagrangian:

1
£ a\xn [vHX!X[+ S HAX'X[ (3.7)

where a = 1(1/2) in the case of a complex (real) vector. As in the cases considered in the
previous subsection, dark matter annihilates without velocity suppression in this class of
models, and preferentially to heavy final states (see figure 11).
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Figure 11. The fraction of dark matter annihilations that proceed to each final state, as evaluated
at the temperature of thermal freeze-out (left) and at v = 1073 ¢, as is typically relevant for indirect
detection (right), for the case of dark matter in the form of a vector which annihilates through its
coupling to the Standard Model Higgs boson.

The contribution to the invisible Higgs width is given in this model by:

a /\g( HUQm% mg( m‘)L( 4m§(
X H H H

The constraints on this scenario are summarized in figure 12. The combination of con-
straints from LUX/PandaX-II and on the invisible Higgs width rule out all of the parameter
space in this class of models, with the exception of the mass range near the Higgs pole,
mx =~ mpg/2 or for mx 2 1160 GeV. XENONIT is expected in the near future to probe
most of this remaining high mass window, covering nearly the entire range of perturbative
values for the coupling, Axgy < 4.

We plot in figure 13 the low-velocity annihilation cross section (as relevant for indirect
detection) in this class of models, along with the constraints from Fermi’s observations of
dwarf spheroidal galaxies [13]. In the currently allowed mass range near the Higgs pole, this
class of models predicts a very small low-velocity annihilation cross section, which is likely
unable to generate the measured intensity of the Galactic Center gamma-ray excess [42—-48].

4 Caveats

The conclusions presented here rely on a number of assumptions that we have implicitly
made throughout this study. In particular, we have assumed that the thermal history of the
early universe is well described by the standard radiation-dominated picture. Departures
from this simple thermal history could potentially reduce the couplings of the dark matter
that are required to generate an acceptable thermal relic abundance, thereby relaxing the
constraints from direct detection experiments and from measurements of the invisible Z and
Higgs widths. Examples of such scenarios include those in which the abundance of dark
matter is depleted as a result of an out-of-equilibrium decay [52-58] or a period of late-time
inflation [59-63].
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Figure 12. Constraints on mass and couplings of a complex vector dark matter candidate which
annihilates through the Standard Model Higgs boson. The solid black contour indicates the value of
the coupling for which the thermal relic abundance matches the measured cosmological dark matter
density, 2, h? = 0.12. The shaded region is excluded by measurements of the invisible Higgs width,
and the region above the solid blue line is excluded by the current constraints from LUX and PandaX-
IT [4, 5]. This scenario is currently viable only if the mass of the dark matter candidate is near the
Higgs pole (m ~ my/2) or if mx 2 1160 GeV.
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Figure 13. The effective low-velocity annihilation cross section (relevant for indirect detection) for
complex or real vector dark matter with a coupling to the Standard Model Higgs boson. We also
show the current constraint from Fermi’s observation of dwarf spheroidal galaxies [13].

We have also limited our analysis in this paper to couplings between pairs of dark
matter particles and one or more Z or Higgs bosons. We could instead have considered
couplings between one dark matter particle, the Z or Higgs, and an additional state. If the
additional state is not much heavier than the dark matter itself, such a coupling could allow
the dark matter to be depleted in the early universe through coannihilations [64, 65], without
necessarily inducing a large elastic scattering cross section with nuclei. Generally speaking,
if such coannihilations are to be efficient, such states must have a mass that is within roughly
~10% of the mass of the dark matter particle itself.

Phenomenology of this kind can be easily realized if we consider a Dirac fermion that
is split into a pair of nearly degenerate Majorana fermions by a small Majorana mass term.
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Following refs. [66, 67], the Lagrangian in this scenario takes the following form:

1. 1 _ 1. 1 _
. — 1 m_ _ _ m2
+i9QZu 0oVt 5 9Q Zy — - (P29 05 = U199 W1) + O <M2) ,

where Uy and Uy are the two quasi-degenerate Majorana fermions, my = (mz +£mpg)/2, and
M > mp, g. Setting mp = 0, this reduces to

1- 1 - 1_- 1 _
LD 5\1111")/#8”\1/1 — §M1\I/1\I’1 + 5\1122"}/“8”\1/2 — §MQ\I’2\I’2

- 1 M, — M. My — My\?

+ Z.gcv Zu \IIZ’Y/L\IJI + igcv Zu ]\AT]Wz M) 3
where the M} = M — m4 and My = M + my4 are the masses of the lighter and heavier
Majorana fermions, respectively. As a result of this mass splitting, all couplings between two
of the same Majorana fermion and the Z are suppressed by a factor of | My — Ms|/(My+Ms) =
m4 /M, strongly limiting the rates of both self-annihilation and elastic scattering with nuclei.
In contrast, interactions between the two different Majorana states, ¥; Wo, and the Z are not
suppressed, potentially allowing for coannihilations to efficiently deplete their abundances in
the early universe.

Throughout this study, we have assumed that there is only one relevant particle in
the dark sector. In some UV complete scenarios, however, there may be exist other light
particles [68-70] which relax the constraints from direct detection experiments and from
measurements of the invisible Z and Higgs widths.

(Toy# "Wy — Ty T) + O <

5 Summary and conclusions

In this study, we have systematically considered dark matter models which annihilate through
couplings to the Standard Model Z or Higgs boson. Overall, we find that the vast majority
of the parameter space associated with these models is ruled out by a combination of direct
detection experiments (LUX, PandaX-II, etc.) and measurements at colliders of the invisible
Z and Higgs widths. If no detection is made, we expect experiments such as XENONI1T
to entirely rule out all remaining Z mediated models in the near future, with the exception
of fermionic dark matter heavier than ~500 GeV and with primarily axial couplings. Such
experiments are also expected to test all remaining Higgs mediated models, with the exception
of scalar or vector dark matter with masses very near the Higgs annihilation resonance
(mpym =~ my/2) or fermionic dark matter with a pseudoscalar (CP violating) coupling to the
Standard Model Higgs boson. Very heavy dark matter with a large Higgs portal coupling
(ApH, AxH > 1) may also be beyond the reach of XENONIT, although LUX-ZEPLIN and
other planned experiments will be able to probe such models.

In table 1, we summarize the various classes of dark matter models that we have con-
sidered in this study, listing in each case the range of masses (if any) that is not currently
excluded experimentally. For those cases that are not already excluded, we list whether
XENONIT is expected to have the sensitivity required to test each class of model. We also
present the range of low-velocity annihilation cross sections that can be found within the
currently acceptable mass range. For those models with roughly ov > 3 x 10727 cm? /s (cor-
responding to ov 2 0.3 in the units used in the table), the Galactic Center gamma-ray excess
could plausibly be generated though dark matter annihilations.
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Dark Matter Z, Higgs Coupling Direct Allowed Constrained by | Indirect Detection
Detection Region XENONI1T (1072 cm?/s)
Majorana Fermion )ny“'ystN SD My ~ Mz /2 Yes ov ~ small
or my 2 190GeV | Up to 440 GeV ov~2.1-2.3
Dirac Fermion XVYxZ, SI my 2 6TeV Yes ov~21-23
Dirac Fermion XX 2, SD My ~ Mz /2 Yes ov ~ small
or my 2 240GeV | Up to 570 GeV ov~21-23
Complex Scalar (f)Tg;qSZ“, ¢2Z“Zu SI Excluded - -
Complex Vector (XlauX” +h.c.)ZH SI Excluded - -
Majorana Fermion XxH SI My ~ M /2 Yes ov ~ small
Majorana Fermion XV xH SI o ¢? my 2 54GeV No ov ~0.0011-3.4
Dirac Fermion xH SI My ~ M /2 Yes ov ~small
Dirac Fermion XV xH SI o ¢? my 2 56 GeV No ov ~0.0012-1.7
Real Scalar *H? SI My ~ M /2 Maybe ov ~ 0.0012-0.019
or my 2 400 GeV Up to 5TeV ov~21-23
Complex Scalar P*H? SI My ~ M /2 Maybe ov ~ (0.0019-0.017
or my 2 840 GeV Up to 10 TeV ov~21-23
Real Vector X, X"H? SI My ~ My /2 Maybe ov ~ 0.0018-0.022
or my 2 1160GeV | Up to 15 TeV ov~21-23
Complex Vector X:EX"HQ SI My ~ M /2 Maybe ov ~ 0.0012-0.0064
or my 2 2200 GeV Yes ov~21-23

Table 1. A summary of the various classes of dark matter models that we have considered in this
study. For each case, we list the range of masses (if any) that is not currently excluded experimentally.
For those cases which are not already excluded, we state whether XENONIT is anticipated to be
sensitive to that model. We also present the range of low-velocity annihilation cross sections that can
be found in each case for masses within the currently acceptable range.
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1 Introduction

Over the past decade or so, a number of observations have been interpreted as possible signals
of annihilating or decaying dark matter particles. Examples of such observations include the
511keV emission from the Galactic Bulge [1], an excess of synchrotron emission known as the
WMAP Haze [2, 3], an excess of high energy positrons in the cosmic ray spectrum [4, 5], a
mono-energetic line of 130 GeV gamma rays from the Galactic Halo [6], and a 3.5keV X-ray
line from Perseus and other galaxy clusters [7, 8]. Each of these anomalies, however, has
either failed to be confirmed by subsequent measurements [9, 10|, or has been shown to be
quite plausibly explained by astrophysical phenomena [11-14].

In comparison to these other anomalous signals, the gamma-ray excess observed from
the Galactic Center by the Fermi Gamma-Ray Space Telescope stands out. This signal has
been studied in detail over the past seven years [15-25] and has been shown with high statis-
tical significance to exhibit a spectrum, morphology and overall intensity that is compatible
with that predicted from annihilating dark matter particles in the form of a ~30-70 GeV
thermal relic distributed with a profile similar to that favored by numerical simulations. Al-
though astrophysical interpretations of this signal have been proposed (consisting of either
a large population of millisecond pulsars [26-33], or a series of recent leptonic cosmic-ray
outbursts [34-36]), these explanations require either a significant degree of tuning in their
parameters [34], or pulsar populations which are very different from those observed in the
environments of globular clusters or in the field of the Milky Way [26, 31, 32]. In addition,
some modest support for a dark matter interpretation of this signal has recently appeared
in the form of excesses in the cosmic-ray antiproton spectrum [37-39], in the gamma-ray
emission from the dwarf spheroidal galaxies Reticulum IT and Tucana IIT [40-44], and from
the observation of spatially extended gamma-ray emission from two dark matter subhalo can-
didates [45—48]. At this point in time, however, there is no clear resolution to the question
of the origin of the Galactic Center excess.
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Majorana Fermion, y Spin-0 X ff ost o (q/2my,)?
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Table 1. A summary of the simplified models identified in ref. [49] as being potentially capable of
generating the observed characteristics of the Galactic Center gamma-ray excess without violating
collider or direct detection constraints (as of June 2014). For each model, we list the nature of the
dark matter candidate and the mediator, as well as the form of the mediator’s interactions. In the final
column, we list whether the leading elastic scattering cross section with nuclei is spin-independent
(SI) or spin-dependent (SD) and whether it is suppressed by powers of momentum, ¢, or by loops.

Many groups have studied dark matter models that are capable of generating the ob-
served features of the Galactic Center excess (for an incomplete list, see refs. [49-67]). In this
study, we follow an approach similar to that taken in ref. [49], and consider an exhaustive
list of simplified models that are capable of generating the observed gamma-ray excess while
remaining consistent with all constraints from collider and direct detection experiments. Also
following ref. [49], we choose to not consider hidden sector models in this study, in which
the dark matter annihilates to unstable particles which reside in the hidden sector, without
sizable couplings to the Standard Model (SM) [59, 62, 63]. While such scenarios certainly
remain viable, we consider them to be beyond the scope of this work.

The models found in ref. [49] to be compatible with existing constraints from direct
detection and collider experiments are listed in table 1, and can be divided into three cate-
gories. First, there are models in which the dark matter annihilates into SM quarks through
the s-channel exchange of a spin-zero mediator with pseudoscalar couplings. These models
allow for an unsuppressed (s-wave) low-velocity annihilation cross section while generating a
cross section for elastic scattering with nuclei that is suppressed by either two or four powers
of momentum, thus evading direct detection constraints. In the second class of models, the
dark matter annihilates through the s-channel exchange of a vector boson. In this case, it was
found that direct detection constraints could be evaded if the mediator couples axially with



quarks or couples only to the third generation. Lastly, there are models in which the dark
matter annihilates to b-quarks through the ¢-channel exchange of a colored and electrically
charged mediator.

In this paper, we revisit this collection of dark matter models, applying updated con-
straints from the Large Hadron Collider (LHC) and other collider experiments, in addition
to recent constraints from the direct detection experiments LUX [68] and PandaX-II [69].
We find that many of the models previously considered within the context of the Galactic
Center excess are now excluded by a combination of these constraints.

2 Constraints

In this section, we summarize the constraints that we apply in this study. In particular,
we consider constraints from the LHC and other accelerators, as derived from searches for
mono-X events with missing energy (where X denotes a jet, photon, or Z), di-jet resonances,
di-lepton resonances, exotic Higgs decays, sbottom searches, and exotic upsilon decays [70—
80]. We also summarize the current status of direct searches for dark matter, including the
recent constraints presented by the LUX [68] and PandaX-II [69] Collaborations.

2.1 LHC

Searches at CMS and ATLAS provide some of the most stringent constraints on dark matter,
as well as on the particles that mediate the interactions of dark matter. In this study, we
consider the bounds from the LHC as applied to a wide range of simplified models, the most
stringent of which arise from CMS searches for mono-jet+MET, di-jet resonances, di-lepton
resonances, di-tau resonances, and sbottom searches. Although we also considered constraints
from the ATLAS Collaboration, they were slightly less restrictive than those from CMS.

