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Abstract

In this work we propose an alternative explanation to the nature of dark matter which
consists of an unconventional space-time structure of fields transforming in the (1,0) &
(0,1) representation of the Homogeneous Lorentz Group (HLG), conventionally de-
scribed using an equivalent antisymmetric tensor with two indices, thus we name it
Tensor Dark Matter (TDM).

We review the spinor-like formalism for these fields and use it to describe free dark mat-
ter fields establishing the corresponding effective field theory for interactions with stan-
dard model fields. In this framework, we calculate the decay widths of Z° and Higgs
bosons into TDM, compare the results with the invisible width limits for these bosons
and find a relation between the mass of the TDM field and the values of the coupling
constants. Then, we describe the calculation of the relic abundance and obtain bounds
on the mass and the couplings of TDM from the observed value of the dark matter relic
density. Considering these results, we test our hypothesis against experimental data.
From the direct detection bounds set by XENONI1T data we find that the spin-portal
coupling is severely constrained. In regards to indirect detection limits, we find that the
Gamma-Ray Excess that exists in the center of our Galaxy can be explained with a scalar
coupling to the Higgs of g; € [0.98,1.01] x 1073 and M € [62.470,62.505] GeV. This
sharp result is found to be consistent with other indirect detection bounds, such as an-
nihilation into u™u~, T7 1™, 77y and bb. We show that including TDM annihilation into
the antiproton production from cosmic rays improves the fit to the Antiproton-Proton
ratio from the AMS-02 data.

Our prediction that these observables can be explained by a TDM field with M ~ My /2,
along with the fact that the leading terms in the interaction Lagrangian are dimension-
four, motivates the exploration of the possibility of dark matter interactions coming
from a dark gauge structure. This is done by including a dark gauge group that involves
a factor U(1), subgroup that mixes kinetically with the U(1)y of the standard model.
We work out the consequences of this proposal.
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Chapter 1

Introduction

In humanity’s search for the comprehension of the world around us, not frequently
have we witnessed such successful endeavor as the development of particle physics.
The Standard Model (SM) is the theory put together for the purpose of describing the
phenomena regarding three of the four fundamental forces that we know exist in the
universe, so called the electromagnetic, weak and strong forces. Such a theory beats
the myth of the lone genius, since it is a team effort of hundreds of brilliant minds
that worked from different perspectives and approaches, taking as basis the particle
physics paradigm with a history spawning since the beginning of the 20th century with
experiments regarding the atomic theory, and formally starting with the idea of a quan-
tization of the electron field by Paul Dirac in the late 1920s. With the union between
non-relativistic quantum mechanics and the special theory of relativity and electrody-
namics, Dirac would lay the foundation of modern high-energy physics with a theory

that emphasized elegance over practicality.

For Dirac, the beauty of a concept was more important than the consistency with an
experiment, something that was not much of a problem at the moment since, as he wrote
in 1927, "hardly anything has been done up to the present on quantum electrodynamics" [1]. In
time, Dirac would be convinced of the contrary, that a theory no matter how elegant or
beautiful, is only complete when it agrees with the experiment. Thankfully, not too long
after, his theory began to reproduce results, when the observation of the positron by
Carl Anderson in 1932 [2], gave clearance to the idea of antimatter predicted by Dirac,
in what he called a sea of particles with negative energy. This was only the beginning for
the important breakthrough presented by the particle physics paradigm.

Throughout the second half of the 20th century, great efforts and the collaboration of
hundreds of scientist and institutions from all over the world culminated with the dis-
covery of the Higgs boson in 2012, the last piece of the Standard Model puzzle and the
set of fundamental particles that conform the known matter content of our universe
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(see Fig. 1.1). This Quantum Field Theory encompasses the interactions of electromag-
netic, weak and strong forces by the exchange of the corresponding spin-one gauge
fields in what is known as a non-abelian gauge theory where the symmetry group is
SU(3)c x SU(2)r x U(1)y, a theory which is theoretically self-consistent, that is, free
of anomalies. With the experimentally found mass value of My = 125 GeV and the
mass of the heaviest quark, M; = 175 GeV, the Standard Model is also recognized as a
consistent perturbative scheme for the calculation of properties of systems at very high
energies compared to the currently accessible by particle accelerators (the Large Hadron
Collider, for example, has set the record for total collision energy of 13 TeV).

QUARKS

LEPTONS

FIGURE 1.1: Elementary particles of the Standard Model (for a complete

review of their properties see Ref. [3]). The first three columns, quarks

and leptons, are called fermions and are divided in three generations (I, II,

III). The first generation constitutes the ingredients of the ordinary matter
we observe in our day-to-day life.

The SM is successful at predicting properties and phenomena for the interactions it was
set up to describe, for example, the anomalous magnetic dipole moment of the elec-
tron predicted by quantum electrodynamics is the most accurately verified prediction
in physics, agreeing with the experimental measurement to more than 10 significant fig-
ures. While also measured precisely, the same level of precision is not achieved for the
muon [4], which exceeds the SM prediction by 4.2¢, and its one of the discrepancies that
have yet to be deciphered. There are also many other unanswered questions that as par-
ticle physicists we aspire to address. For starters, gravitational interactions have yet to
be included and we have not yet arrived to a full realization of quantum mechanics and
general relativity as a consistent (quantum field) theory. There is also a visible excess of
matter against antimatter, also known as baryon asymmetry [5], that we would like to
attempt to explain. Additionally, the SM scheme works with the assumption that neu-
trinos are massless, but this is in fact not the case as seen from neutrino experiments. If
we were to modify the theory to accommodate neutrino masses [6], there is still no elu-
cidation as to their nature, whether it is a Majorana or a Dirac neutrino. Some attempts
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to solve these obscure aspects of physics involve some extension or modification of the
SM theory, which is often referred to as physics beyond the standard model.

Another fundamental problem that physicists face is the failure to account for as much
as 95% of the energy content of our universe today. From the observation of the relic ra-
diation from the Big Bang, what we know as the Cosmic Microwave Background (CMB)
[7], and assuming the ACDM cosmological model as correct, we know that the conven-
tional matter described by the Standard Model represents only 4.9% of the mass/energy
density of the universe, while 26.0% is formed by what is known as dark matter and the
remaining 68.9% corresponds to an unknown form of energy called dark energy that
would be behind the accelerated expansion of the universe. The last two are not in-
cluded or even elucidated by the successful theory mentioned above. The focus of this
work is the first of these two crucial ingredients of the cosmos, dark matter. What is it
and how do we know it exists?

First, let us understand the signs that indicate the presence of this mysterious phenom-
ena.

1.1 Observational evidence of dark matter

Throughout history, the creation of knowledge involves two fundamental principles.
One, that the Universe contains something that, until perceived, remains unknown to
us, and two, that as new things are discovered, the development of new technology
helps us reveal new phenomena that was previously undiscovered. In short, new dis-
coveries foster the creation of technology which boosts further discoveries. This spe-
cially occurs when it comes to astronomy. For centuries, the wonder caused by the
presence of the celestial bodies motivated the search and description of their composi-
tion and movement. Johannes Kepler, in the early 17th century, would formulate what
is known today as the laws of planetary motion, where he explains the way in which
the bodies of the solar system move through elliptical orbits. Isaac Newton would use
these notions to formulate the first physical law of universal gravitation [8].

Over the years, several observations indicated a deviation from Newton’s law of uni-
versal gravitation. When we attempt to solve such inconsistencies, one can choose to
completely discard the theory or propose the existence of forces or bodies that act as
causes of these deviations. For example, the existence of the planet Neptune was pro-
posed precisely to account for deviations in planetary orbits, and was finally discovered
in 1846 [9]. In a similar way, the existence of a planet between the Sun and Mercury was
proposed in 1840, but after Einstein’s theory of general relativity solved the problem,
the existence of this planet was disproved. Astronomical discrepancies fall into one
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of these two categories, where problems derived from observations that cannot be ex-
plained with known laws imply either the existence of an object or entity that we have

not seen, or that the theory which predicts the non-observed result has to be reviewed.