LHC limits are typically published in one of two ways: (1) assuming a particular model
and choice of couplings, a limit is presented on the parameter space in the dark matter
mass-mediator mass plane, or (2) a limit is presented on the product of the production cross
section and the branching fraction for a particular process. In this study, we will present our
results in terms of the mediator mass and the product of the dark matter-mediator and SM-
mediator couplings. Thus applying limits from the LHC generally requires translating these
bounds into the parameter space under consideration. To calculate the relevant production
cross sections and branching ratios, models are built using FeynRules [81] and subsequently
imported into MadGraph5_aMCQ@QNLO [82, 83]. When necessary, we implement PYTHIA
8 [84] to hadronize the final state particles and DELPHES [85] to simulate the detector
response. As appropriate, we apply the published cuts on MET, final state momentum, and
final state rapidity in our calculations. Throughout this study, we calculate and present all
LHC constraints at the 95% confidence level.

In scenarios with heavy mediators, it is not uncommon for the width of the mediator
to be unacceptably large (i.e. as large or larger than its mass). Such widths are clearly
not physical and may indicate the presence of additional particles or interactions [86-90].
Imposing unitarity and gauge invariance often restricts the mass of such additional particles
to be of the same order of magnitude as the other dark sector particles, making it difficult
to define the properties of these new particles such that they are beyond the reach of the
LHC. Although the construction of more complicated dark sectors is beyond the scope of
the work, we emphasize that it is likely that constraints derived on such models would be
more restrictive than those derived here. Throughout this study, in order to maintain the



validity of the theory in this region of parameter space, we apply LHC constraints assuming
I'/m = 0.1 whenever the width of the mediator would otherwise exceed this value.

2.2 LEP-II

Constraints from LEP-II on Higgs bosons in the mass range between 10 GeV and 100 GeV
are extremely constraining for a wide range of beyond the SM physics scenarios. In this
study we consider such limits as derived from searches for a light Higgs decaying to bb [79].
Although powerful, these constraints are rather model dependent, and generally rely on the
scalar mediator’s coupling to the SM gauge bosons. LEP-II constraints are presented at the
95% confidence level throughout this work, and assume a coupling to the Z-boson identical
to that of the SM Higgs.

2.3 BaBar

We also consider in this study constraints derived from BaBar on upsilon decays to light scalar
or pseudoscalar particles, in particular focusing on channels where the mediator subsequently
decays to hadrons, muons, taus or charm quarks [91-94]. We consider relativistic and QCD
corrections for the decay of a vector meson as described in ref. [80]. We note that the p* ™
channel provides the strongest constraints, but the precise values of the branching ratios
of such light scalars are not well known (see e.g. refs. [80, 95]). Here, we conservatively
assume a 100% branching ratio to hadrons in the mass range of 1 GeV < my < 2m,. This
is conservative in the sense that introducing a small branching ratio to muons strengthens
the resulting bound. For 2m, < my < 9GeV, we use the branching ratios as recently
computed in ref. [96] which incorporate QCD corrections. We find similar constraints as
those previously obtained in the recent analysis of refs. [80] and [95] for pseudoscalar and
scalar mediators, respectively. All BaBar constraints are presented at the 90% confidence
level in this study.

2.4 Direct detection

The constraints utilized in this study on the dark matter’s elastic scattering cross section
with nuclei have been derived from the latest results of the LUX Collaboration [68], which are
only slightly more stringent than those recently presented by the PANDA-X experiment [69].

For all tree-level cross sections, we use the expressions as presented in appendices B
and C of ref. [49]. One-loop cross sections for the scalar mediated ¢-channel interaction and
the s-channel vector mediated loop-suppressed interaction are provided in refs. [54] and [97],
respectively. The remaining t-channel models, which are also loop suppressed, suffer from
the problem that they are not generically gauge invariant. Consequently, scattering cross
sections for these models are calculated by introducing a factor that suppresses the cross
section by the same factor that would appear if the interaction were mediated by a massive
photon, i.e. (¢* log(mg/m?ned)/(647r2mfned))2.

For each model, we calculate the expected number of events in a xenon target following
the procedure outlined in ref. [98], adopting a standard Maxwellian velocity distribution
(vo = 220 km /8, Vese = 544 km /s, Ugartn = 245 km/s), a local density of 0.3 GeV /cm? and an
exposure of 3.35 x 10* kg-day. Form factors and nuclear responses are calculated following the
procedures outlined in refs. [99, 100]. We take the efficiency for nuclear recoils as a function
of energy from figure 2 of ref. [68], and derive bounds at the 90% confidence level, assuming
4.2 expected background events and applying Poisson statistics.
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Figure 1. Constraints on a 50 GeV Dirac (left) and Majorana (right) dark matter candidate which
annihilates through a spin-0 mediator with a pseudoscalar coupling to the dark matter and a (uni-
versal) scalar coupling to SM fermions. The black dashed (solid) lines include (neglect) annihilations
to mediator pairs for several values of A\, = X, /A,. The upper boundary of the shaded black re-
gion is where the correct thermal relic abundance is obtained, whereas along the lower boundary
the low-velocity annihilation cross section is at its minimum value required to potentially generate
the observed gamma-ray excess. The constraints from CMS assume A, = 1/3 (solid) and A, = 3
(dash-dot), and are compared with the bounds enforcing I"'y /m 4 = 0.1 (purple) for the same coupling
ratios. LEP and BaBar constraints are presented for A\, = 10 and 1, respectively.

3 Pseudoscalar mediated dark matter

In this section, we will consider models in which the dark matter annihilates through the
s-channel exchange of a spin-0 mediator, A. We begin by considering a fermionic dark matter
candidate, x, with interactions as described by the following Lagrangian:

L5 [ax Mgt + > yrf (\ps + Apin®) £ A, (3.1)
f

where a = 1(1/2) for a Dirac (Majorana) dark matter candidate. Although we describe the
interactions of the SM fermions in terms of their yukawas, y; = V2m #/v, the quantities
Ars and Mg, allow for arbitrary values of each coupling. Here, v is the SM Higgs vacuum
expectation value, i.e. v ~ 246 GeV. Assuming that \ps or Ay, is not much smaller than that
of the other SM fermions, dark matter will annihilate largely to bb in this model. For this
dominant annihilation channel, a dark matter mass of approximately 50 GeV is required to
generate the observed spectral shape of the Galactic Center excess [17, 101], and we adopt
this value throughout this section.

In the left (right) frame of figure 1, we plot the constraints on the parameter space
of a simplified model with dark matter in the form of a Dirac (Majorana) fermion and a
mediator with a pseudoscalar coupling to the dark matter (x7°x) and scalar couplings to
SM fermions (ff), assuming a common scalar coupling to all SM fermions (as motivated



by minimal flavor violation), A fs.l In each frame, the upper boundary of the shaded black
region represents the the value of the product of the couplings that is required to generate
an acceptable thermal relic abundance, assuming standard cosmology. The lower boundary
of this region corresponds to a more relaxed assumption, requiring only that the low-velocity
annihilation cross section is large enough to potentially generate the observed gamma-ray
excess, (o, v) > 3 x 10727 cm®/s (or twice this value in the case of a Dirac particle). If
ma < m,, dark matter can annihilate directly to mediator pairs via t-channel x exchange.
In these figures, we plot as dashed black lines the parameter space which generates the
observed thermal relic abundance for several values of A, = A, /A,. One should keep in
mind that if the dark matter annihilates significantly to mediator pairs in the low-velocity
limit, a higher value for the dark matter mass is generally required in order for the resulting
gamma-ray spectrum to be consistent with the observed features of the Galactic Center
excess [53, 62, 63]. We compare these curves to the constraints derived from LUX (blue),
CMS/LHC (red), LEP (green), and BaBar (yellow).

In the case of CMS, the most stringent constraint in this class of models derives from
searches for events with a single jet and missing transverse energy (MET). As the sensitivity
of collider searches depends not only on the product of the couplings, but also on their
ratio, we present constraints for multiple values of A,. In figure 1, the solid (dot-dashed)
lines correspond to CMS constraints for A\, = 1/3 (3), while LEP and BaBar constraints are
derived assuming A, = 10 and A\, = 1, respectively. The regions bounded by a purple solid
(dot-dashed) line represent those in which the calculated width of the mediator exceeds one
tenth of its mass, for A\, = 1/3 (3). As described in section 2.1, we set I'y = 0.1 m 4 throughout
this region of parameter space, and take this to be indicative of additional particles and/or
interactions that are not described by our simplified model.

The constraints from LEP rely on an effective coupling of the SM Z to ZA, and are
thus highly model dependent. While this constraint does apply, for example, to the case in
which the couplings of the A to SM fermions are the result of mixing with the SM Higgs,
there are many other scenarios in which a spin-0 mediator can couple to the SM fermions
while having a suppressed coupling to the Z.

Several of the constraints shown in figure 1 depend on the ratios of the various couplings
of the mediator. In particular, since the LHC constraints are dominated by diagrams in which
a scalar mediator is produced through a top quark loop, such constraints may be much
weaker if the top quark coupling is suppressed. To illustrate this, we plot in figure 2 the
derived constraints assuming tan S = 10, where tan 3 is defined as the ratio of the mediator’s
couplings to down-type and up-type fermions, tan § = Ag/A,. While bounds from LEP, LUX
and BaBar are not significantly affected by the value of tan 8, mono-jet+MET bounds can
be noticeably reduced, in particular in the case of A\, <« 1. Increasing tan 8 also reduces the
width of the mediator for my > 2my, potentially opening up additional parameter space.

We repeat this exercise in figure 3 for the case of a mediator with pseudoscalar couplings
to both the dark matter and to SM fermions. In this case, the dark matter’s elastic scattering
cross section with nuclei is both spin-dependent and heavily momentum suppressed (ogp
q*), making direct detection experiments largely insensitive to these models. The bounds
derived from colliders, however, are relatively insensitive to whether SM fermions couple via
a scalar or pseudoscalar interaction. We emphasize that, as in the previous case, a large

!Note that the product of couplings in these models be quite large, occasionally appearing to violate
perturbativity. This need not be the case, however, as we have not included the yukawa contribution to the
SM coupling, which may significantly suppress this product.
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Figure 2. As in figure 1 but for tan 8 = 10, where tan 8 is defined as the ratio of the mediator’s
couplings to down-type and up-type fermions.

portion of parameter space remains viable for this model, especially should the top-mediator
coupling be suppressed.
Next, we consider dark matter in the form of a scalar ¢, with a Lagrangian given by:

LD apgldl® + Yy fApin’f| A, (32)
f

where a = 1(1/2) for a complex (real) dark matter particle.

The phenomenology of this model is summarized in figure 4, for the cases of a complex
(left frame) or real (right frame) scalar. LHC signatures for this model are rather different
from in the case of fermionic dark matter as the decay of the spin-0 mediator to dark matter
is heavily suppressed. Instead, the dominant constraint from the LHC results from searches
for a Higgs-like particle decaying to 7777. At very large mediators masses, however, (m4 2
600 GeV), the branching ratio to 7777 is reduced and di-jet resonances become slightly more
constraining (this accounts for the dip-like feature appearing in the CMS bound). As in the
previous scenarios, LEP bounds on scalar decays to bb are very constraining in the region
10GeV < mp < 100GeV, but only apply in models in which the mediator couples either
directly or indirectly to the Z.

In the lower frames of figure 4 , we show how these bounds change if the mediator does
not couple to leptons and has an asymmetric coupling to up-like and down-like quarks with
tan 8 = 2. This choice can open a window of parameter space for 100 GeV < my < 2my,
depending on the precise values of tan 5 and A,.

Next, we consider the case of vector dark matter X*:

LD |apx XI'XF 4+ yr i’ f| A, (3.3)
f

where a = 1(1/2) for a complex (real) dark matter particle.



100.

10.¢
1. . o
- '/ I e F i ey NS
< ]
&
~ S Y 1
01y ! /] i
" 1
" A =10 A i
1 S
! ]
0.01F ! ! 3
A =100 A i : 5
~ m, = 50 GeV ]
0.001 ——— sl
. . 100 1000

100.¢

’\xp’\ds

-
-—~-~

N,

o

o

=
~———

> A = 100 R e 3 Xvox ot 3
- my =50 GeV ] I ~ m, =50 GeV ]
0.001 1. — ....ib. — "'ibo. — ;000. 0.001 1. — ....ib. — "'iﬁo. — ;000.
ma [GeV] m, [GeV]

Figure 3. As in figure 1 but for a mediator with purely pseudoscalar couplings. The upper (lower)
frames correspond to tan 8 =1 (10).

Constraints on this model are shown in figure 5. The dominant decay mode of the
mediator in this model, and thus the most constraining LHC search, depends on the mass of
the mediator. For m 4 ~ 100 GeV the dominant decay is to dark matter, and thus the most
constraining search is that based on mono-jet+MET events. This picture is very different for
larger mediator masses, however, for which constraints based on searches for Higgs bosons
decaying to 777~ become more stringent. Both of these search channels significantly exclude
mediator masses above 100 GeV in this class of models, for both A\, = 3 and A\, = 1/3.
Similar to in the scalar dark matter case, however, we can relax some of these constraints by
suppressing the mediator’s couplings to leptons and/or by increasing tan 5 (as shown in the

lower frames of figure 5).
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Figure 4. As in the previous figures, but for a 50 GeV complex (left) or real (right) scalar dark
matter candidate, which annihilates through a spin-0 mediator with a pseudoscalar coupling to SM
fermions. In the upper frames, we take the mediator’s couplings to be equal for all SM fermions,
whereas in the lower frames the mediator does not couple to leptons and tan 5 = 2.