In 1933, Fritz Zwicky, a Swiss-American astronomer, studied the redshifts of various
galaxy clusters and noticed differences in the apparent velocities of eight galaxies in the
Coma Cluster [10]. He then applied the virial theorem to estimate its mass. This theo-
rem relates the averaged total kinetic energy of a stable discrete particle system with its
potential energy, widely used in astronomy to quantify the mass and size of galaxies.
Zwicky found that for a galaxy cluster of the size of the Coma Cluster, the velocity dis-
persion of its galaxies should be around 80 k1 /s, in contrast with the observed average
velocity dispersion of 1000 km/s. He concluded that there was a presence of "dunkle
Materie" (or dark matter) in much greater amounts than that of the luminous matter
of the cluster. This is often quoted as the first observation (and usage of the term) of
dark matter, but in fact such idea was formed as earlier as 1906, when Lord Kelvin at-
tempted to estimate the amount of non-luminous matter in the Milky Way, where he
stated that many stars within the galaxy might have been extinct or not bright enough
to be observed, but still present as to affect the velocities of the stars. Henri Poincaré,
in discussions with Lord Kelvin about this novel idea, explicitly called this phenomena
"matiere obscure" [11].

Despite there being multiple accounts of discrepancies between observable matter and
the apparent matter content from velocity distributions of galaxies after Zwicky’s state-
ment, the problem did not present an immediate concern in the field of astrophysics un-
til the 1970s[12]. This is when the observations of the M31 rotation curve were published
by Vera Rubin and Kent Ford [13], and the optical data presented became a clearer and
explicit argument for the need to understand the discrepancy in rotation curves, which
peaked at larger radii than predicted. More observations on this regard began to appear
during this decade. Taking the Newtonian dynamics that describe the orbits of stellar
objects, the rotational velocity of an object that orbits at a distance r from the center of
a galaxy is v(r) = \/GM(r)/r, where M(r) is the mass enclosed within r. Thus, one
expects that the velocity distribution scales as 1//r. However, the observations indi-
cated that rotation curves became flat as one goes far from the center of the galaxy, as
obtained by Rogstad and Shostak in 1972 [14] (see Fig. 1.2).

Soon, more similar observations would appear, and the argument emerged, that in order
to have a rotation curve such as registered by the data, there had to be an object with
the density profile of a halo within the galaxy that absorbed and emitted no light (see
an example in Fig. 1.3). By looking that the mass-to-light ratio indicated by rotation
curves of various galaxies and clusters, it was found that the masses of these objects was
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FIGURE 1.2: Rotation curves (right) for five galaxies as opposed to the
hydrogen surface density profile (left) obtained by Rogstad and Shostak
in 1972 [14]. Rgy is the radius containing 80% of the observed hydrogen.

underestimated by a factor of about ten [15, 16]. This occurrence was the first convincing
piece of evidence that a form of matter unobserved by current instruments exists.
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FIGURE 1.3: Rotation curve for the galaxy NGC6503 [17]. It is shown that
the measurements indicate the presence of an object with a halo distribu-
tion in addition to the luminous mass profile of the galaxy.

Evidence for dark matter in galaxies and galaxy cluster spiked interest in astronomers
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and astrophysicists who began to question the nature of this invisible material, consid-
ering first the possibility that said missing mass could consist of compact objects, much
less luminous than ordinary stars, known as "MACHOs" (massive astrophysical com-
pact halo objects)[12]. A proposal by Bohdan Paczynski envisioned a way to search for
these compact objects within the dark halo of the Milky Way using the phenomena of
gravitational microlensing [18]. Gravitational lensing is a phenomenon predicted by
Einstein’s theory of general relativity, in which light is deflected by gravity. In this case,
monitoring the stars of a nearby galaxy, detecting variations in their brightness could
indicate the presence of massive objects. For a dark halo to consist entirely of MA-
CHOs, the microlensing optical depth, that is, the ratio of stars that would be magnified
is one in two million. With this purpose, over a period of almost six years, the MACHO
Collaboration reported the light curves of 40 million stars, where 14 to 17 possible mi-
crolensing events were identified, which was about the expected background rate [19].
Later, the EROS Collaboration added another seven years of data, only one microlens-
ing event was identified, which placed an upper limit of 8% on the halo mass fraction
from MACHOs [20, 21], which indicated that the missing mass in the Milky Way’s halo
could not be produced in its entirety by these compact objects.

An even stronger case against the MACHO:s alternative in explaining the missing mass
of the galaxies comes from the cosmic baryon density as a result from measurements
of primordial light element abundances and the cosmic microwave background. The
observation of the energy composition of the universe presents a compelling argument
for the existence of this strange type of matter, which will be described in the following

section.

1.2 Energy content of the universe

There is an epoch in the history of the universe, around 378,000 years after the Big Bang,
where free electrons were bounded to protons forming hydrogen, known as the recom-
bination period. This combination of electrons and protons generally occur in a high
energy state, so the transition to the low energy state emits photons. The photons that
are not captured by other hydrogen atoms are said to decouple, that is, are able to travel
longer distances. This electromagnetic radiation can be detected today as radio waves
in what is known as the cosmic microwave background (CMB). Observation of the CMB
(CMB) points to an important idea, that the universe appears to be homogeneous and
isotropic on large scales, pointing to the fact that all positions in the universe are essen-
tially comparable (see Fig. 1.4). Around the 1940s, George Gamow, Ralph Alpher, and
Robert Herman began to formulate what is now known as the Big-Bang model [22]. This

model proposes that the early universe began as extremely dense and hot, and that with
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FIGURE 1.4: Internal Linear Combination Map (ILC), which is a linear

combination of the WMAP (Wilkinson Microwave Anisotropy Probe)

maps, at five different frequencies. This map shows the anisotropy of
the CMB [23].

the passage of time it expanded and cooled, resulting in the presence of a "relic" radia-
tion at the background of the universe, with a temperature of the order of a few Kelvin.
The cosmic microwave background, and the observation of a temperature around 3 K,
distinguish the Big Bang model as the most likely to describe the universe.

The geometry of the universe can be described by the curvature parameter k (k = 1
indicates a closed curvature, k = 0 is for a flat universe and k = —1 stands for an
open curvature). In the late 1920s, after the derivation of the Friendman equations by
including the metric of a homogeneous and isotropic universe into Einstein’s field equa-
tions [24], it was discovered that the universe is expanding at a calculable rate [25, 26],
that is, that the structures immerse in the universe are moving away from each other.
This expansion can be measured using the parameter R(t). The metric that describes
this geometry is known as the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric,
described by

dr?

2 _ KAV — _ 42 2
ds® = gudxtdx dt® +R (t)[l—krz

+ 12 (d6? + sin29d¢2)], (1.1)
where we are considering ¢ = 1. The equations of motion are derived from the Einstein
equations,

1
Ruw — Eg”VR = 8nGNTw + Aguv, (1.2)
where g, is the metric in Eq. (1.1), Ry is the Ricci tensor that depends on the metric

and its derivatives, with R = ¢#"R,, being the Ricci scalar. Gy is the Newton constant

and T}, is the energy-momentum tensor. R, and T}, are defined as follows for a perfect
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fluid [3, 27],
Ry = 0aT%, — 3, T% + T4, Thy — I, Th, (1.3)
Ty = —pguw + (p +P)“y”w

where p stands for the isotropic pressure, p is the energy density, u = (1,0,0,0) is the
velocity of the isotropic fluid and I'} is called the Christoffel symbol, defined as [28],

1 ag ) ag,, ag 5
N oy | Ui n %
o= 58 (ax” axe o ) (14)

From the Einstein equations one can derive the Friedmann equation. For y = v = 0, the
trace of R in Eq. (1.2) is

R\2 _ , 8nGnp kA
(E):H— 3 w3 (1.5)

We define as critical density as that which renders k = 0 when A = 0,

_ 3H?
Pe = 87'CGN.