4 Vector mediated dark matter

In this section we consider fermonic dark matter annihilating through the s-channel exchange
of a spin-1 mediator, V,,, with Lagrangians of the form [49, 52]:

Z D> a)ﬁ” (ng + gxa'yf)) X+ Z f’yﬂ (gfv + gfa75) f Vu ) (4‘1)
f

where a = 1(1/2) for a Dirac (Majorana) dark matter candidate. For the case of comparable
couplings to various SM fermions this class of models require a ~ 35 GeV dark matter candi-
date to generate a signal consistent with the Galactic Center excess. Unless stated otherwise,
we will adopt this value for the dark matter mass throughout this section.



1000. 1000.
XEX, Tyof XX, Tyof
myx = 50 GeV my = 50 Ge;V
100. 100.} LUX
3 S
[ Q
o o
10.E 10.F
‘.Q_. £ e. £
< <
3 3
1. 1.
0.1k - 0.1k
1. 10 100. 1000. 1.
my [GeV]
1000. ;——————rrr 1000.¢
XIXH, yof
my = 50 GeV
100.} 100.¢
3 S
Q Q
o o
10.E 10.E
<g E <g E
3 )
1.E 1.E
0.1 _ 0.1
1 10. 100. 1000. . .
mya [GeV] my [GeV]

Figure 5. As in previous figures, but for a 50 GeV complex (left) and real (right) vector dark matter
candidate which annihilates through a spin-0 mediator with a pseudoscalar coupling to SM fermions.
In the upper frames, we take the mediator’s couplings to be equal for all SM fermions, whereas in the
lower frames the mediator does not couple to leptons and tan S = 10.

We begin in figure 6 by considering the constraints on a Dirac (left) and Majorana (right)
dark matter candidate that annihilates through a mediator with purely axial couplings. As
spin-dependent elastic scattering with nuclei is unsuppressed in this class of models, current
LUX constraints force such models to either live on resonance (m, =~ my/2), or have a
mediator mass my < m, and with A\, > 1. LHC constraints on this model from searches
for di-lepton resonances (my > 400 GeV) and mono-jet+MET searches (100 GeV < my <
400 GeV) limit mediator masses in this model to be below ~ 100 GeV. LHC bounds are
shown in this figure for A\, = 1/3 (solid) and gy, = 1 (i.e. A\, > 1) (dotted). Collider
constraints for this model are difficult to evade as they do not rely exclusively on couplings
to leptons or to specific species of quarks. Such bounds could be evaded, however, if the
mediator were to couple exclusively to third generation quarks. An example of such a model

—10 —



0.1 0.1

w1t N\ 0.01
o &
2 0.001 9;: 0.001
> >

0.0001 0.0001

0.00001 0.00001

m, = 35 Ge m,=35G
1.x1076 P T E 1.x10-¢ . A N E
1 10. 100. 1000. 1. 10. 100. 1000.
my [GeV] my [GeV]

Figure 6. As in previous figures, but for a 35 GeV Dirac (left) and Majorana (right) dark matter
candidate which annihilates through a spin-1 mediator with axial couplings to both dark matter and
(universally) to SM fermions. In this figure, the dotted red (CMS) line corresponds to the case of
gyo =1 (Le. A > 1).
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Figure 7. Asin previous figures, but for a 50 GeV Dirac dark matter candidate with vector couplings
to both dark matter and to b-quarks (left), and for a 35 GeV Dirac dark matter candidate with vector
and axial couplings to dark matter and (universally) to SM fermions, respectively (right). LHC
bounds are shown for A, = 1/3 (solid) and gy, =1 (i.e. A, > 1) (dotted).

is shown in the left frame of figure 7, where we consider a 50 GeV Dirac dark matter candidate
that annihilates through a spin-1 mediator with vector couplings to both dark matter and
b-quarks (and possibly also ¢t-quarks). While the leading order elastic scattering diagram
arises at loop level in this case, the vector coupling leads to stringent constraints from direct
detection experiments. The dominant constraints from the LHC on vector mediated models
typically arise from searches for mono-jet+MET events and di-lepton resonances. Since the
production of the vector mediator is in most cases dominated by valence quarks, however,
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the sensitivity of collider searches is heavily suppressed and thus do not probe significant
parameter space in this model. We do not show any LHC constraints in this figure.

In the right panel of figure 7, we consider the phenomenology of models where the
mediator couples to Dirac dark matter and fermions with a vector and an axial coupling,
respectively. The elastic scattering cross section in this case is both spin-dependent and
momentum suppressed, and thus such experiments have only recently begun probing this
model. LHC constraints from di-lepton resonances (my > 400 GeV) and mono-jet+MET
searches (100 GeV < my < 400GeV) are, as before, extremely constraining. That being
said, di-lepton constraints can be easily avoided if the mediator couples only to quarks,
and mono-jet constraints can be significantly relaxed if the mediator couples, for example,
only to the third generation. LHC bounds are shown for A\, = 1/3 (solid) and gy, = 1
(i.e. Ar > 1) (dotted).

5 Dark matter annihilating through ¢-channel mediators

Finally, we consider four scenarios in which the dark matter annihilates through the ¢-channel
exchange of a colored and electrically charged mediator to bb [54, 102, 103]. These cases
consist of a Dirac dark matter candidate, x, and spin-0 mediator, A:

L O M1 +7°) FA+MF(1—77) xAT, (5.1)
a Dirac dark matter candidate, x, and a spin-1 mediator, V;:
ZL 2 g X (1+7°) Y+ oy (1= 7°) XV (5.2)
and a real or complex vector dark matter candidate, X, with a fermionic mediator, :
LD gxpy (1 +9°) £ X+ gx fr* (1 —2°) X, . (5.3)

Note that we consider these specific combinations of scalar and pseudoscalar or vector
and axial couplings as they are the only examples for which the scalar contact interaction
with nuclei is supressed. Instead, elastic scattering occurs in each of these models through a
loop-suppressed vector coupling [49, 54, 104].

In figure 8, we summarize the phenomenology of this class of models. In the upper
left frame we consider the case of a Dirac dark matter particle and spin-0 mediator. In the
remaining frames of this figure, we summarize the phenomenology of models with a Dirac
dark matter candidate and a vector mediator (upper right), a complex vector dark matter
candidate with a fermonic mediator (lower left), or a a real vector dark matter candidate with
a fermonic mediator (lower right). In each case, we find that the combination of constraints
from the CMS sbottom search and LUX exclude the entire parameter space of this class of
models. We also note that the scenarios with a vector dark matter candidate are rather
unphysical over much of the parameter space shown due to the very large width of the
mediator.

6 Summary and conclusions

In this study, we have revisited the range of dark matter scenarios that could potentially
generate the observed characteristics of the Galactic Center gamma-ray excess, without con-
flicting with any constraints from colliders or direct detection experiments. We have taken
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Figure 8. As in previous figures, but for a 50 GeV dark matter candidate which annihilates through
a t-channel diagram to bb. In the upper left (right) frame, we consider the case of a Dirac dark matter
candidate with a scalar (vector) mediator. In the lower left (right) frame, the dark matter is a real
(complex) vector, mediated by a Dirac fermion. The entire parameter space of these models is ruled
out by the combined results of LUX and sbottom searches at the LHC.

a simplified models approach, considering the 16 scenarios that were previously found to be
viable in ref. [49] (and listed in table 1). Each of these models features a low-velocity dark
matter annihilation cross section that is unsuppressed (i.e. s-wave), and was found to be
consistent with all constraints as of 2014. Note that we have not considered any hidden sec-
tor models (i.e. models in which the dark matter annihilates into unstable particles without
sizable couplings to the Standard Model) which, although potentially viable [59, 62, 63], are
beyond the scope of this work.
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The main results of this study can be summarized as follows:

e Scalar, fermonic, or vector dark matter that annihilates through a mediator with pseu-
doscalar couplings can in many cases evade all current constraints, for mediator masses
between ~10 GeV and several hundred GeV.

e Dark matter that annihilates through a spin-1 mediator is ruled out by the results
of LUX/PandaX-II unless the mass of the mediator is approximately equal to twice
the mass of the dark matter (near an annihilation resonance). An exception to this
conclusion is found in the case of a mediator with a purely vector coupling to the dark
matter and a purely axial coupling to Standard Model fermions, which is potentially
viable for mediator masses between roughly ~ 1 GeV and 200 GeV.

e All scenarios in which the dark matter annihilates through a t-channel process are now
ruled out by a combination of constraints from LUX/PandaX-II and the LHC.

e Constraints from LEP-II and BaBar restrict many of the pseudoscalar mediated scenar-
ios considered in this study. In particular, mediators with a mass in the ~10-100 GeV
range are often ruled out by LEP if they couple significantly to the Standard Model
Z (such as in scenarios in which the mediator obtains its couplings to Standard Model
fermions through mixing with the Higgs).

Dark matter scenarios that are capable of generating the Galactic Center excess are
now significantly more constrained than they were even a few years ago. As the sensitivity
of XENONI1T, LZ and other direct detection experiments, as well as the LHC, continues
to improve, either a discovery will be made, or the vast majority of the currently viable
parameter space identified in this study will be excluded. If such searches do advance without
the appearance of new signals, hidden sector scenarios will become increasingly attractive,
in particular within the context of the Galactic Center.
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1 Introduction

A number of groups have reported the presence of a significant excess of GeV-scale gamma
rays from the region surrounding the Galactic Center [1-11], with spectral and morphological
characteristics that are broadly consistent with that predicted from annihilating dark matter
particles. Although this signal’s possible connection with dark matter has received a great
deal of attention (see, for example, refs. [12-38]), astrophysical origins of this emission have
also been extensively discussed. In particular, scenarios have been proposed in which the
GeV excess is generated by a large population of unresolved millisecond pulsars [39-45], or
by a series of recent cosmic-ray outbursts [46-48]. Outburst scenarios, however, require a
significant degree of tuning in their parameters [46], and pulsars can generate this signal only
if the population of these objects in the Inner Galaxy is different from those observed in
globular clusters or in the field of the Milky Way [39, 43, 45, 49].

Dark matter scenarios capable of accounting for the observed gamma-ray excess are also
quite strongly constrained. In particular, the null results of direct detection experiments [50—
52], as well as the LHC (Large Hadron Collider) and other collider experiments, exclude many
models in which the dark matter is an electroweak-scale thermal relic. Although there exist
models in which the dark matter could generate the gamma-ray excess without violating these
stringent constraints (featuring pseudoscalar mediators, or near resonance spin-1 mediators,
for example) [53], these results motivate us to consider models in which the dark matter does
not couple directly to the particle content of the Standard Model, but instead produce other
hidden sector particles in their annihilations, which decay through very small couplings to
the Standard Model. Such hidden sector dark matter models have been previously explored,
including within the context of the Galactic Center excess [34-37].

In this paper, we revisit the possibility that the Galactic Center gamma-ray excess may
be generated by the annihilations of hidden sector dark matter particles. In the following
section, we describe three such models, and calculate in each the dark matter’s thermal relic
abundance, low-velocity annihilation cross section, and elastic scattering cross section with
nuclei. We then go on to calculate the gamma-ray spectrum that is generated through dark
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Figure 1. The branching ratios of a hidden sector Z’ which couples to the Standard Model through
kinetic mixing with Standard Model hypercharge.

matter annihilations in each model, and compare these results to the observed spectral shape
and intensity of the Galactic Center excess. In each case we find broad regions of parameter
space that can provide a good fit to the observed characteristics of the gamma-ray excess. We
also discuss additional constraints on the vector and Higgs portal scenarios, and consider how
hidden sector dark matter models can be further tested and probed in the future, including
through cosmic-ray antiproton measurements.

2 Hidden sector dark matter

Hidden sector models fall into broad classifications, depending on the interactions which
connect the hidden sector to the particle content of the Standard Model [54, 55]. Particularly
attractive are the scenarios known as the vector portal [56], the Higgs portal [57-60], and
the neutrino portal [61-64]. In this study, we focus on our attention on the first two of
these possibilities, which are described in the following two subsections (for recent studies of
dark matter phenomenology in neutrino portal models, see refs. [65-72]). We then describe
three dark matter models which incorporate these portals between the hidden sector and the
Standard Model.

2.1 The vector portal

We begin by considering a hidden sector which contains a broken Up(1) symmetry, resulting
in a massive gauge boson, Z’. We also assume that no scalar fields are charged simultaneously
under both the Standard Model and hidden sector gauge groups. The kinetic terms in the
hidden sector Lagrangian are given by:

1~ ~ 1 . ~ UV € ~ N
Lkinetic > _EBMVB#V - EF//U/F/M - §B;UJFIM ) (21)

where BW and F w are the stress-energy tensors of Uy (1) and Up(1), respectively. After
the diagonalization of the kinetic terms, and subsequently the mass terms, the relevant



interactions between the hidden sector Z’ and the Standard Model fermions are described
by the following (assuming e < 1) [73-75]:

£Z’,fermions = Z,“Zf’yﬂ(gg +g£/75)fa (22)
f

where the vector and axial couplings are given as follows:

€ 2 (YfR +YfL)

g{f = ﬁ [mz/gy —mQZg sin Oy cos O Q¢ |,

my —my, 2
F_ € 2 (YfR - YfL) 9.3
9a (mZZ _ mQZ/) |:mZ’ gy 2 . ( . )

Here, Qy and Yy, , denote electric charge and hypercharge, respectively, Oy the weak mixing
angle, and gy and g are the Standard Model U(1) and SU(2) gauge couplings, respectively.

The branching ratios for the Z’ are shown in figure 1. For values of myz which are
either much greater than or much less than my, these decays are dominated by final states
consisting of charged leptons and up-type quarks, due to the large values of these fermions’
hypercharge. For my ~ myz, however, a cancellation occurs, leading to a large branching
fraction to neutrinos and down-type quarks.

If € is not too small, interactions of the Z’ can maintain kinetic equilibrium between the
hidden sector and the Standard Model in the early universe. In particular, processes of the
type Z'f <+ v f will exceed the rate of Hubble expansion at a temperature 7" if the following
condition is satisfied: € > 3 x 1078 x (T'/GeV)'/2 (g, /75)'/*, where g, is the effective number
of degrees-of-freedom at temperature 7" (see, for example, appendix 7 of ref. [76]).