(1.6)

The value of the critical density today is p.o = 8§TI§N = 1.05371 x 10 °h>GeVem 3 =

2.77536 x 101 k2 M Mpc—3 [3] where & is a dimensionless number that parametrizes Hy,

which is called the Hubble constant, or the value of H today. It should not be mistaken
for the Planck constant, which we set as i = h/27t = 1 within this work. The parameter
h is defined as

Hy =100 h km s~ Mpc, (1.7)

and its value was estimated 1 = 0.677 & 0.004 by recent Planck measurements of the
CMB [7]. However, higher values (h = 0.732 £ 0.013) have been derived from distance-
ladder estimates [29].

We can rewrite Eq. (1.5) in terms of the critical density

HZ(;)CJF‘;t —1) - % (1.8)

where pp = ;\Wpc. The density parameter ); = p;/p. is the energy density of a species

nen

i" relative to the critical density. With this, the Friedmann equation can be written as

k

ZQi+QA_1
i
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The parameters we just described track the history of the Universe, and the strongest
probes we have to describe them come from the evolution of perturbations, that is,
deviations from the homogeneity of the Universe. The density perturbation field which
describes these density fluctiations is defined as

o(x) = LX) — (o). (1.10)

We can construct a Fourier-space representation of this function,
d3k —ik-x
8(x) = /WQ(k)e . (L.11)

One can employ periodic boundary conditions in a cube of large volume V to simplify
the calculation due to an infinite Universe, and computing the variance in the field turns

into a sum over modes of the power spectrum. Let us define
(0(k)0(K")) = |0(k)|*5(k — k') = P(k)6(k — k'), (1.12)

where we write P(k) instead of P(k) due to the isotropic nature of the fluctuations. We
can see that, since 0(x) is dimensionless, P(k) has the same dimension as k~3. Addition-
ally, it is easy to see that

’ ) , 2 3
(0(x)0(x)) = / “}(gig’;”ewkk»x: I;;jfp(k) = / d(lnk)k 21;(2"). (1.13)

From here, we define the dimensionless power spectrum, A* (or P), as

_ d{6*) _ ©P(k)

2
A%(k) = dink ~— 212

(1.14)

This function contains the statistical description of the perturbations, and is the most
powerful probe for the parameters of a cosmological model. Finding a fit to the di-
mensional power spectrum to the date gives us the values of the parameters that best
describe the history of the Universe. If the density perturbations obey Gaussian statis-
tics, the power spectum then provides all the properties of the perturbations [3].

It is observed that the CMB has a dipole anisotropy of the order of 10-3, while higher-
order multipole moments are much smaller (10~°) and decaying rapidly for larger mo-
ments, which means fluctuations of temperature in the CMB are only important at large
angular sclaes, and there are only tiny perturbations for small scales. This indicates that
our Universe was very homogeneous at the beginning, and evolved first linearly and
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then non-linearly to form the present structure. The fact that small-scale perturbations
are small is a direct evidence that the matter of the Universe is formed primarily by

non-baryonic (non-interacting with radiation) collisionless matter.

A useful and broadly accepted hypothesis is that the sole mechanism for generating
these perturbations is the cosmic inflation, in which the density fluctuations are gener-
ated during a period of accelerated expansion of the early Universe by the amplification
of quantum fluctuations [30]. For small perturbations, one can calculate their evolution
through available numerical codes such as CAMB or CLASS [31, 32].

The Planck satellite offers important observations on CMB anisotropies which can be
compared with the power spectrum obtained with the numerical codes to fix the param-
eters described above. The first parameter that can be obtained is (), and is actually
directly measured from the energy of the CMB. By determining its temperature to be
T = 2.7255 £+ 0.0006 K from observations by the Far Infrared Absolute Spectrophotome-
ter (FIRAS) of the CoBE satellite [33], the corresponding value is (), = 2.473 X 10~°h—2.

With the data from the primary CMB, and adding the Planck lensing measurements,
while assuming that the dark energy is a cosmological constant, tields a 68% confidence

constraint on O [3],

Qtor = YO + Q= 1.011 + 0.006. (1.15)
i

And adding experimental data of distance measurements of the baryon acoustic oscil-
lations (BAO), yields the value () = 0.9993 £ 0.0019 [7]. We can then justify k = 0,
which corresponds to a flat universe. This restriction allow us to relate the density pa-
rameters between each other. (), describes the baryonic density, (), the photon density
and ), the neutrino content. In the Cold Dark Matter (CDM) scheme, where we assume
that interactions of dark matter (whose relative energy density is denoted as ();) with
the rest of the species is very small and that the species is non-relativistic, we can predict
the structure formation in the early stages of the universe. With both the assumption of
a cosmological constant, we refer to this scheme as ACDM.

With this assumption, a fit of the parameters (), and ). can be performed with data
from the CMB, combined with measurements from gravitational lensing and baryon
density from big-bang nucleosynthesis (BBN)[7]. The rest of the parameters are ob-
tained from various experimental data such as distance measurements of the baryon
acoustic oscillations (BAO) [3]. Finally, the energy content of the universe is described
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by the following values

Q,h* =2473 x 1072, (1.16)
Quh? = () _m,)/93.04eV < 0.0013,
Oph? = 0.02242 + 0.00014,
O:h* = 0.1193 + 0.0009,
Qa = 0.689 & 0.006,

where h = 0.677 £ 0.004. It is from these values that we state that the ordinary matter,
that is, the elements described by the standard model, conforms only 4.9% of the energy
in the universe, while dark matter constitutes 26.0%, and the remaining 68.9% is what
is known as dark energy. In fact, although galaxy rotation curves were perhaps the
first crucial observations in regards to dark matter, as we mentioned it in the previous
section, in reality the CMB data is the strongest argument for the existance of DM and it

gives a precise measurement of its abundance.

Now that we know for certain that there is a phenomenon that has yet to be explained,
as we mentioned before, the next step to solve the mystery is to propose a solution.
One possibility is to think of the problem of the missing mass in galaxies and clusters
not as a sign of an additional species, but as a problem with the Newtonian gravita-
tional theory. In this regard, the MOND (Modified Newtonian Dynamics) scheme is a
proposal designed to account for the shapes of rotational curves of galaxies and other
extragalactic phenomenology [34], and it has been proven successful at fitting these ob-
servables [35, 36] as well as the baryonic Tully-Fisher relation [37, 38], which empirically
relates the luminosity and the emission line width of a galaxy. However, MOND cannot
completely get rid of the need for dark matter in astrophysical systems such as galaxy
clusters, which comes in contrast with the original idea of MOND solving the missing
mass problem without dark matter. The MOND scheme also has difficulty explaining
structure formation[39], as well as the observed anisotropies in the CMB[40].

We can also consider the solution to the dark matter problem to be a new particle
derivated from an extension of the standard model. First, we must list the requirements
that such particle must accomplish in order to be considered a good candidate for dark

matter.

1.3 Candidates for dark matter

It is said that a proposal is considered a good dark matter candidate when it meets the
following criteria.
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¢ It must account for the relic density observed by the CMB (see Eq. (1.16)). For
some time, standard model neutrinos were considered possible DM candidates,
however it is easy to calculate the total relic density derived from these species
and realize that it cannot account for the observed abundance, thus they were
discarded [41].

e It must be "cold", that is, non-relativistic before the matter dominated era and can
clump and form the cosmological structures we see today. Hot dark matter is
found to be not sufficient to account for the dark matter content of the Universe
[41], but it can be included in addition to a cold dark matter candidate. Alter-
natively, warm dark matter is also a possibility, in which this form of DM exhibits
properties of both cold and hot DM. In these models, the non-vanishing velocity
of the dark matter particle supresses the power spectrum on small scales, which is
consistent with the observations [42—-44].

* It must be effectively neutral, that is, it must interact very weakly with electro-
magnetic radiation to the point that it explains its dark nature. In standard model
terms, it must effectively be a singlet of the SU(3). x SU(2); x U(1)y group, and
many stringent constraints exist in this regard [45].

¢ It must leave stellar evolution and Big Bang Nucleosynthesis predictions unchanged
[46]. Additionally, another cosmological signature that puts strong constraints on
galaxy formation models is the Tully-Fisher relation [47], which correlates the ro-
tation velocity of disk galaxies with its baryonic mass, which can be used to test
cosmological models such as ACDM [37, 48-50].

¢ It must be consistent with current experimental bounds. For instance, bounds on
the DM-nucleon scattering cross section set by direct detection experiments such
as XENONIT [51]. There are also bounds on dark matter annihilation into SM
particles from indirect detection experiments, that involve the measurement of the
surplus of gamma ray flux coming from satellite galaxies [52] and the center of the
Milky Way [53]. Additionally, there are also limits for the dark matter production
at high energy colliders [54, 55].

One of the currently proposed dark matter candidates proposed that must give solution
to the mentioned issues are the sterile neutrinos. These are hypothetical particles sim-
ilar to the SM neutrinos, but without weak interactions (aside from mixing) [56]. Light
sterile neutrinos are ruled out from the CMB experiment (although they can be com-
patible if by some mechanism their presence in the early universe is supressed) [57, 58],
so the stringent cosmological and astrophysical constraints on these candidates come
mainly from the dark matter cosmological abundance and the decay products.



1.4. Our hypothesis: tensor dark matter 13

Dark matter candidates could also come from proposals that targeted other problems
of the standard model, such as axions. These are particles introduced as an attempt to
resolve the strong CP problem [59]. The solution involves the postulation of a global
U(1)pg quasi-symmetry [60], which after being broken spontaneously gives rise to a
quasi-Nambu-Goldstone boson, which is the axion. Although the calculation of the ax-
ion relic density is uncertain and depends on assumptions of its production mechanism,
there are acceptable ranges where axions are able to satisfy experimental constraints on
dark matter, and thus remain a possible candidate [61].

Some dark matter candidates are chosen from popular extensions of the Standard Model.
For instance, candidates from supersymmetry include neutralinos, sneutrinos, graviti-
nos and axinos. For a review of the theoretical, phenomenological and experimental
aspects of some of these candidates, see Ref. [62].

In fact, supersymmetric extensions of the Standard Model predict particles with certain
characteristics that can account for the dark matter relic density, and such coincidence is
known as the WIMP paradigm. This paradigm, which has been by far the most studied
and promising approach to dark matter in the last decades, arose from the observation
that for typical weak-scale pair annihilation cross sections (¢ ~ G2T?, where Gr is the
Fermi constant), for typical freeze-out temperatures (T ~ M/20) and electroweak-scale
masses of the order of 100 GeV’s, the thermal relic density is consistent with the observed
cosmological density. This paradigm is understood only as a coincidence in terms of the
values of the cross sections, and not unique to weak interactions. Usually, candidates
of this regime fall into the structure of existing SM particles, such as fermion, scalar or
vector fields. However, a recent study concluded that from experimental bounds and
searches, WIMPs with these space time structures have not much room left in terms of
mass-cross section range [63].

1.4 Our hypothesis: tensor dark matter

In this work we propose an alternative explanation to the nature of dark matter. We
consider the possibility that dark matter fields have an unconventional space-time struc-
ture. The standard model is a gauge quantum field theory and basic principles (causal-
ity, cluster decomposition, etcetera) require that fields describing matter and energy
transform in the irreducible representations (irreps) of the Homogeneous Lorentz Group
(HLG).

The Lorentz group is defined as the set of transformations that leave the inner product
of four-vectors invariant, that is, they preserve the quadratic form > — x> — y? — z2. Such
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transformations include boosts, rotations and time and space translations. The Homo-
geneous Lorentz Group (HLG) is the group that includes these transformations but leav-
ing out the space-time translations. This is not a connected group, as it is formed by four
disjointed components: the isometry which contains time-reversal transformations, one
for spatial reflections, another that includes both time-reversal and spatial reflections,
and one that preserves the direction of time and spatial parity. The latter, SO(3,1),
which is the subset containing the identity, is also referred as the proper isochronous
HLG.

The proper isochronous HLG transformations are isomorphic to SU(2) x SU(2), that is,
its finite-dimensional irreps are characterized by two SU(2) quantum numbers (4, b).
The subsets of the HLG are mapped one into each other by discrete symmetries and
the symmetries of a free particle include parity. Since the free particle description is
the starting point for the usage of the gauge principle in the standard model, and par-
ity maps the irreps (a,b) <> (b,a), we actually need the free fields to transform in the
representations (a,b) @ (b,a), except in the case 2 = b where the space (4,4) is also
an irrep of parity. The standard model uses only a few of the irreps of the HLG: the
(1/2,0) @ (0,1/2) for quarks and leptons, the (1/2,1/2) for gauge bosons and the (0, 0)
for the Higgs boson. Proposals for physics beyond the standard model mentioned above
use the very same representations (except for a few of them like supersymmetric the-
ories which include spin 3/2 particles in the Rarita-Schwinger formalism such as the
gravitino [64, 65]), thus most of the existing candidates for dark matter have conven-
tional space-time structures.

We explore here the possibility that dark matter particles are described by fields trans-
forming in the (1,0) & (0, 1) representation of the HLG. A field transforming in this rep-
resentation is conventionally described using an equivalent antisymmetric tensor with

two indices, thus we follow the conventional notation and name it Tensor Dark Matter.

This work is organized as follows: In Chapter 2, we review the spinor-like formalism
for fields transforming in the (1,0) & (0, 1) representation of the Homogeneous Lorentz
Group, use it to describe free dark matter and construct the corresponding effective field
theory for interactions with standard model fields in a hidden scenario.

This effective field theory gives rise to interactions between dark matter and standard
model particles inducing transitions such as the decay of the Z° and the Higgs bosons
into a dark matter particle-antiparticle pairs for light dark matter. In Chapter 3 we calcu-
late the corresponding decay widths. The calculation of these transitions are straightfor-
ward and train us in the trace techniques for the matrices in the covariant basis. These
transitions should contribute to the invisible widths of the Z° and H and we obtain the
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first constraints on the mass and couplings of tensor dark matter from the measured
invisible decay widths in this chapter.

With these results in mind, we go forward to the calculation of the most stringent cri-
teria for a dark matter candidate: relic density. In Chapter 4, we describe in detail the
calculation of the relic abundance and obtain bounds on the mass and the couplings of
tensor dark matter from the observation mentioned in Eq. (1.16).

Once we make sure that tensor dark matter can account for the observed relic abun-
dance, we further test our hypothesis against experimental data, such as the bounds set
by direct detection experiments. The principle behind direct detection experiments is
the notion that, if the galaxy contains dark matter particles, they have to pass through
Earth, and we can search for possible signs of interactions between dark matter and
standard model particles. The products of such interaction could appear as recoil en-
ergy of nuclei from, for example, dark matter-nucleon scattering. We give a thorough
explanation of this type of dark matter probe in Chapter 5, where we compare the re-
sults of tensor dark matter-nucleon scattering with current bounds from the XENON1T
experiment [51].

Another source of experimental bounds comes from what are known as indirect dark
matter searches. Indirect detection is a technique that involves the observation of the
products of dark matter annihilations (or decays). Typically, the products that we ob-
serve in this regard come in the form of radiation, of which telescopes and detectors ob-
tain a flux that is proportional to the annihilation (or decay) rate of dark matter. There-
fore, it is natural to assume that if we find an excess of radiation flux coming from the
cosmos, either from the Center of the Galaxy or other astronomical sources, we can set
limits on the annihilation or decay rate for our candidate. In this case, we work with
three main sources. First, the gamma rays coming from the Galactic Center, of which we
describe the flux and its calculation from the tensor dark matter approach in Chapter 6.
In this chapter, we also look into gamma rays coming from a type of stellar object that is
believed to have large amounts of dark matter, called dwarf spheroidal satellite galax-
ies. We go into the details of this signal and arrive to bounds to the mass and couplings
of tensor dark matter.