2.2 The Higgs portal

We next consider interactions between the hidden sector and the Standard Model which are
generated through mixing with the Higgs boson. We introduce a complex scalar, ¢, which
transforms as a singlet under the Standard Model gauge symmetries and that is charged
under a new local Up(1) symmetry. Including all renormalizable interactions, this symmetry
leads to the following scalar potential:

V = —pg(H H) + Ay (HH)? — 15670 + \p(676)* + Ao (H H) (¢19) , (2.4)

where H is the Standard Model Higgs doublet. After both electroweak and dark symmetry
breaking, both scalars develop vacuum expectation values, so that in the unitary gauge

0 vy + P
H={ i | - . 2.5

The scalar sector then contains two CP even massive real scalars, h and p, which mix. Upon
diagonalization of the mass matrix, this leads to the mass eigenstates h and p. The state h
is identified as the Standard Model Higgs boson with a mass of mj =~ 125 GeV. The mixing
angle between these two states is given by:

>\H¢ VH V¢

tan20 = ————+-.
an )\(;51}35—)\1-]7)%{

(2.6)
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Figure 2. The branching ratios of a hidden sector scalar, p, which couples to the Standard Model
through mixing with the Higgs boson.

The remaining couplings can be written in terms of the physical masses and this mixing angle:

m3 cos® 0 + mf) sin? @ m? sin? 0 + mf) cos? 0 (mg —m3)sin 260
An = 2 ;o Ag = o) y AH¢ = 5
vy 2% VHVg
1 1
Hir = AV + 5 Am6VS 1 = AoVg + AV - (2.7)

We have implicitly assumed that the CP-odd state contained in ¢ corresponds to the longi-
tudinal mode of the hidden sector Z’, so that it gets its mass through the Higgs mechanism,
namely myz = 2gpvg, where gp is the coupling strength of the Up(1) symmetry and we
have assumed that the ¢ field carries two units of Up(1) charge. Due to this mixing, the
couplings of the Higgs boson to Standard Model particles are rescaled by a factor of cos®8,
such that the total width is given by I'(h — SM) = cos? § T'syi, where I'syy = 4.07 MeV. In
addition, if m, < my/2, the Higgs boson will be able to decay to pp, with a width that is
given as follows:

(m,% + Qm%)2

5 (m? — 4m2)'/? (vg cos 6 — vy sin 0)? sin? 26 . (2.8)

L'(h = pp) = p

N 1287rmivHv )

The branching ratios of this hidden sector scalar are shown in figure 2, as computed
using HDECAY [77]. As expected, these decays are dominated by final states which include
Standard Model gauge bosons and heavy fermions.

If A7 is not too small, kinetic equilibrium will be maintained between the hidden sector
and the Standard Model in the early universe. By comparing the rate for ¢¢ <+ H H to that of
Hubble expansion, we find that kinetic equilibrium is maintained between these sectors at T" ~
GeV temperatures as long as A\yg 2 1077, corresponding to sin® 6 > 10713 (v,/300 GeV)?.

2.3 Dirac dark matter and the vector portal

First, we will consider dark matter in the form of a Dirac Fermion, ¥, which is charged
under a broken U(1)p and thus couples to a hidden sector Z’. In particular, we will consider



the case in which the Z’ gets its mass via the Stueckelberg mechanism [78] and mixes with
Standard Model hypercharge as described in section 2.1. A Dirac mass term for ¥ is allowed
in the Lagrangian, and the dark matter’s stability is ensured by a residual Z; symmetry.
Among other studies, this model has been considered previously in ref. [74] within a similar
context.

The relevant Lagrangian of this model is given by:

LD U(id — my)V + gpZ'H 0y, ¥ . (2.9)

The early universe phenomenology of the hidden sector is dominated by the process YW —
Z'7', with a cross section that is given by:

9D
8rs (s — 4m%1,) (2m2Z/ — s)

(s —2m%) /(s — 4m3,) (s — 4m%,) (4md +mis +2m3,)

m?, (s~ dm¥,) + m,

Vw77 =

X

+ (8mi11, +m3, (8m2Z/ —4s) — 4m%, — 52) (2.10)

—\/(s — 4m§,) (s — 4m2Z,) + 2m2Z, —s
V(5= 4md) (s — 4m3,) +2m3, — 5

In the low-velocity limit (relevant for indirect detection), this reduces to:

x In

4
ID [m2 — m2]*% + 0(v?). (2.11)

OgJ 171’0 =
VAEEYANA 2
drmy (m2Z, — Qm?y)

For the purposes of direct detection, the dominant process is spin-independent scatter-
ing, with the following cross section per nucleon:

. 2 g2 2
omittn = EID [gu(1+ 2/A) + g2 - 2/4)] (2.12)
™,
where gy @ are as defined in eq. (2.3), pyn is the reduced mass of the dark matter-nucleon
system, and A and Z are the atomic mass and number of the target nucleus, respectively.

In figure 3, we summarize some aspects of the dark matter phenomenology in this
model. Throughout each frame, we have chosen the value of the coupling gp in order to
obtain a thermal relic abundance equal to the measured cosmological dark matter density.
Throughout this study, we calculate the relic abundance following the method described in
refs. [74, 81] (see also refs. [82-84]). In doing so, we assume that € is large enough to maintain
kinetic equilibrium between the hidden sector and the Standard Model at the time of dark
matter freeze-out (see section 2.1). If this condition is not satisfied, the elastic scattering
cross section with nuclei and the low-velocity annihilation cross section could be either larger
or smaller than those shown here [76, 85].

In the left frame of figure 3, we plot the maximum value of ¢, as derived from direct
detection constraints [50, 79, 80]. In the right frame, we plot the annihilation cross section
evaluated at a velocity of v = 107 3¢, as appropriate for indirect searches. Note that for
myg ~ my, the low-velocity cross section is reduced, due to differing velocity distributions
in the early and contemporary universe.
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Figure 3. A summary of the phenomenology in a model with a Dirac fermion dark matter candidate,
¥, which annihilates to a Z’ pair, which then decay through kinetic mixing with Standard Model
hypercharge. Throughout each frame, we have chosen the value of the hidden sector gauge coupling
in order to obtain a thermal relic abundance equal to the measured cosmological dark matter density.
In the left frame, we plot the maximum value of the kinetic mixing parameter, €, as derived from
direct detection constraints [50, 79, 80]. In the right frame, we plot the annihilation cross section (in
units of 10726 cm?/s) evaluated at a velocity of v = 10~3¢, as appropriate for indirect searches.

2.4 Vector dark matter and the Higgs portal

Fermionic dark matter can annihilate to a pair of spin-0 particles efficiently in the low-velocity
limit only through a product of both scalar and pseudoscalar couplings. Alternatively, we
can also consider either scalar or vector dark matter, either of which can annihilate efficiently
to a pair of scalars at low velocities. Here we focus on the case of a model that includes a
vector dark matter candidate, X, and a scalar, ¢, with charge assignment 2 [86, 87]. We
further impose a Z, symmetry to stabilize the dark matter, and which also prohibits the
possibility of any kinetic mixing. The relevant Lagrangian contains the following terms (in
addition to those corresponding to the scalar potential of eq. (2.4)):

LD —}LXWX’““ +(D"¢)! (D,.9)

_ 1 Qv 1 ~ O~ 1 2 m /3 ﬁ2
@

where mx = 2gpvs. Note that in this model the dark matter candidate X corresponds to
the U(1)p gauge boson, although due to the Zs symmetry e = 0.

In this model, the dark matter annihilation cross section in the limit sin? # — 0 is given
as follows:

1
2887781)3 (5 — 4m§()

921 <2mg+s(,/—[sxgp_1)>2
2m2—s(/BxBp+1)

x 2mA — 3mZs + 52 {48m§( (mf) —s) — 8mb (16m;1, - 4m§s — 332)

OXX—pp = (214)

+4m§( (10mg + 2m§s - 3m232) + 2m§(mis (4m§ - 5m,%s + 32)

—I—mf, (—3m§ — m%s + 82)}
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Figure 4. A summary of the phenomenology in a model with a vector dark matter candidate, X,
which annihilates to a pair of scalars, p, which decay through mixing with the Standard Model Higgs
boson. Throughout each frame, we have chosen the value of the hidden sector vacuum expectation
value in order to obtain a thermal relic abundance equal to the measured cosmological dark matter
density. In the left frame, we plot the maximum value of the Higgs mixing parameter, sin®#0, as
derived from direct detection constraints [50, 79, 80]. In the right frame, we plot the annihilation
cross section (in units of 10726 ¢cm?/s) evaluated at a velocity of v = 1073¢, as appropriate for indirect
searches.

\ BXﬁpS
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where 3, x = (/1 — 4ml2) /5. In the low-velocity limit, this reduces to:

mi /1= mp/mX (176m% — 320mGm?2 + 240m’m? — 80m%mS + 11m?)
3670] (8md, — 6mZm2 +md)’ '

2v/BxBys (48m§ — 32m§(m/2)+4m§( (6mﬁ—4m§s+52)+4m§(m4 (S—Qm?)) + m%)

OXX—ppl =

(2.15)

Interactions thorough the Higgs portal (see section 2.2) lead to the following spin-
independent scattering cross section with nuclei:

: 2
Vector __ ﬁ Mg(Nm%V m_QX sin 26 1 L
m§( VpUH 2 ’

nucleon A

m_% — m2 (2.16)
where fy ~ 0.3 and my is the nucleon mass.

After fixing the value of vy to obtain the desired relic abundance, we calculate both
the elastic scattering cross section with nuclei and the low-velocity annihilation cross section.
These results are shown in figure 4.

We note that there exists significant parameter space within this model in which the

mixing between the p and the Standard Model Higgs boson is quite significant, especially



my my, p Decay Main Annihilation Channels
2my >my >my, My < My, 2myg p— SM xx — Z'p
myz < My 2mg > m, > my p— SM xx — Z'pand xx — Z2'Z’
myzr < My my>my,2my  p—Z2'Z'—-SM  xx— Z'pand xx = Z2'Z'

Table 1. A summary of the distinctive regions of parameter space in a model with a hidden sector
which contains dark matter in the form of a Majorana fermion, y, along with an additional vector,
7', and scalar, p.

around m, ~ 125 GeV, where there is a cancellation in the dark matter’s elastic scattering
cross section with nuclei (see eq. (2.16)). In this region of parameter space, the process
XX — hp can account for up to ~ 20% of dark matter annihilations, and XX — hh can
account for at most ~ 4%, after applying constraints from colliders, i.e. sin?6 < 0.1 for all
values of m,, (see section 4). We note that the gamma-ray spectrum that results from these
channels are fairly similar to that from XX — pp in this mass range. Furthermore, the
dark matter could also annihilate directly into Standard Model fermions thorough the Higgs
resonance, although this channel is relevant only in a very narrow region of parameter space
near mx ~ my,/2 [88], and we do not consider this possibility further.

In these calculations, we have assumed that sin? 6 is large enough to maintain kinetic
equilibrium between the hidden sector and the Standard Model at the time of dark matter
freeze-out (see section 2.2). If this is not the case, the elastic scattering cross section with
nuclei and the low-velocity annihilation cross section could be either larger or smaller than
those shown in figure 4 [76, 85].

2.5 Majorana dark matter and combined vector and Higgs portals

Lastly, we consider Majorana dark matter in the presence of two additional hidden sector
states, namely a Z' and a scalar, p. Under a Up(1l) symmetry, we assign charges of 2
for the p, and +1 for the two Majorana states, a combination which is free of anomalies.
In order to prohibit mixing between the two fermions, we impose a discrete symmetry:
X1 — X1, X2 — —Xo. After spontaneous symmetry breaking the relevant terms of the
Lagrangian are given by:

2
., ~ My,
LD E [%‘ (@ — my,) xi £ 9D Z"™XivuvsXi — TZ PXiXi| (2.17)
1=1

where mz = 2gpvg.

In order to limit the number of free parameters, we assume a hierarchy in mass such
that m,, > m,,, so that the abundance of x2 is negligible compared to that of x;. For
simplicity we will rename x = x1, which we identify as our dark matter candidate.

There are several distinctive regions of parameter space within this model, which we
summarize in table 1. We note that this model has been previously studied within the context
of the Galactic Center Excess in ref. [74], although they restricted themselves to the case of
XX — Z'Z'. Also, the authors of refs. [89] and [90] have recently considered this two-portal
scenario, although not within the context of the Galactic Center Excess.



If the Z’ is light enough that the process p — Z’Z’ is kinematically allowed, it will be
the dominant decay channel for the dark scalar, with a width given by:

m3 2/ 4/ 4 2/
T(p—22)=—2_(1-4"2 y12™2) [y "z (2.18)
32%@2 m% m% m2

Although we utilize the full thermally-averaged cross section in our calculations, we
present only the low-velocity annihilation cross section here due to the length of these ex-
pressions in this particular model:

. _ 9 2 _ 2132 L o2 2.19
xx—2'Z" = 2 2)2 [mx mZ’] (v%) (2.19)
dmmy (m7, —2m3)
oo __9b [ (m2 — 4m2)® = 2m%, (4m> + m?) Y o0d) (220
T T zt o T '
X !’

and

4 2 _m2 4 2,2 4\ ,,2
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TUyxspp = (2.21)

247rm%, (mg — 4m§<)2 (mg — 2m§<)4

8 6, 2 44 2 6 8
X [288mx — 352mxmp + 200mxmp — 64mxmp + 9mp] .

The Z’ induces a spin-dependent scattering cross section between our Majorana dark
matter candidate and nuclei:

2 u2, 2
Majorana — _ SngCL KN (2 22)
nucleon, SD 47Tm%/ ’ :

where g% is the axial coupling of the up quark to the Z’, as defined in Eq 2.3. Due to the
comparatively weak constraints on spin-dependent scattering and the smallness of the axial
coupling in the low myz regime, the value of € is not significantly restricted in this mode.

Additionally, the dark matter will also experience a spin-independent interaction with
nuclei as a result of Higgs exchange, with a cross section that is given by:

9 2 9 9 2

Majorana, SI . 2 fN Hy NN 1 1

nucleon = s 207 2.2 m2 5 s (223)
UHU¢ P mh

leading to similar constraints on sin 6 as those shown in figure 4.

In figure 5 we plot the dark matter annihilation cross section in this model, as evaluated
at a velocity of v = 107 3¢, as appropriate for indirect searches, for several values of the hidden
sector p and Z’ masses. Throughout each frame, we have chosen the value of the coupling, gp,
in order to obtain a thermal relic abundance equal to the measured cosmological dark matter
density. In the upper frames, we note that thermal effects which depend on the mass of the
hidden sector scalar can lead the low-velocity annihilation cross section to be significantly
smaller than that naively expected of a thermal relic. Once again we have assumed that either
€ or sin? f is large enough to maintain kinetic equilibrium between the hidden sector and the
Standard Model at the time of freeze-out. If this is not the case, the low-velocity annihilation
cross section could be either larger or smaller than those shown in figure 5 [76, 85].
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Figure 5. The annihilation cross section evaluated at a velocity of v = 10~ 3¢ for dark matter in
the form of a Majorana fermion that resides within a hidden sector which contains a vector, Z’,
and a scalar p. In the upper frames, we show results for two cases in which XX — Z'Z’ is the
only kinematically allowed annihilation channel. In the middle and lower frames, a combination of
the processes XX — Z'Z' and XX — Z'p are allowed. Whenever the Z’p channel is open, it
dominates the annihilation final state. The dashed lines demark the regions of parameter space in
which different channel are kinematically allowed. Throughout each frame, the value of the hidden
sector gauge coupling, gp, was chosen in order to obtain a thermal relic abundance equal to the
measured cosmological dark matter density.

~10 -



3 Fitting the spectrum of the Galactic Center excess

In this section, we calculate the gamma-ray spectrum from dark matter annihilations in the

above described hidden sector models and determine the parameter space within these models

that is capable of generating the observed features of the Galactic Center gamma-ray excess.
The gamma-ray flux from dark matter annihilations is described by the following:

(ov) dN, 1 / 9
—(Ey)— Q .1
87rm§< dEry( ’Y) AQ los JAQ d dSp (’I“(S, bv E)) ’ (3 )

(I)(E’Ya b7 E) =

where (ov) is the thermally averaged annihilation cross section, my is the mass of the dark
matter particle, d]\_f7 /dE, is the gamma-ray spectrum produced per annihilation and p(r)
is the dark matter density profile. The integrals are carried out over the observed line-of-
sight (los), s, and over a segment of the sky of solid angle AQ), denoted in terms of Galactic
coordinates b and /.

Throughout this study, we will adopt a dark matter density distribution that is described
by a generalized Navarro-Frenk-White (NFW) profile:

(r/rs) (3.2)

p(r) = PSW )

where r is the distance to the Galactic Center. Unless otherwise stated, we adopt v = 1.2,
rs = 20 kpc, and we fix ps; by requiring that the dark matter density at a distance of 8.5 kpc
from the Galactic Center is equal to pg = 0.4 GeV /cm?.

The function d]\_f7 /dE., depends on the mass of the dark matter particle and its dominant
annihilation channels. For each model, the gamma-ray spectrum is given by a sum over
the decay channels of the intermediate state hidden sector particle(s). We emphasize that
the gamma-ray spectrum from dark matter annihilations in hidden sector models depends
not only on the dark matter mass and annihilation channels, but also on the mass of the
intermediate state particles.

Following ref. [91], one can write the spectrum of gamma rays in the dark matter
rest frame in terms of the gamma-ray spectrum in the rest frame of the intermediate state
particle, ¢:

dN 2 [ ! N
1= — / dcose/ da’ <d> 52z — 2’ — cos02'\/1 — K2), (3.3)
0 ¢

dr, N my J_1 dx!
where z = E,/m,, E, is the photon energy in the frame of the dark matter, 2’ = 2E,/Y /Mg,

E; is the photon energy in the frame of ¢, and x = mg/m,. The angular integration can be
performed analytically, leading to

dN. 2 flmax gy dN
T ° ( ) (3.4)

dEy  my Sy, o'VI— 2 \d2'

where the integration limits are defined as

2 2
tax = min [1 , —f (1 +4/1— ,%2)] . tmin = —323 (1 —v1- mz) . (3.5)
K K
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In the limit of small «, eq. (3.4) reduces to

\/ 1 !
e [ () 59
vy My Jp @ \da' )

A publicly available code for the calculation of cascade spectra, using the direct anni-
hilation spectrum tabulated in ref. [92], has been presented and described in refs. [91, 93].
The spectrum used for the analysis of xx — Z'Z’ (with mz > 2 GeV) and xx — pp were
produced using this code. This code does not, however, include annihilations to mesons, as
is required in the case of a light Z’, nor does it allow for the immediate computation of the
spectrum that arises from annihilations featuring asymmetric boosts, such as in the case of
xx — Z'p. In the case of mz < 2GeV, the calculation of the branching fractions is non-
trivial due to the appearance of hadronic resonances which invalidate the QCD description
in terms of final state quarks. At masses myz < 1.5GeV, the Z’ decays predominately to
electrons, muons, and a small number of hadronic resonances. In this low-mass regime, we
adopt the branching fractions as presented in ref. [94] and utilized PYTHIA 8 [95] to obtain
the gamma-ray spectra from the decays of the Z’ to mesons. The cascade spectra for these
decay channels was then computed using eq. (3.6). The code of refs. [91, 93] was used to
compute the ete™ and u™ ™~ spectrum for this decay. For the case of annihilations to multi-
ple intermediate state particle species (i.e. xx — Z'p) we generalized eq. (3.3) to asymmetric
annihilations using the results of ref. [36] and utilized this result.

We note that although the above expressions were derived in ref. [91] for the case of
scalars, it has been shown that the spectrum arising from the decay of vectors with reasonable
angular dependencies leads to similar modifications to the spectrum. Thus we treat the vector
portal models using the same formalism as those of the Higgs portal.

To assess whether a given dark matter model is capable of generating the observed
features of the Galactic Center gamma-ray excess, we utilize the results of the Fermi data
analysis carried out by Calore, Cholis and Weniger [8]. More specifically, we extract the data
points, statistical errors, and the first three principal components of the decomposition of
the covariance matrix of residuals, as shown in figures 14 and 12 of ref. [8], respectively. We
then calculate the value of the x2, which is given as follows:

3 dN dN dN. dN.
2= s ) et @) - 2

1/7]

where YJ;; is full covariance matrix, given by

Sij = (07)0i5 + Siimed + Sijires - (3.8)
Here, dN,,/dE,; and dN./dE. ;(©) are the measured and predicted flux in bin i, and © de-
notes the parameters of the dark matter model under consideration. Ef;lgl‘g 4 1s the truncated
covariance matrix which accounts for empirical model systemics, approximated here (and
in ref. [8]) using the first three principal components, and ¥;; es accounts for the residual
systematics below 1 GeV, modeled as:

dN dN dN dN

Zisaes = Gpres ames 0 g qpe 39
7 7 7 J

In figure 6 we compare the observed spectrum of the Galactic Center gamma-ray excess
with that predicted for a selection of annihilating dark matter models. The vertical black
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Figure 6. The spectrum of the Galactic Center gamma-ray excess as presented in ref. [8] compared
with that predicted in selected dark matter models. The black error bars represent the statistical
uncertainty while blue bands represent the diagonal contributions to the covariance matrix from the
statistical errors and modeling systematics. Each of the models shown in the upper frame provides a
good fit to the data (featuring p-values in the range of 0.37 to 0.46), while those in the lower frame
do not (featuring p-values of 0.02 or less).

error bars correspond to the statistical error in each bin, while the blue bars represent the
diagonal contributions of the statistical errors and modeling systematics to the covariance
matrix.! The upper frame of this figure illustrates that dark matter can provide a good
fit to the observed spectrum if it annihilates directly to Standard Model particles (such as
in the case of a 50 GeV dark matter particle annihilating directly to bb, featuring a p-value
of 0.43) and also if it instead annihilates to intermediate unstable states (such as a 58 GeV
dark matter particle which annihilates to a pair of 15 or 58 GeV particles that decay through
the Higgs portal, or a 20.5 GeV dark matter particle which annihilates to a pair of 3.5 or

'We exclude here the residual systemics below 1 GeV so that a direct comparison can be made with figure 14
of ref. [8].
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Figure 7. Parameter space in a model with dark matter in the form of a Dirac fermion, ¥, that
annihilates to pairs of hidden sector vectors, Z’, which decay to the Standard Model through the vector
portal (see section 2.3). In the upper left frame, the bands denote the regions in which the model
provides a fit to the measured Galactic Center gamma-ray excess which yields a p—value of > 0.32
(dark purple), > 0.10 (violet), and > 0.05 (magenta). The best-fit point is shown with an ‘X’. In the
other three frames, we plot the best-fit range for the dark matter annihilation cross section in this
model, for the case of mz = 0.1 myg, 0.5myg or 0.9myg. The vertical width of the band corresponds
to varying the parameters of the halo profile as indicated. Also shown are bounds from Fermi’s
observations of dwarf galaxies [96] and from Planck [97, 98]. The yellow dashed lines are the contours
over which the thermal relic abundance is equal to the measured cosmological dark matter density.
This model can account for the entirety of the dark matter and generate the observed characteristics
of the Galactic Center gamma-ray excess for mg ~ 15 — 35GeV and mz ~ (0.8 — 1) my.

20.5 GeV particles that decay through the vector portal, which each provide p-values in the
range of 0.37 to 0.46).2 In the lower frame, we show some examples of dark matter models
which do not provide a good fit to the observed gamma-ray spectrum. In particular, we
find no parameter space with my < 2GeV which provides a good fit to the data. For each
dark matter model shown in figure 6, the value of the annihilation cross section was selected
to provide the best-fit to the measured spectrum of the Galactic Center excess (adopting
v =1.2, Ry = 8.5 kpc, and pg = 0.4 GeV/cm?).

In figure 7, we show results for a model with a Dirac fermion dark matter candidate, X,
that annihilates to pairs of hidden sector vectors, Z’, which then decay to the Standard Model

2Due to correlations between error bars, the models shown in figure 6 generally provide a better fit to the
data than may appear.
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through the vector portal (see section 2.3). We show both the parameter space that yields
a good fit to the measured spectrum of the excess and the range of low-velocity annihilation
cross sections that are favored by this fit. More specifically, we calculate the x? for the
best-fit value of the annihilation cross section for each point of the parameter space. In the
upper left panel, we highlight the regions which yield p—values > 0.32 (dark purple), > 0.10
(violet), and > 0.05 (magenta), and mark the best-fit point with an ‘X’. In the remaining
three panels, we show the best-fit annihilation cross section, (ov), as a function of the dark
matter mass, for three values of my/myg. The vertical width of this band denotes the impact
of varying v between 1 and 1.4 and r, between 15 and 35 kpc. Note that by varying the local
dark matter density between 0.2 and 0.6 GeV/cm? this band would be further extended by
a factor of 2.25 (4) downward (upward). The colors of these band have the same meaning as
in the upper left panel.?

Also shown in figure 7 are constraints on the dark matter annihilation cross section
as derived from Fermi’s observations of dwarf spheroidal galaxies [96] and from Planck.
Regarding the constraint from Planck, we follow the approach of refs. [97, 98] (adopting
the ‘3keV’ prescription) to calculate the impact of dark matter annihilation on the history
of recombination. The bounds from dwarf spheroidal galaxies are calculated following the
statistical procedure outlined in [99] using the 19 dwarf galaxies with measured J-factors
listed in table 1 of [96]. Specifically, for each model and for each choice of dark matter and
mediator mass, the spectrum is calculated from 500 MeV to 500 GeV and compared with the
precomputed bin-by-bin likelihood analyses for each dwarf provided in [100]. Uncertainties
in the J-factor are treated with a Gaussian likelihood term as shown in eq. 3 of [99]. In
the case of constraints from dwarf galaxies, one should bear in mind that these constraints
are subject to non-negligible uncertainties, such as those associated with departures from
spherical symmetry [101-103] and with issues associated with stellar membership [104].

The dashed yellow lines shown in figure 7 represent the parameter space which yields
a thermal relic abundance equal to the measured cosmological dark matter density. In this
model, we can account for the entirety of the dark matter and generate the observed character-
istics of the Galactic Center gamma-ray excess for myg ~ 15—35GeV and mz ~ (0.8—1) my,
agreeing well with previous studies [38].

We note that it is possible to construct hidden sector dark matter models which feature
a Z' with very different decay modes than those considered here. For example, motivated by
recent anomalies associated with semi-leptonic b-decays, models have been discussed in which
a Z' obtains flavor non-universal couples via mixing with an additional vector-like family,
leading to large couplings to third generation fermions. Although we do not explicitly study
models of this variety here, we note that they can also provide a good fit to the observed
characteristics of the Galactic Center gamma-ray excess [105].

In figure 8, we repeat this exercise for the case of a vector dark matter candidate
that annihilates to hidden sector scalars which then decay through the Higgs portal (see
section 2.4). In this model, we find an even larger region of parameter space that can account
for the entirety of the dark matter and generate the observed characteristics of the Galactic
Center gamma-ray excess, corresponding to for my ~ 70 — 110 GeV and m, 2 10 GeV.