An additional signal from indirect detection is the cosmic ray antiproton excess, which
is a surplus of antimatter observed in our galaxy and that could be described with the
products of dark matter annihilation. We explain this phenomena and propose tensor
dark matter as a possible explanation in Chapter 7.

As we will see in the course of this work, the main conclusion from the phenomenolog-
ical study of the proposal of a (1,0) & (0,1) space-time structure as a possible frame-
work for a dark matter candidate is that several observables are successfully explained
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with a tensor dark matter particle with a mass M ~ Mpg/2, specifically within the
[62.470,62.505] GeV window and with a scalar coupling to Higgs boson of the value
of ¢s € [0.98,1.01] x 1072. These observables include bounds from Z and H bosons
invisible decay widths, dark matter relic density, direct and indirect detection limits, in-
cluding cosmic ray antiproton excess. This sharp prediction along with the fact that the
leading terms in the interaction Lagrangian are dimension-four, motivated us to explore
a more general construction. In this regard, we introduce the possibility of dark matter
interactions coming from a dark gauge structure, a dark gauge group that includes a
factor U(1), subgroup that mixes kinetically with the U(1)y of the standard model. We
work out the consequences of this idea in Chapter 8.

Finally, the conclusions and perspectives concerning this work are presented in Chapter
9. Additionally, the Appendix includes the traceology of the covariant basis for fields
transforming in the (1,0) & (0, 1) representation, which is used for the calculations per-
taining this proposition.
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Chapter 2

Tensor Dark Matter

The Standard Model (SM) uses only a few representations of the HLG. The Higgs field
transforms in the (0, 0) representation, the gauge fields in the (1/2,1/2) representation,
while the matter fields, quarks and leptons, use the (1/2,0) & (0,1/2) representation.
Proposals for physics beyond the standard model consider higher spin representations
involving gauge fields such as a spinor-vector in the [(1/2,0) ¢ (0,1/2)] ® (1/2,1/2)
representation, used in supersymmetry. However, elementary systems with high spin
(or j > 1) have been difficult to describe in the realm of quantum field theory (QFT).
There are many problems in the construction of a QFT for high spin fields which in the
widely used Rarita-Schwinger (RS) formalism can be traced to the constraints on the RS
field necessary to describe single spin states. In the interacting theory these constraints
are modified in such a way that the theory is inconsistent [66-72].

Aiming to construct a consistent QFT for interacting high spin fields, a covariant basis
for the single spin (j,0) @ (0, j) representation was worked out in Ref. [73], where the
cases of j = 1/2,1 and 3/2 are explicitly derived. The j = 1/2 case correctly reproduces
the conventional basis for the Dirac representation. The j = 1 case corresponds to a
space-time structure that we will employ later in this work for the description of dark
matter, which we will refer to as Tensor Dark Matter. We will describe the formalism
for this representation in this chapter.

2.1 Representations of the Homogeneous Lorentz Group

A Lorentz transformation is a coordinate transformation between two inertial frames
such that x* — x* = AbxV + a#, with a* and arbitrary constant. Such transformation,
by Einstein’s principle of relativity, must satisfy the invariance of a spacetime interval,
in other words

QudxMdx" = g dxtdx’. (2.1)
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Since a* is a constant, satisfying the invariance implies that
gw,AxA‘é = Sup- (2.2)

Taking the determinant of Eq. 2.2, we arrive at the conclusion that Det(A)? = 1. The full
set of transformations A}x" + a* forms a group generally known as the inhomogeneous
Lorentz group or Poincaré group [74]. If we take only transformations with a# = 0, we
obtain a subgroup called homogeneous Lorentz group. From Eq. 2.2 we can also see that

3
Sy AG = 8oo(AD)* + ) guAGAS
uv=1

3
= —(A9)* + X;(Ag)z =800 = —1, (2.3)

V=
which implies that either A < 1 or AJ > 1. With this, it is easy to see that the Homoge-
neous Lorentz Group (HLG) is formed of four components: with Det(A) = £1 and with
A < 1or AJ > 1. This means that the HLG is a disjoint group since, using the transfor-
mations of space inversion (P), time inversion (T) and space-time inversion (PT), we can
chose the proper orthochronous Lorentz group L1, which is the one with Det(A) = +1and
A8 > 1, and the other components would be discrete transformations of P, T or PT of
this subgroup. Therefore, any Lorentz transformation can be written as the product of
an element of the proper orthochronous Lorentz group with one of the aforementioned

discrete transformations [74].

Any representation of the group is defined by the infinitesimal Lorentz transformations,
of the form
A =6 + Wl (2.4)

From Eq. 2.2, taking into account w}, is an infinitesimal term, we find out that it must
be antisymmetric, e.g. w} = —wy,. The corresponding unitary operators are of the form
[75] ,

Ul+w)=1+ %waﬁ]“ﬂ T (2.5)

Since w) is an antisymmetric 4 x 4 tensor, we have (4 x 3)/2 = 6 independent param-

eters, that is, we have six operators [/ that describe the Lorentz transformation. We
typically denote them as two Hermitian three-vectors J, which generates rotations and
K, which generates boosts, which can be written as

1
Ji = 5eije)k Ki = Jio = Joi- (2.6)
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From here, we find that these operators have the following properties

Ui Jj) = i€k, (2.7)
i, Kj] = i€ijKy, (2.8)
[Ki, K] = —ieijJk- (2.9)

This does not form a subalgebra, but we can decouple these commutation relations by
defining two generators

1 1
A= (J+iK), B = (] —iK), (2.10)
which have the commutation relations
[Ai, Aj] = i€k, (2.11)
[Bi, Bj| = €Kk, (2.12)
[A;, Bj] =0. (2.13)

We can see these form two independent SU(2) algebras with quantum numbers j; and
j2, each with 2j 4 1 degrees of freedom. In conclusion, the HLG is isomorphic to SU(2) ®
SU(2), and its irreducible representations are described by two SU(2) numbers. For
example, (0,0) is the trivial representation, which is used to describe scalar fields. We
also have the Weyl representations, (1/2,0) and (0,1/2) which are the typical Wey!

spinors or chiral spinors.

Let us work with the case (1/2,0) & (0,1/2), which is used to describe the Dirac fermions.
For the j = 1/2 case, the generators J and K have the form [74]

_ <T 0), K— (” 0 > (2.14)
0 T 0 —it
1

where T = 50, and o are the Pauli matrices. The matrix form of a rotation and a boost
in this case are
—i]- 0 . . 0
D) =e = cosy — i(o- n)szni, (2.15)

Br/i(p) =el? = coshg + (o - n)sinhg (2.16)
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Here the tag R/ L refers to the (1/2,0) representation (right, R) and for (0,1/2) (left, L).
We introduce parity transformation IT such that the generators transform as

It =y, [IKIT ! = —K. (2.17)

This means that the operators of the subalgebra, A and B transform as

[IAIT ! = B, [IBIT ! = A. (2.18)

This implies that the parity transformation maps from (a,b) to (b,a). If we want our
tields to be invariant under parity, we can only have two forms of representation: same
quantum numbers (j, j) or a combination (j,0) & (0, j). For the Dirac case, with j = 1/2,

the transformations and the corresponding spinor are

_ (Ar(6,¢ O _ [or(p, M)
A(9,¢)—< 0 AL(6,¢>’ ‘I’(p,A)—<¢L(p,/\)>, (2.19)

where ¢,/ (p, A) are the corresponding states of (1/2,0) and (0,1/2), respectively. Par-

ity is defined as
01
IT= , (2.20)
10

and in the rest-frame, ¥(0) is an eigenstate under parity with eigenvalues 7 = =+1,
satisfying the following rest-frame parity projection equation

%(1 +I1)¥(0) = ¥(0). (2.21)

If we perform a boost on both sides of the equation, we arrive at

— Et+op
(E_g,p _’” ) ¥(p,A) =0. (2.22)

o T
It is easy to identify that after some work, we arrive at the well-known Dirac equation,
(Y0 Fm)¥(x) =0, (2.23)

where 7y are the Dirac (gamma) matrices.