3The p—values corresponding to the bands in the right panel of figure 8 only correspond to spectral fit
(i.e. they do not include morphological information), and thus changes in the density profile can be absorbed
into the cross section without altering the x? value. We have chosen here to simply scan over a reasonable
range of astrophysical parameters that are approximately consistent with the morphology of the observed
gamma-ray excess.
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Figure 8. As in figure 7, but for dark matter in the form of a vector that annihilates to pairs of
scalars which decay to the Standard Model through the Higgs portal (see section 2.4). This model can
account for the entirety of the dark matter and generate the observed characteristics of the Galactic
Center gamma-ray excess for mx ~ 70 — 110 GeV and for a wide range of m,.

Lastly, in figure 9, we show results for the case of Majorana dark matter which annihi-
lates to combinations of scalars and vectors which decay to the Standard Model through the
Higgs and vector portals, respectively. We show results for several selected values of m, and
my:. We find that this model can accommodate the observed features of gamma-ray excess
with either mz < 40 GeV or m, < 70 GeV.

4 Additional constraints

In addition to constraints derived from direct detection experiments, one can also consider
collider signals of the vector and Higgs portal scenarios. Current and projected sensitivities
to the vector portal model have been in calculated in ref. [106], and we present these in the
left frame of figure 10. More specifically, we plot the current constraints from electroweak
precision observables at the LHC (orange), the projected sensitivity for the high luminosity
LHC assuming /s =14 TeV and 3ab™!, and the projected sensitivity for a future collider
such as the ILIC or GigaZ. Since the Z’ in this model couples directly to quarks, it can be
produced at the LHC via Drell-Yan production, and we plot the projected sensitivity to this
signal for the high luminosity LHC, assuming /s =14 TeV and 3 ab™!. Across the parameter
space shown, however, we find that the constraints from direct dark matter searches can be
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Figure 9. As in figures 7 and 8, but for dark matter in the form of a Majorana fermion that
annihilates to combinations of scalars and vectors which decay to the Standard Model through the
Higgs and vector portals, respectively (see section 2.5). This model can account for the entirety of
the dark matter and generate the observed characteristics of the Galactic Center gamma-ray excess
over substantial regions of parameter space.

considerably more restrictive, in particular in the case of Dirac dark matter. In addition
to current constraints, we also present projected constraints from LUX-ZEPLIN (LZ) and
DARWIN, as calculated and presented in ref. [107].

Light scalar particles which mix with the Standard Model Higgs boson have been probed
extensively by LEP. LEP probes the Higgs-scalar mixing angle thorough the indirect inter-
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Figure 10. Collider and direct detection constraints on the Dirac dark matter vector portal model
(left) and the vector dark matter Higgs portal model (right). Constraints denoted by dashed or dot-
dashed lines represent projected sensitivities. Note that in the case of Majorana vector portal dark
matter, constraints from electroweak precision observables are more restrictive than those derived
from direct detection experiments.

action of the hidden sector scalar and the Standard Model Z. This constraint is shown in
the right frame of figure 10 for a combination of data from LEP [108], ALPEH [109] and
L3 [110].

Precision measurements of the Higgs couplings at the LHC can also be used to constrain
the Higgs portal mixing angle. Here, we consider a number of searches performed by both
ATLAS and CMS [111-121] for various Higgs production channels and decay modes, per-
forming a global fit of these measurements and presenting the resulting exclusion contours in
the right frame of figure 10. We then repeated this exercise for the projected sensitivity of the
high luminosity LHC [122, 123] and the Compact Linear Collider (CLIC) [124]. As shown in
the right frame of figure 10, even these projected constraints are unlikely to be competitive
with those derived from direct detection experiments. Again, these constraints are clearly
much less restrictive than those derived from the results of direct detection experiments, with
the exception of the case in which m, ~ my,.

5 Summary and outlook

In light of recent results from both direct dark matter searches and the LHC, dark matter
models that are capable of generating the Galactic Center gamma-ray excess have become in-
creasingly tightly constrained [53]. It is straightforward to evade these constraints, however,
within the context of models in which the dark matter does not directly couple to the Stan-
dard Model, but instead annihilates into unstable particles that reside within a hidden sector.
In this paper, we have revisited this class of models and demonstrated that they generically
contain a broad range of parameter space that is capable of self-consistently generating the
spectral shape and intensity of the observed gamma-ray excess.

Our main results are summarized in figure 11. Throughout each frame, we have chosen
the hidden sector coupling in order to obtain a thermal relic abundance equal to the measured
cosmological dark matter density. The bands denote the regions in which the model provides
a good fit to the measured Galactic Center gamma-ray excess (yielding a p—value greater than
0.32, 0.10, or 0.05), and we also show the regions that are disfavored by Fermi’s observations
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Figure 11. A summary of the parameter space in the hidden dark matter models considered in
this study. Throughout each frame, we have chosen the hidden sector coupling in order to obtain a
thermal dark matter relic abundance equal to the measured cosmological dark matter density. The
bands denote the regions in which the model provides a fit to the measured Galactic Center gamma-
ray excess which yields a p—value of > 0.32 (dark purple), > 0.10 (violet), and > 0.05 (magenta),
and we also show the regions that are disfavored by Fermi’s observations of dwarf spheroidal galax-
ies [96]. In each of these models, there exists substantial parameter space that can accommodate the
observed characteristics of the Galactic Center gamma-ray excess, while remaining consistent with
other constraints.
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of dwarf spheroidal galaxies [96]. From the four frames of this figure, it is clear that there
exists substantial regions of parameter space in each of the models considered that can
accommodate the observed characteristics of the Galactic Center gamma-ray excess, while
remaining consistent with other constraints.

In the case of Dirac vector portal dark matter (middle left), the constraints from dwarf
galaxies lead us to favor the regions of parameter space in which the dark matter is not much
heavier than my:. In contrast, Majorana dark matter is less restricted by dwarf constraints
(middle right). We also find that the vector dark matter Higgs portal scenario (upper frame)
is viable for mx ~ 70—110 GeV and for a wide range of scalar masses. We find that Majorana
dark matter with a combination of Higgs and Vector portals (lower frames) favors parameter
space in which m, ~ 10 —50GeV, m, < 70GeV and mz < 40 GeV.

In many respects, the class of hidden sector models considered in this study is very
difficult to test. Although future direct detection experiments will gradually become sen-
sitive to hidden sectors that are even more decoupled from the Standard Model (i.e. with
even smaller values of € or sin? § within the context of the vector portal and Higgs portal,
respectively), viable parameter space will continue to exist well below the projected reach of
such experiments. Similarly, the LHC will only be able to probe a relatively small fraction
of the parameter space within this class of models.

Unlike direct detection and collider experiments, however, dark matter annihilation
signals are not generally suppressed in hidden sector models. In each of the models con-
sidered in this study, one predicts a gamma-ray flux from the Milky Way’s population of
dwarf spheroidal galaxies that likely to fall within the ultimate reach of the Fermi Gamma-
Ray Space Telescope [96, 125-128], after including the anticipated discoveries of new dwarf
galaxies by DES and LSST [129].

Measurements of the cosmic-ray antiproton spectrum by AMS-02 are also expected to be
sensitive to much of the hidden sector dark matter parameter space that has been considered
in this study. Intriguingly, a ~4.5 ¢ excess has been reported in this channel, peaking
at energies of approximately ~10-20 GeV [130, 131] (see also ref. [132]). Furthermore, the
characteristics of the antiproton and gamma-ray excesses suggest that they could potentially
be generated by annihilations of the same dark matter candidate.

In figure 12, we show the spectrum of antiprotons that is predicted to be generated per
dark matter annihilation, prior to any transport through the Galaxy, for several choices for the
dark matter’s mass and annihilation channel. For the simple case of a dark matter candidate
that annihilates directly to bb, masses in the range of ~50-90 GeV have been shown to be
able to accommodate the spectral shape of the antiproton excess [130, 131]. In this figure,
we compare this to the case of a Higgs portal model with mx = 80 GeV and m, = 30 GeV or
70 GeV, and for a vector portal model with my = 25GeV and my = 20 GeV (each of which
provide a good fit to the gamma-ray excess). The Higgs portal models shown predict an
antiproton signal that would be very difficult to distinguish from that of a more conventional
WIMP. In contrast, the suppression of the antiproton flux (especially at E; 2 10GeV) in
the vector portal model is rather distinctive, and could provide a way to discriminate this
model from other dark matter scenarios that are capable of generating the observed gamma-
ray excess.
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Figure 12. The spectrum of antiprotons generated per dark matter annihilation, prior to any trans-
port through the Galaxy, for several choices for the mass and annihilation channel. For the simple
case of a dark matter candidate that annihilates directly to bb, masses in the range of ~50-90 GeV
have been shown to be able to accommodate the spectral shape of the antiproton excess [130, 131].
The Higgs portal models shown predict an antiproton signal that would be very difficult to distinguish
from that of a more conventional WIMP. In contrast, the antiproton flux is significantly suppressed
in the vector portal model shown, especially at £; 2 10 GeV.
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Capitulo 6

Resumen de la tesis

6.1 Objetivos

El objetivo de esta tesis es el estudio de las implicaciones cosmoldgicas y
fenomenolégicas de la materia oscura. La evidencia gravitatoria de la ma-
teria oscura es incuestionable, sin embargo, su naturaleza representa uno
de los mayores misterios de la fisica moderna. De esta sabemos que repre-
senta el ~26% del contenido energético del Universo y que ademads forma el
~86% de toda la materia [13]. Sin embargo, la notable evidencia gravita-
toria de la materia oscura contrasta llamativamente con la falta de senales
en la multitud de experimentos disenados para estudiar sus propiedades no
gravitatorias. En esta tesis, desde una perspectiva fenomenoldgica, hemos
estudiado las implicaciones cosmoldgicas de varias particulas que podrian
ser la materia oscura en el universo, hemos desarrollado modelos tedricos de
particulas elementales con candidatos que estan relacionados con los neu-
trinos estériles (que a través del mecanismo del seesaw — balancin — dotan
de masa a los neutrinos ligeros) y hemos estudiado las consecuencias en
experimentos terrestres — susceptibles a alguna propiedad no gravitatoria
— de candidatos tipo WIMP!, particularmente de aquellos que interactiian
con los bosones Z y Higgs del Modelo Estandar y de los que son capaces de
generar el exceso de rayos gamma observado provenientes del centro galac-
tico.

A fin de proporcionar un resumen detallado de esta tesis, en la seccion 6.2
exponemos brevemente la evidencia gravitatoria de la materia oscura mo-
tivando asi la importancia de su estudio. En la secciéon 6.3 describimos las
caracteristicas esenciales que un aspirante a ser la materia oscura ha de
cumplir, y enumeramos cuales son los candidatos mas populares y estudia-

"'Weakly-Interacting-Massive-Particle, es decir, particula masiva débilmente interactiva.
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dos. En la seccion 6.4 describimos las técnicas de busqueda de particulas de
materia oscura tipo WIMP tanto en experimentos terrestres como a través
de observaciones cosmologicas. En la seccion 6.5 detallamos la metodologia
utilizada en esta tesis, para finalmente exponer los resultados y conclusiones
del trabajo desarrollado en este estudio en la seccién 6.6.

6.2 La existencia de la materia oscura

6.2.1 Materia oscura en galaxias y cimulos de galaxias

La evidencia astrofisica y cosmolégica de la existencia de la materia os-
cura es indiscutible. La materia oscura domina la dinamica de las galaxias
y los ciimulos de galaxias. De hecho, la materia oscura representa aproxi-
madamente el 95% de la masa en una galaxia tipica [17]. Esto lo sabemos
a raiz de multitud de estudios, de estos los mas representativos son:

e Curvas de rotaciéon de las galaxias espirales

Los astronomos miden las velocidades de rotaciéon en las galaxias es-
pirales y encuentran que estas, en vez de decrecer con la distancia al
centro galdctico, se mantienen constantes [14]. Esta medida supone
un hecho inexplicable si s6lo consideramos la materia visible presente
(estrellas y gas). La velocidad de rotacién de los objetos en una
galaxia, nos permite saber la masa contenida M dentro de un ra-
dio R. Utilizando la tercera ley de Kepler relacionamos estas tres

variables v = \/@ donde G es la constante de Newton. Por lo tanto,
el hecho de que la velocidad se mantenga constante a distancias muy
grandes comparadas con el radio visible de la galaxia implica que hay
materia que no vemos. Y ademaés en unas cantidades muy superiores
a la visible, tal que M(R) < R para que v = cte.

e Lentes gravitacionales

La teoria de la relatividad general de Einstein implica que los rayos de
luz se curvan debido a la presencia de distribuciones de materia en su
camino. En concreto, los cimulos de galaxias suponen una distorsion
y amplificacion de las imagenes de galaxias distantes. Por medio del
efecto lente gravitatorio, estas distorsiones y amplificaciones permiten
inferir la presencia de la materia oscura en cimulos de galaxias, de
nuevo, en cantidades muy superiores a la materia ordinaria [15].
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6.2.2 Materia oscura en el Cosmos

Las consecuencias astrofisicas de la materia oscura son categoricas. Pero
quizas ain mas lo sean sus implicaciones cosmolégicas. A dia de hoy, la
materia oscura es un ingrediente indispensable para nuestro entendimiento
de la evolucién del universo, en el que esta representa el ~84% de toda la
materia y contribuye a un ~26% de la energfa en el universo [13].