One could in principle perform the same analysis for any (j,0) @ (0, /) representation,
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however it results quite complicated for higher spins. Instead, it is more practical in-
stead to work in a covariant formulation where we build a covariant basis for the oper-
ators acting on the (j,0) @ (0, /) representation, which simplifies the work for higher
spins. Such method is studied in Ref. [73], where the the explicit construction for
j=1/2and 3/2is worked out.

Let us display, as an example, the same (1/2,0) & (0,1/2) representation under this
approach. First, we want to build a basis of covariant operators that act on the (1/2,0) &
(0,1/2) space. We obtain the explicit form of the operators by performing the exterior
product of the states in the {|j, m)g, |j, m)1} basis, which provides a basis for the most
general bilinear in the fields with HLG properties. The decomposition of the external
product of states in this basis gives us the representation of the operators of the basis:

[(1/2,0) @ (0,1/2)] @ [(1/2,0) @ (0,1/2)] = (0,0)> & (1,0) @ (0,1) & (1/2,1/2)s.
(2.24)

From this, we identify that the covariant basis for this representation contains

e Two Lorentz scalar operators in the (0,0) representation: the identity operator 1
and the chirality operator 7°.

e Six operators transforming in the (1,0) & (0, 1) representation, which are the group

generators 0y, = %[W,’)’v]-

e Two traceless symmetric tensors transforming in the (1/2,1/2) representation,
identified as 9# and %",

Steven Weinberg, in 1963 [75], studied the general case for any spin j and the generalized
forms of the y matrices and all the necessary ingredients to construct the Feynman rules
of the (j,0) @ (0,) representation. There he noted that the general form of 2(2j + 1)-
dimensional matrix notation of the equation of motion for the fields, after boosting the
rest-frame parity equation, has the form

[7“1’”2""’V2ja;,1a;42 S )+ mzj]\}f(x) =0, (2.25)

where in the j = 1/2 case we arrive at the familiar Dirac equation.

With the complete covariant basis, one can easily find all the possible interaction terms
for the fields in this representation, for any value of j. In this regard, we will use this
method to find the corresponding basis for the (1,0) & (0, 1) representation of the HLG
in the following section.
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2.2 Formalism of the (1,0) & (0, 1) representation

Fields in this representation are conventionally described by an antisymmetric tensor
with two indices and although we will use an equivalent six-component “spinor” {(x),
we call it the Tensor Dark Matter field.

It is important to note that, when one studies the various HLG representations, the
(1,0) @ (0,1) is associated to the antisymmetric Lorentz tensor of second rank that de-
scribes the electromagnetic field, F*Y. Indeed, one can take this approach and instead
work in a tensorial formulation, as can be seen in Ref. [76]. However it turns out to be
much easier to instead think of the field as a 2 x (2j + 1) component spinor, and work
in the same approach as the Dirac fields that were mentioned in the past section. One
can, of course, choose to work this way or with the covariant representation of the fields
and operators such as is convenient. For example, we employ the covariant form when

calculating the traces of the products of the operators in the Appendix.

The QFT for a field transforming in the (1,0) & (0,1) representation including U(1)
gauge interactions was developed in Ref. [77]. We include here the necessary elements
and refer the reader to that work for further details. The starting point is the construc-
tion of the parity-based covariant basis for the (1,0) & (0, 1) representation space which
is obtained as follows.

Any operator in the (1,0) @ (0, 1) representation space can be obtained from the external
product of the basis of (1,0) & (0, 1), thus operators transform in the product represen-
tation with the following Lorentz decomposition

[(1,0) & (0,1)] ®[(1,0) & (0,1)] = (0,0)2® (1,1)2 (1,0) & (0,1) & (2,0) & (0,2).
(2.26)
From this relation we can see that the covariant basis is a set of 6 x 6 matrices containing:

* Two Lorentz scalar operators in the (0,0) representation: the identity operator 1
and the chirality operator yx.

* Six operators transforming in the (1,0) @ (0,1) representation, described by an
antisymmetric tensor of rank 2 denoted by M,,,, which are the group generators.

e Two traceless symmetric tensors transforming in the (1, 1) representation, S** and
xSH.

e A four-index tensor with ten independent components transforming in the (2,0) &
(0,2) representation, C*F1v.
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Summarizing, the covariant basis for the (1,0) & (0, 1) representation of the HLG is
{1, x, 5", xS, MM, CHeF Y (2.27)

The explicit construction of these operators goes as follows. First, the group generators
MM can be obtained from first principles from the representations of the rotations and
boost generators for (1,0) and (0,1) as

M" = K, M7 = ey, (2.28)

where J and K are obtained from a straightforward calculation of the (1,0) @ (0,1) rep-
resentation of the HLG as

T 0 it O
I—(O T) K-(O _Z_T>. (2.29)

Here, T are 3 x 3 representation matrices of the generators of the rotation subgroup in
the basis of well defined angular momentum {|1,m)g} (for the "right" representation
(1,0)) and {|1,m)} (for the "left" representation (0, 1)).

Next, we can also construct the parity operator !, which makes the switch between the

chiral subspaces (1,0) and (0, 1) and has the following representation,

0 I
1= 3 (2.30)
I3x3 O

As it was studied in [73], this parity operator transforms in the (1, 1) representation of
the HLG and is the time component (IT = S%) of the traceless symmetric tensor S*'.

Therefore, we can write this tensor as
SH =TI(g" — i(g M + g% M) — (M, M™}). (2.31)

It satisfies S, = 0 which leaves only nine independent matrices. This is the conven-
tional tensor used in the literature, where in the j = 1/2 case we would have a rank
2j = 1 operator S* = «# and the chirality operator x = 7°.

Next we have the chirality operator y which takes the following form

I 0
x=[ . (2.32)
0 —Izxs

IStrictly speaking this is the parity operator in the rest frame, in other frames parity operation requires
also to change p — —p. In the following we will also call parity to this rest-frame parity operation for
simplicity.
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It is important to note that parity and chirality anticommute

{H/X} =0,

and this is a covariant relation i.e. in general,
{s",x} =0.

For these representantions, the Lorentz generators satisfy

K =ix],
so, with the parity operator, we have the following relations

1LJ]=0
[I1, K] = 2I1K.

The tensor transforming in the (2,0) @ (0, 2) representation, CHvep ig given by

CHveB — 4{ MM, M} + 2{MFY, M"Y — 2{ MM, M"*} — 8(g*g"P — glPo™).

It satisfies the following symmetries,

C‘umxﬁ — Ctxﬁyv — _vax‘B — _Cyvﬁa.
Additionally, it satisfies the Bianchi identity,

CHvep o cHapv o crPve — .

(2.33)

(2.34)

(2.35)

(2.36)
(2.37)

(2.38)

(2.39)

(2.40)

By contracting any pair of indices the tensor vanishes and these symmetries leave only

ten independent components for CHvep,
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The operators in the covariant basis satisfy the following algebraic relations

(M, M) = —i (g7 M*P — g MPE — GBI 4 g M) (241)
[Mgwlsaﬁ] - —j (g}wésvﬁ _ gms}lﬁ +g?‘,35V“ - gVﬁSV"‘> , (2.42)
{M’W, Sa,B} — EHVOﬁXSaU + glﬂ/m"xsﬁm (2.43)
[S#, 58] = —i (g MP 4 g " MM + g P MI 4 g ), (2.44)
4 1 1
uv o qup I ux VB L N 7Y B VA VN 7. B R navpB upva

{S ,S } 3<g 8"’ +g8"g" — 78 ) 6(c +C ) (2.45)
{x,S"} = [x, M"] = [x,C1"*F] = 0. (2.46)

The calculation of cross sections below can be reduced to traces of products of matri-
ces in the covariant basis. First, in the construction of the covariant basis the internal
product (A|B) = Tr(AB) is used and from the orthogonality in the product space we

get

Tr(x) =Tr(S) =Tr (M) = Tr (xS) = Tr (C) = Tr (xM) = Tr (xC)
= Tr (MS) = Tr (MxS) = Tr (MC) = Tr (SxS) = Tr (SC) = Tr (xSC) = 0.  (2.47)

Secondly, the chirality operator satisfies x> = 1, anti-commutes with S and commutes
with M and C tensors which can be used to obtain trace results in a simple way. It can
be shown e.g. that the trace of an odd product of S matrices vanishes. For the purposes
of this work, we will need the traces of the following matrices

Tr (SMM) = Tr (xX*SMM) = —Tr (xSxMM) (2.48)

= —Tr (xSMMy) = —Tr (SMM) = Tr (SMM) = 0.

The trace of the product of SV and M"" can be obtained making use of Eqs. (2.28) and
(2.31),

Tr (M}WM% = 4(ghg'P — gMPg") = 4GP, (2.49)

1
Tr (SVVSD‘:B> — 4 <g}ll)¢g1/‘3 + gﬂﬁgua — zgyl/g“.g> = 4TVV“,B.
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The trace of products with more terms can be obtained using the algebraic relations
above. As an example, we calculate explicitly,

Tr (1S MP7) = Tr ({1, 5 L MP7) — Tr (55 me7)

= Tr ({51, 5%} MP7) — Tr (5% (5, M¥°] ) — Ty (S MP75),

Adding a term Tr (S*¥MF?SH) to both sides of the equation and multiplying by 1, we
have

Tr (SP“’S”‘ﬁMP‘T> - % <Tr ( {SW, S“ﬁ} MPO’) —Tr (5“5 [S”V,MP"])) (2.50)

— 1 ap rquv o0

= —Tr (8 s, "))

- %lTr (S“ﬁ (8157 — gTHSPY + gPVSTH — g"”S"”))

= —2i (gpf‘ TPoV — QUHTRPOV 4 gPVT*PoH ngTaﬁpu) )
The explicit form of other traces needed in our calculations in this work can be found in
the Appendix.

From Egs. (2.36) it is clear that parity under rotations is a Lorentz scalar, but not under
boosts. From these relations it follows that performing a boost B(p) = Exp(—iK - p) to
the parity operator yields [73]

B(p)TIB~(p) = > PuPr _ 5(p), (2.51)

Performing the same boost to the rest-frame parity projection equation

1
S(LETD(0) = $(0), 252)
yields the following condition

(8"9,0, + m*)y(x) = 0. (2.53)

This is the equation that was proposed by S. Weinberg long ago [75], and has the main
drawback that it contains unphysical solutions. Let us note that (S#9,9,)? = (5(9))? =
0*. Then, multiplying Eq. (2.53) on the left by S#V9,,0, — m? gives

(0* —m*)yp(x) =0, (2.54)
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which includes the tachyonic solutions, corresponding to the p? = —m? Poincare orbit.

To avoid this, we can use the simultaneous mass and parity projector

P ()= L2t 255
aP(p) = 5 5 (p" £5(p))- (2.55)

Doing this projection to Eq. (2.52) permits to construct a consistent QFT for tensor dark

matter. Performing a boost yields the new equation of motion
(200" — M?] g(x) =0, (2.56)

where £, = (g1 + Suv).

A suitable Lagrangian can be constructed for this equation of motion given by
L= 9"p(x)E0"p(x) = MPP(x)p(x), (2.57)

where ¢ (x) = (y(x))'TL

The field 1(x) has a mass dimension one, so we could consider self-interactions that are
naively renormalizable, adding to the Lagrangian terms such as (¢y)2. Other terms are
listed in Ref. [77]. We leave this discussion on hold, as for the purposes of this work
we do not employ or calculate observables concerning self-interactions, however it is an
important aspect of the theory that needs to be addressed in the future.

The field and its adjoint are written in the conventional Fourier series form as

3 ’ |
IP(X) = ;/ \/(Zit%[g/\(p)u(n)\)e—zp.x + bj\(p)V(p,)\)eZp'x]

U(p,A)eP* +br(p)V(p,A)e P (2.58)

o dp
i =L [ o)

where U(p,A) (V(p, 7)) is the particle (antiparticle) solutions to the equation of mo-
tion with polarization A, with creation (annihilation) operators, a,(p) (af (p)) and b, (p)
(bj\(p)), respectively. These operators satisfy the commutation relations

[3r(p), 8L (P)] = Gar s [0A(P), UL (P)] = 60y 0pp- (2.59)
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The conjugated momenta ¢ for the fields ¢ are calculated by the usual procedure, given
by
. oL

— _ yom
AL ]
&= oy~ Pl (2:60)

The details of the calculation can be found in Ref. [77], where the final result of the
canonical quantization of the field gives the following commutators between the fields
and their conjugated momenta, for equal time (x{ = x9)
_ _ , J-V)?
[Ga(x1), u(x2)]0, -0 = [Ca(x1), Pu(¥2) ]9, -0 = —1<200 - (21712)500)%5(?61 —X2).
(2.61)

This is the expected result after a classical analysis performed in Ref. [77], where one
finds that the theory only has second-class constraints which can be solved following
the procedure outlined by Paul Dirac in his ancient Lectures on Quantum Mechanics [78].
Additionally, the total energy and total momentum of the field are

3

H= (25) Zpapolaf (p)ar(p) + b7 (p)br(p)], (2.62)
3

b= (25) Zpapilal(p)ar(p) + b7 (p)br(p)]. (2.63)

The charge associated to the U(1) invariance turns out to be

3
Q= P g, s (el (p)ar(p) + 5T ()b (). @64

Contrary to the Dirac theory, for this representation the charge conjugation operator
commutes with the rest frame parity operator, thus the particle and antiparticle have

the same parity. These solutions satisfy the completeness relations

- _S(p+m 5 _S(p+m
LUPNU(pA) == LVAVA=—3p— @6

where S (p) = S pupy.

Following the usual procedure, we find the propagator by obtaining the Green’s fuction
(G(p)) of the wave equation in Eq. (2.56), so that

(00" — M?)G(p) = L. (2.66)
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The solution is

= v _  Alp)
G(p) = P e (2.67)
where S ) 5
— p2 4 2M
A(p) = S) 2?42 . (2.68)

Thus, the propagator for particles in this representation is given by

. . S(p) — p*+2M?
mp) = e — Mt i)

(2.69)

A crucial result of this formalism is that the free field Lagrangian can be decomposed
in terms of the chiral components. First, we use the chiral operator to construct chiral
proyectors that will identify the fields that transform in the (1,0) representation ("right")
and (0,1) ("left").

Po=5(+0,  Pi=5(-2),
¥r = PrY, WL = Pry. (2.70)

As proyectors, Pr and P; have the following properties

Pr+P =T, PrP; =0, P%, = Pgy. (2.71)

The Lagrangian in Eq. (2.57) can then be decomposed in terms of the chiral fields as
follows . 1
L= Eaﬂﬁay% + Eaﬂﬁswayw — M*yrypr + R < L. (2.72)

In the massless case of Eq. (2.72), the kinetic term couples the left and right component,
which means it is not invariant under chiral transformations. This implies that (1,0) &
(0,1) fields cannot have chiral gauge interactions, however vector-gauge are allowed.
In the case of interactions with the SM, these fields can either be SM singlets or only
interact with U(1)y or SU(3)c gauge fields; SU(2); interactions are not allowed. This
is the main motivation for us to consider this type of fields to describe dark matter.