En 1930 Hubble descubrié que el universo se expande. La expansion
del universo se entendié como una consecuencia directa de la teoria del
Big Bang (gran estallido). La teoria del Big Bang esta basada en una tnica
premisa: el universo es homogéneo e isétropo, es decir, que es igual en todas
las direcciones y en todos los puntos. Claramente esto no es cierto si pen-
samos localmente en términos del sistema solar ~ 10® m, tampoco lo es a
escala galactica ~ 102! m pero sf a muy grandes escalas > 10" m (ver Escala
del Universo). La expansion del universo es consecuencia directa de la apli-
cacién de la teoria de la relatividad general sobre un universo homogéneo
e isotropo. La teoria de Einstein nos permite entender como se expande
el universo y las ecuaciones que lo gobiernan implican claramente que el
universo en el pasado era méas pequeno y mas caliente. Cabe resenar que
actualmente no sélo sabemos que el universo se expande, sino que ademas
lo hace aceleradamente [40, 41]. El descubrimiento de la expansién aceler-
ada del universo les valié a Perlmutter, Schmidt y Reiss el premio Nobel de
Fisica en 2011. La responsable de esta expansion acelerada es la llamada
energia oscura, de la cual sabemos que representa un ~ 69% de la energia
del universo y que se comporta de forma muy similar a una constante cos-
moldgica (A) en las ecuaciones de Einstein [13]. El Modelo Cosmolégico
Estédndar se denomina ACDM (cold dark matter, materia oscura fria) de-
bido a sus dos componentes principales: una constante cosmologica y la
materia oscura fria.

La teoria del Big Bang, ademas de implicar la expansion del universo,
predice con mucha precision la abundancia de los diferentes niicleos en el
mismo. Actualmente el universo tiene 13,8 mil millones de afios, sin em-
bargo, cuando tenia tan solo 1 segundo su temperatura era de diez mil
millones de grados centigrados (mil veces mayor que el interior del Sol).
A esas temperaturas, el universo era tan denso y caliente que los nicleos
todavia no se habian formado; conforme el universo se expandié y enfrio,
los niicleos mas ligeros se formaron, dando lugar a un universo en el que la
materia visible esta formada por un ~ 75% de Hidrégeno, un ~ 25% de Helio
y muy pequenas cantidades de Deuterio ~ 107° y de Litio ~1071°. Aunque
pequenas, estas cantidades han sido medidas en estrellas y el acuerdo entre
la prediccion de la teoria del Big Bang y las observaciones tanto de Deuterio
como de Helio es excelente. Esta concordancia tiene profundas implicaciones


https://upload.wikimedia.org/wikipedia/commons/f/f4/Earth%27s_Location_in_the_Universe.jpg
https://upload.wikimedia.org/wikipedia/commons/f/f4/Earth%27s_Location_in_the_Universe.jpg
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dado que la extrapolacion de la que resulta es extrema, el universo se ha
expandido mil millones de veces desde que los elementos se formaron pero
aun asi las predicciones casan perfectamente con las observaciones. Debido
al éxito de esta extrapolacion (entre otras), a dia de hoy el modelo cos-
molégico se basa en la teoria del Big Bang. Constltese Ref. [305] para una
exposicion brillante, pedagdgica y divulgativa del universo primitivo.

El papel de la materia oscura en la evoluciéon del universo es fundamental.
Su rol césmico consiste en ser la semilla de las grandes estructuras que ob-
servamos a dia de hoy en el universo. Pese a que este era originalmente muy
homogéneo e isdtropo habia presentes unas pequenas inhomogeneidades pri-
mordiales consecuencia de las fluctuaciones cuanticas de un campo escalar
que expandié de manera acelerada el universo primordial, cuando este tenia
tan solo 1073* segundos (este periodo es llamado inflacién). Las ecuaciones
de Einstein nos permiten describir como evolucionan estas perturbaciones
primitivas y sabemos que hasta que el universo no es lo suficientemente frio
no crecen. Debido a que %) en términos cosmoldgicos hay unas 5 veces més
materia oscura que materia ordinaria (nticleos y electrones) y que #) la ma-
teria oscura no interactiia con el campo electromagnético (de ahi que sea
oscura), las perturbaciones de materia oscura pueden empezar a crecer mu-
cho antes que las perturbaciones de materia ordinaria. Esto implica que las
inhomogeneidades que observamos a dia de hoy en el universo local (como
las galaxias, en concreto la Via Lactea) nacieron gracias a la presencia de
la materia oscura. Ademads, estudios de formacién de estructuras han de-
mostrado que la materia oscura no puede poseer una considerable velocidad
primordial, de ahi que el paradigma actual se denomine de materia oscura
fria.

6.3 Candidatos a materia oscura

A dia de hoy sélo tenemos evidencia de que la materia oscura interactia
gravitatoriamente, pero sabemos que hay varios requisitos que un candidato
a ser materia oscura ha cumplir: tiene que interactuar débilmente consigo
mismo, no debe interactuar con las particulas conocidas® o debe hacerlo
débilmente (donde débilmente no significa necesariamente a través de la
fuerza electrodébil del Modelo Estandar) y finalmente no puede ser nucle-
6nico (no estd formado por protones y neutrones). Los candidatos a ser
la materia oscura del universo suelen estar relacionados con alguna de las
cuestiones que el Modelo Estandar de fisica de particulas no es capaz de re-
sponder: la generacion de la masa de los neutrinos activos, el problema de la

2Enmarcadas dentro del llamado Modelo Estandar de particulas, ver [306] para una breve
exposicion en Espaiol.
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carga-paridad en las interacciones fuertes, el problema de las jerarquias o la
generacién de la asimetria bariénica en el universo primitivo. A dia de hoy,
el candidato por excelencia a ser la materia oscura del universo es el WIMP.
Esta particula se puede generar en el universo primitivo de una forma muy
sencilla y en la cantidad adecuada para representar el ~ 26% del contenido
energético del universo. En esta tesis hemos estudiado la fenomenologia de
los WIMPs en detalle. Por completitud, cabe mencionar que el siguiente
candidato a materia oscura en orden de popularidad es el axion en el rango
de masas 1 — 100 ueV. Ademas, el neutrino estéril en el rango del keV, la
materia oscura asimétrica y los agujeros negros primordiales son también
candidatos considerablemente populares y estudiados.

6.4 Bisquedas de materia oscura tipo WIMP

Los WIMPs se producen en el universo primitivo por medio de un
desequilibrio entre sus aniquilaciones con particulas ligeras y su produccion
a través de estas. Sabiendo que los WIMPs se aniquilan a particulas del
modelo estandar en el universo primitivo, se han desarrollado tres técnicas
bésicas para detectarlos: i) a través de sus choques con nucleos en detectores
terrestres (deteccién directa), i) por medio de sus aniquilaciones en varios
escenarios astrofisicos y cosmolégicos (deteccion indirecta), y i) a través
de su produccién en colisionadores de particulas.

1. Deteccién Directa

En la Via Léctea, como en cualquier otra galaxia, la materia oscura
estd presente en cantidades sustanciales. En concreto, a través de
medidas cinematicas, sabemos que en las vecindades del sistema so-
lar la materia oscura se encuentra con una densidad energética de
po =~ 0.3GeV/cm?. Asumiendo que la materia oscura estd compuesta
de particulas, y si suponemos por ejemplo que estas tienen la misma
masa que el Hidrégeno, deberiamos tener unas 300 particulas de ma-
teria oscura por cada litro. La busqueda de materia oscura de forma
directa es quizas la técnica mas precisa desarrollada hasta el momento
para encontrar WIMPs. El concepto detras de la buisqueda es simple:
como hay particulas de materia oscura en nuestras vecindades y es-
tas viajan con velocidades de v ~ 300km/s se espera que los WIMPs
crucen la tierra y de vez en cuando choquen con los ntcleos terrestres
depositando pequenas cantidades de energia tras cada choque. Dadas
las masas tipicas de los WIMPs (MeV-TeV) y sus pequenas velocidades
(comparadas con la luz), las energias depositadas suelen ser muy pe-
quenias £ = 0.1-50keV. Estas energias suelen dar lugar a excitaciones
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térmicas, a fotones resultantes de las excitaciones de los nticleos y a la
ionizacion de los propios nticleos. Para encontrar estos WIMPs difer-
entes laboratorios subterrdneos han sido construidos (soterrados para
tener menos ruido de fondo), dénde los materiales tipicamente usados
como blanco son elementos como el Xen6n o el Argon, cristales centel-
leadores o detectores de Germanio. A dia de hoy los experimentos de
Xenon tienen una masa fiducial de 1 tonelada y en el futuro se espera
que puedan llegar a multiples. Actualmente ninguno de los experi-
mentos en la busqueda directa de materia oscura, prominentemente
XENONIT [135], PandaX [137] y LUX [136], ha encontrado ninguna
senal atribuible a los WIMPs. Estos resultados suponen una fuerte
cota a multiples modelos de materia oscura, sobre todo para masas
> 10GeV ~ 10m,, (dénde m, es masa del proton).

. Deteccién Indirecta

Dado que los WIMPs se aniquilan en el universo primitivo, se es-
pera que también lo sigan haciendo a dia de hoy, aunque con una
cadencia mucho menor. La frecuencia de las aniquilaciones de mate-
ria oscura viene dada por I' = (ow)n?/2 (dénde (ov) es su seccién
eficaz de aniquilacién y n, es su densidad numérica) y por lo tanto,
la probabilidad de aniquilaciéon de particulas de materia oscura sera
mayor en las regiones mas densas. Regiones tipicas en las que se es-
pera una gran densidad de materia oscura son el centro galactico y
las galaxias enanas satélite de la Via Lactea. Cuando dos particu-
las de materia oscura se aniquilan generan una cascada de particulas
que resultan en un espectro de fotones, electrones, positrones, neu-
trinos y diferentes ntcleos. Entre ellos, las técnicas mas fiables de
busqueda de materia oscura se realiza buscando fotones y neutrinos,
dado estas particulas no se desvian. Sin embargo, debido a la débil
interaccién de los neutrinos, los rayos gamma suponen la fuente mas
solida de cotas a la aniquilacién de materia oscura. En particular, la
colaboracion Fermi-LAT [138], mediante la bisqueda de fotones en las
galaxias satélite, ha excluido WIMPs aniquildndose a canales hadroéni-
cos con m < 50 GeV. Ademaés de las busquedas de rayos cosmicos, las
anisotropias del fondo césmico de microondas resultan también ser
muy sensibles a la aniquilacion de materia oscura en la llamada época
oscura, cuando el universo tenia entre 3.8 x 10° y 7x 10% afios. A través
de las precisas observaciones que el satélite Planck [12] ha realizado
del fondo césmico de microondas se ha excluido la posibilidad de que
la materia oscura con masas < 10 GeV se aniquile, via procesos con
momento angular 0, independientemente del canal de aniquilacion [13]
(siempre que no sea a neutrinos).
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3. Produccién en colisionadores de particulas

Si los WIMPs interactian con las particulas del Modelo Estandar
han de poderse producir en colisionadores de particulas (siempre que
la energia del acelerador sea mayor que la masa de los WIMPs). Las
particulas de materia oscura, dada sus débiles interacciones, si son pro-
ducidas en choques de particulas simplemente escaparan el detector y
solo podran ser inferidas por una aparente falta de energia al recon-
struir la cinemética del evento. La bisqueda mas genuina de materia
oscura en el LHC? son las de jet + missing energy. Estas suponen una
fuerte cota a diferentes particulas tipo WIMP [139, 140]. Los WIMPs
también pueden ser producidos a través de las desintegraciones de
los bosones Z y el Higgs. La coincidencia entre las predicciones del
Modelo Estandar y los resultados experimentales suponen unas cotas
muy fuertes a modelos dénde la materia oscura es suficientemente lig-
era m, S my/2, my /2y se acopla de forma directa a estos bosones.
Aparte de estos canales de produccion, tipicamente los modelos de
WIMPs, a parte de la materia oscura, suelen incluir otras particulas
que son mas faciles de detectar en las colisiones. A este respecto,
las colaboraciones ATLAS y CMS han acotado considerablemente las
posibles interacciones de las particulas mediadoras entre los WIMPs y
el Modelo Estandar, ya sea a través de sus desintegraciones a leptones
0 a quarks.

La falta de senales en las btisquedas de materia oscura restringe consid-
erablemente la naturaleza de la materia oscura tipo WIMP, en particular su
masa e interacciones con las particulas del Modelo Estandar. La comunidad
cientifica estd centrada en la busqueda de estas particulas, y como hemos
descrito en los parrafos anteriores, por medio de técnicas y estudios muy efi-
caces y variados. En la proxima década la sensibilidad de los experimentos
va a mejorar cuantitativamente, de no encontrarse ninguna senal convin-
cente, la hipotesis de que los WIMPs son las materia oscura se depreciara
notablemente.

3Large Hadron Collider, el gran colisionador de hadrones alojado en el CERN.
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6.5 Metodologia

Dada la perspectiva fenomenologica adoptada en esta tesis, el espec-
tro de métodos utilizados ha sido amplio, tanto en términos de técnicas
analiticas como numéricas.

Desde una perspectiva teorica, se han utilizado técnicas de teoria cuan-
tica de campos para realizar calculos perturbativos de secciones eficaces y
procesos de desintegracion. Se han considerado diferentes argumentos teori-
cos como unitariedad, perturbatividad, ausencia de anomalias e invarianza
ante escala. En lo referente al universo primitivo, se ha hecho uso exten-
sivo de la ecuacién de Boltzmann para calcular la abundancia de diferentes
particulas y para resolver la recombinacion de los electrones en el proceso
de desacoplamiento del fondo césmico de microondas. Estos calculos se han
realizado de manera auténoma y también mediante el uso de cédigos como
micrOMFEGAs o Recfast respectivamente.

Para realizar estudios cosmolégicos, se han utilizado técnicas analiticas y
numéricas para describir la expansién del Universo bajo diferentes hipotesis,
calcular las perturbaciones de materia en el universo temprano, asi como
el colapso no lineal de estructuras en modelos distintos al de la materia
oscura fria. En concreto, hemos estudiado los casos de materia oscura que
interactiia con neutrinos o materia oscura compuesta de una componente
fria y otra caliente. Para una gran variedad de calculos cosmolégicos se ha
hecho uso del codigo CLASS y para contrastar varios modelos con datos
cosmologicos el cédigo MontePython.

Debido al enfoque fenomenoldgico adoptado en esta tesis, los datos ex-
perimentales han estado presentes en todos los estudios realizados. Las téc-
nicas estadisticas utilizadas han sido bayesianas y frecuentistas para realizar
los analisis de datos de experimentos cosmologicos y de fisica de particulas
respectivamente. Se han utilizado distribuciones de probabilidad de Gauss,
de Poisson y de x? entre otras. Se han utilizado técnicas Monte Carlo (in-
cluyendo cadenas de Markov) para la realizacién de diferentes analisis, asi
como la matriz de Fisher para estudiar el alcance de futuros experimentos.

Finalmente, a lo largo de la tesis hemos utilizado multitud de bisquedas
en aceleradores de particulas, para este fin hemos simulado las colisiones de
modelos mas alla del estandar en MadGraph para contrastar lo esperado en
las modelos considerados con los datos actuales obtenidos en los distintos
experimentos del LHC.
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6.6 Resultados y conclusiones

La naturaleza de la materia oscura representa uno de los mayores enig-
mas de la fisica actual. En aras de descifrar su esencia, en esta tesis: hemos
acotado algunas propiedades de la materia oscura mediante analisis de datos
cosmoldgicos, hemos desarrollado modelos de particulas fundamentales con
candidatos bien motivados y también hemos contrastado estos y otros mod-
elos con los datos més recientes de experimentos terrestres y espaciales que
buscan la materia oscura a través de sus propiedades no gravitatorias.

Sabemos que, por lo general, la interacciéon de la materia oscura con
las particulas del Modelo Estandar ha de ser débil. Sin embargo, debido
a la naturaleza elusiva de los neutrinos, estos representan la excepciéon a
esta regla. En [1], con el objetivo de acotar esta posibilidad, exploramos
las implicaciones cosmologicas de materia oscura que interactiia con neu-
trinos. Para ello, aplicando la teoria de la relatividad general, hicimos un
calculo analitico del sistema de ecuaciones que describen las perturbaciones
en un universo con interacciones entre neutrinos y materia oscura. Ademas,
implementamos este sistema de ecuaciones en un codigo cosmoldgico para
su rapida solucion numérica (CLASS). La interaccién entre la materia os-
cura y los neutrinos resulta en la supresién de perturbaciones cosmolédgicas.
Para acotar la intensidad de esta interaccién utilizamos las observaciones
del fondo césmico de microondas (CMB) realizadas por el satélite Planck
asi como la distribucién de galaxias del catdlogo WiggleZ. Analizamos estos
datos con métodos Bayesianos (como es costumbre en cosmologia debido
a la cantidad y complejidad de los datos), y en concreto construimos nue-
stro propio likelihood — o funcién verosimilitud — para analizar los datos del
catalogo WiggleZ mientras que utilizamos el propio likelihood de la colabo-
racion Planck dénde se tienen en cuenta todos los factores instrumentales
de la medida del CMB. Ademas del analisis con datos actuales, exploramos
el alcance de medidas futuras del fondo césmico de microondas y de futuros
catdlogos de galaxias, como es el caso de DESI. Para ello utilizamos el for-
malismo estadistico de la matriz de Fisher. Gracias a este estudio pudimos
obtener las cotas mas fuertes hasta la fecha sobre la seccién eficaz entre
la materia oscura y los neutrinos utilizando teoria lineal de perturbaciones
cosmolodgicas, es decir, sin recurrir a simulaciones numéricas de la formacion
de estructuras a gran escala. Ademas, encontramos que los futuros catalo-
gos de galaxias (como DESI) serdn de mucha utilidad para acotar este tipo
de interacciones.

La complejidad y riqueza del Modelo Esténdar de particulas (en el que
hay varias particulas estables: protones, electrones, fotones y neutrinos,
asi como sus respectivas antiparticulas), indica que la materia oscura no
tiene por qué estar compuesta de una unica particula. En [2] consider-
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amos un escenario en el que la materia oscura esta formada por particulas
frias y calientes, y utilizamos las medidas del fondo césmico de microondas
obtenidas por el satélite Planck, las medidas tomograficas de la estruc-
tura a gran escala del catdlogo KiDS y el ntimero de galaxias satélite en
la Via Léactea para acotar la fracciéon de materia oscura caliente que esta
permitida dadas las observaciones cosmoldgicas actuales. Para realizar el
estudio, de nuevo, utilizamos técnicas Bayesianas para analizar las distintas
observaciones y ademas utilizamos técnicas semianaliticas para describir el
numero de galaxias satélite en la Via Lactea partiendo de la teoria de co-
lapso gravitatorio esférico. Como resultado de este estudio, encontramos
que la materia oscura ha de ser mayoritariamente fria y obtuvimos una cota
sobre la fraccion de materia oscura que puede ser caliente en funciéon de su
masa (o temperatura). Encontramos que estas cotas son complementarias
a las obtenidas en los estudios del bosque de Lyman-a.

El origen de la masa de los neutrinos y la naturaleza de la materia oscura
representan dos de las incognitas més importantes del Modelo Estandar de
fisica de particulas. Puesto que los neutrinos oscilan han de tener masa. La
masa de las particulas masivas del Modelo Estandar viene dada a través del
mecanismo de Higgs. Sin embargo, la masa de los neutrinos es mucho més
pequena que la del resto de los fermiones del Modelo Estandar (el electrén,
los quarks, ...) y esto hace pensar que el mecanismo que dota de masa a
los neutrinos es distinto al de Higgs. El mecanismo del seesaw (balancin
en inglés) resuelve de forma elegante la presencia de una pequena masa
de los neutrinos a través de la mezcla de los neutrinos activos del Modelo
Estandar con unos neutrinos estériles mucho méas pesados. Tanto la masa
como la magnitud de las interacciones de estos neutrinos estériles son de-
sconocidas. Desde un punto de vista tedrico es muy interesante relacionar
el mecanismo de generacién de masa de los neutrinos con la naturaleza de
la materia oscura en el universo. En [3] construimos un modelo teérico,
enmarcado dentro de una simetria global U(1)p_; espontdneamente rota,
en el que la materia oscura y los neutrinos estériles van de la mano. Una de
las mayores implicaciones fenomenologicas del modelo es la existencia de un
boson de Goldstone, el llamado majoron. La fenomenologia del modelo es-
tudiado en [3] es muy rica: consideramos la generacién de la materia oscura
en el universo primitivo, las posibles sefiales en colisionadores de particu-
las, en experimentos de deteccion directa de materia oscura y también en
busquedas indirectas de materia oscura. Para realizar dicho estudio uti-
lizamos técnicas basicas de teoria cuantica de campos y de termodinamica
en el universo en expansion. En este estudio encontramos que si el campo
escalar con simetria carga-paridad positiva es suficientemente masivo, la
materia oscura se aniquila predominantemente a neutrinos estériles. Sin
embargo, debido a la presencia del majoron, esta aniquilacién solo da lu-
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gar a senales en experimentos que buscan rayos césmicos para masas de la
materia oscura superiores a 100 GeV. Con el mismo objetivo de relacionar
la materia oscura con los neutrinos estériles, en [4] consideramos a los neu-
trinos estériles como los interlocutores entre un sector oscuro y el Modelo
Estandar. En este modelo, la materia oscura es la particula mas ligera
del sector oscuro y ademas es estable de forma natural. Este modelo tiene
implicaciones directas en experimentos susceptibles a las aniquilaciones de
materia oscura, como es el caso de Fermi-LAT o Planck.

A dia de hoy, los WIMPs representan el candidato mas popular a ser la
materia oscura del universo. Los WIMPs son generados en el universo prim-
igenio a través de un desequilibrio entre su aniquilacion y su produccion.
El mediador que da lugar a estos procesos con particulas ligeras puede ser
(0 no) del Modelo Estandar, en cualquier caso, los mediadores mas ic6ni-
cos son los bosones del Modelo Estandar Z y Higgs. En [5] estudiamos
desde una perspectiva general los modelos de materia oscura en los cuales
los WIMPs se aniquilan por mediacién de los bosones Z o Higgs. Consid-
eramos fermiones, escalares y vectores acoplados a estos bosones y estudi-
amos su produccion en el universo primitivo asi como las cotas existentes
sobre estos modelos provenientes de experimentos de detecciéon directa y
de colisionadores de particulas. Encontramos que la gran mayoria del es-
pacio de pardmetros en estos modelos estaba excluido y que experimentos
futuros acotaran el resto salvo por el caso de WIMPs con interacciones
pseudoescalares con el boson de Higgs.

El exceso de rayos gamma provenientes del centro galactico supone la
senial mas plausible de materia oscura hasta la fecha. La senal ha sido in-
tensamente estudiada por diferentes grupos desde hace nueve anos y mues-
tra, con un alto grado de confianza estadistica, un espectro morfolégico
y energético compatible con el esperado por las aniquilaciones de materia
oscura tipo WIMP. El espectro observado favorece masas de entre 30-70
GeV con una distribuciéon igual a la encontrada en simulaciones numéri-
cas de materia oscura fria. Ademas de la interpretacion en términos de
materia oscura, esta sefial también podria ser explicada por pulsares. Los
pulsares tienen un espectro energético muy similar, sin embargo estos de-
berian encontrarse en el centro galactico en cantidades muy superiores a las
observadas en cimulos globulares. A dia de hoy, la interpretacion del exceso
no esta clara. Desde el punto de vista de fisica de particulas, es fundamen-
tal identificar las propiedades de los WIMPs que podrian ser responsables
de este exceso. En consecuencia, en [6] consideramos modelos simplificados
de materia oscura para determinar cuales de estos eran compatibles tanto
con el exceso de rayos gamma provenientes del centro galdctico como con
las intensas busquedas de materia oscura en aceleradores de particulas y
en experimentos de deteccion directa. Con objeto de este estudio, simu-
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lamos el experimento de deteccion directa LUX para obtener cotas a otras
interacciones no proporcionadas por la colaboracion. Ademas, simulamos
colisiones en el LHC con los modelos considerados y las contrastamos con
los datos obtenidos por las colaboraciones ATLAS y CMS. Por tltimo, tam-
bién realizamos un estudio sobre las cotas existentes a particulas escalares
y pseuodoescalares proporcionados por las factorias de mesones B. Como
resultado de este estudio, encontramos que los modelos simplificados con
mediadores vectoriales y con mediadores con color estaban excluidos. En-
contramos que los modelos con mediadores pseudoescalares, en general, so-
brevivian a las distintas busquedas. Este estudio demostrd que los modelos
que pueden explicar el exceso, en el caso de que la materia oscura se aniquile
directamente a particulas del Modelo Estandar, estan fuertemente acotados
debido a las infructuosas busquedas de WIMPs en diferentes experimentos
terrestres. Este hecho nos motivo a realizar un estudio donde consideramos
que la materia oscura forma parte de un sector oscuro que se comunica muy
débilmente con el Modelo Estdndar. En [7] estudiamos la compatibilidad
de varios sectores oscuros con la sefial del centro galactico asi como con las
cotas sobre la aniquilacion a la materia oscura extraidas de las busquedas
de fotones provenientes de las galaxias satélite de la Via Lactea. Para ello,
estudiamos en mucho detalle la produccién de la materia oscura en el uni-
verso primitivo, pues para los modelos considerados era crucial considerar
las regiones resonantes en las que varias particulas tienen masas similares.
Y ademas, realizamos un estudio estadistico de la compatibilidad espectral
de la senal para cada modelo asi como de su compatibilidad con las cotas del
experimento Fermi-LAT y de las medidas del fondo cdésmico de microondas
realizadas por el satélite Planck.

En resumen, en esta tesis hemos investigado las implicaciones cosmoldg-
icas y fenomenoldgicas de la materia oscura. Desde la perspectiva cos-
molégica nos hemos centrado en la complementariedad de observables en el
universo primitivo y reciente en modelos que van mas alla del paradigma
actual, ACDM. En concreto hemos estudiado modelos con materia oscura
que interactiia con neutrinos y materia oscura formada por particulas frias y
calientes. Estos estudios nos han servido para entender algunas propiedades
de la materia oscura que pueden afectar al universo observable. Desde una
perspectiva fenomenolégica, hemos estudiado la posible conexion de la ma-
teria oscura con los neutrinos estériles, asi como modelos WIMP genéricos.
Estos estudios nos han permitido entender, por ejemplo, las propiedades que
la materia oscura puede tener si esta relacionada con la generacion de masa
de los neutrinos activos. Respecto al estudio de candidatos WIMP conven-
cionales, hemos explorado exhaustivamente la compatibilidad de modelos
en los que los WIMP se aniquilan por mediacién de los bosones Z y Higgs
con las buisquedas fallidas en colisionadores de particulas y en experimentos
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de deteccion directa. Y por tltimo, en este estudio, hemos resaltado la nat-
uraleza de la materia oscura en los modelos capaces de explicar el exceso de
rayos gamma del centro galactico.

La perspectiva complementaria adoptada en esta tesis ha resultado muy
util para acotar la naturaleza de la materia oscura. Sin embargo, a dia
de hoy, ain no sabemos qué es. Aun asi, esta tesis ha servido para es-
tudiar varias posibilidades y explorar la fenomenologia de candidatos muy
bien motivados. En los anos venideros, nuevos datos del fondo césmico de
microondas, de la distribucién de galaxias en el universo, de la bisqueda
en aceleradores y de experimentos de deteccion directa e indirecta nos pro-
porcionaran una gran cantidad de informaciéon que resultard muy relevante
para mejorar nuestro conocimiento sobre la naturaleza de la materia os-
cura. La precision que van a tener estos futuros experimentos es tal, que la
hipdtesis de que la materia oscura esta formada por particulas tipo WIMP
sera o corroborada o considerablemente devaluada en favor de otras posibil-
idades. Esto hace de la proxima década un periodo clave para determinar
si la materia oscura es de tipo WIMP.
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