2.3 Effective field theory of tensor dark matter

Let us consider the simplest possibility and describe tensor dark matter (TDM) particle
as a field transforming in the (1,0) & (0, 1) of the HLG. In order to contemplate the con-
sequences of this choice, we must consider the interactions of TDM with the standard
model fields.
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The simplest possibility is for the TDM fields to transform as SM singlets, which means
they do not have standard model charges. This is the most likely case because if the
dark matter fields had U(1)y or SU(3)¢ charges, effects of observables regarding this
property would have already been measured by the numerous experiments available
today. However, if there is more than one TDM field, it can have vector-like gauge
interactions with its own dark gauge group. We will assume a U(1)p structure as the
dark gauge group from now on. The purpose of including this dark gauge structure is
to make it possible to distinguish TDM particles from its anti-particles by providing a
dark charge, preventing their direct decay into SM particles.

We do not know how standard model and dark sectors couple at high energies, but we
can understand the effects at low energy by doing an expansion in derivatives of the
fields. The significance of each term will depend on the dimension of the associated
operator, with the most relevant effects corresponding to the lowest dimension. Since
the dark matter fields are standard model singlets, and in turn all standard model fields
are dark sector singlets, for the interacting Lagrangian to be a complete scalar operator
it must be composed of products of singlet dark and SM operators. The general form of
the interaction between dark and SM fields can be written as follows

1
Ling =Y AndOsmObum (2.73)

where A is an energy scale compensating the dimension 7 of the product of the SM
singlet operators Os)s, composed of SM fields and Opy;, constructed with TDM fields.

From the standard model side, one of the singlet operators we can use is the U(1)y stress
tensor, By, = costw Fyy + sinbwZ,,,, where 6y is the Weinberg angle, and F,,, and Z,, is
the electromagnetic and Z° stress tensors, respectively. This operator is of dimension 2
and under any SU(N) transformation ¢/ (x), it transforms as

B* — U(x)B"U (). (2.74)

Because it is a U(1) operator, it is invariant after such transformation, thus making it a
singlet. Another singlet operator to include is ¢'¢, where ¢ is the SU(2), complex Higgs
doublet. This dimension-2 product is the singlet of the 2 ® 2 = 3 © 1 decomposition of
the SU(2), group, and it is also a singlet under SU(3). and U(1)y.

We can form other combinations for SM singlets, such as operators of the form LOL,
where L is a left fermion and O = {I,v*,~°,y#9°,¢"}. However, these operators are
dimension 3. This and every other combination will have a higher dimension.

In the case of the tensor dark matter fields, with a dark gauge group U(1)p , the low-
est dimension operators we can form that are singlets of the standard model and dark
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gauge groups have the form Oy, where the operator is one of the 36 matrices of the
TDM covariant basis, O = {1, x, S**, xS*, M}, C’“’“ﬁ}. Such terms are of dimension 2,
and taking into account their symmetry properties, we can construct a set of combina-
tions to form the following interaction Lagrangian

Lint = P(gs1+igpx) pd¢ + 1P My B, (2.75)

where g5, ¢ and g; are low energy coupling constants. We will refer to g (g) as the
scalar (parity-violating) Higgs portal constant, and g; as the spin portal constant. The
spin portal term is an effective interaction that couples the dark matter field with the
photon and the Z boson, however, notice that it does not involve the weak charges
because the involved operators are singlets, but the coupling occurs through the higher
multipoles (magnetic dipole and electric quadrupole moments) of the dark matter field.
A (1,0) @ (0,1) field has a magnetic moment that depends on its mass, y ~ g;/M, and
its electric quadrupole moment is proportional to Qr ~ g;/M? [76], therefore the spin
portal interaction between TDM and SM particles will be suppressed at least as k/ M,
where k is the photon or Z% momentum. We also have dimension-4 self-interactions,
which are described in [77]. However, as it was mentioned in the previous section, we
do not calculate observables concerning self-interactions in this work, so we will set
them aside, reiterating that this remains an important aspect of the theory that needs to
be addressed in the future.

After spontaneous symmetry breaking and diagonalizing the gauge sector, we arrive at
the following expression for the interaction Lagrangian

1._ . - . - v
Lint = E1/)(g51 + zgp)()tp (H+ v)z + gt cos Gwl[JMWlPFVV — g¢sin GwlpMngZ?‘ , (2.76)

where H is the Higgs field, v stands for the Higgs vacuum expectation value and F*’,
ZM" are the electromagnetic and Z boson stress tensors. The Lagrangian in Eq. (2.76)
gives a set of Feynman rules that are shown in Fig. 2.1. These rules induce transitions

between the tensor dark matter particles and standard model particles.

We can calculate some of these processes and compare our results with existing exper-
imental measurements in order to set constraints on the constants that characterize the
tensor dark matter effective field theory described above. This proposal was published
in Ref. [79], and the results of following three chapters can be found there. Addition-
ally, the continuation of the work followed with the publication of Ref. [80], where we
present some of the final results of Chapter 4 and the results of Chapter 6.
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k7/1' kJ,/,L
4 = 2g; cos Ow M*"k, A = —2g¢sin 0w M*" k,,

FIGURE 2.1: Feynman rules from the leading terms in the effective theory.
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Constraints from Z and H invisible
widths

The Lagrangian in Eq. (2.76) indicates the possibility of annihilation of tensor dark mat-
ter into standard model particles such as DD — ff, vy, WTW~—, 2°Z% HH, 7%y, H,
ZH, under appropriate kinematical conditions. The decays Z° — DD and H — DD
are kinematically allowed for light dark matter (M < Mz/2 and M < Mp/2, respec-
tively), which could contribute to the invisible Z° and H decay widths, respectively.

The invariant amplitude for the Z°(k,e) — D(p1)D(p2) decay is calculated as follows
—iM = 2gtSwU(p1,/\1)ijkyV(p2, Az))ey (k), (31)

where Sy = sin 6. The averaged squared amplitude, using the completeness relation
in Eq. (2.65), is obtained as follows

_ 1 kM k™
| My_ppl* =Mz = 2(28:Sw)*( — " +
L Mz, 3@gsw? (=" + 1)
S(p2) + M? v (S(p1) + M?
(S o (S ]
4 S + M? S + M? k. k
:gg:tzS%vTT |: (pEZ\/IZ MM (pé)]\/jz M“ﬁ:| kvkﬁ(_gya + i éx)
(3.2)

Using the results of the traceology of matrices in the (1,0) & (0,1) space (see the ap-
pendix), yields the following decay width

_ 252
(2’ — DD) = zifm\v/vﬁ (M2 — 4M2)3/2(M2 + 2M2). (3.3)
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The invisible width of the Z° boson, that is, the width of the decay into undetected
modes is Fé’;z;,(Z) = 499.0 £ 1.5 MeV, reported by the Particle Data Group [3]. This
value includes the decay to v7, which can be calculated as follows

7

M2 — 4m2, = My _ V2GeMy

247102 Vi 8me?  8m

NZ° = ow)=Y T(Z° = vy) =) U M

l (3.4)

where we have neglected the neutrino masses and used the unitarity of the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix (or neutrino mixing matrix) elements. The Par-
ticle Data Group value for the Z boson mass is Mz = 91.1876 + 0.0021 GeV and the
most precise measurement of the Fermi constant (reported by the y — Lan collabora-

tion) is Gr = 1.1663788(6) x 107> GeV 2 [81]. Using these values, we obtain
I'(Z° — 7v) = 497.64 +0.03 MeV. (3.5)

We subtract this quantity from the reported value for the invisible width to get the con-
straint [(Z — DD) < T'ie = Fé’;z;,(Z) —I(Z — ) = 14+ 1.5 MeV. The Z boson
decay width into TDM depends on the coupling ¢; and the dark matter mass M, thus
we can constrain these parameters to the region shown in Fig. 3.1. Explicitly, the upper

limit for the value of g; is written as

(1.4)247tM*

= ((M% —AMP)32(ME + 2M2)) 71] v (3.6)
w

gté[

In a similar way, the decay H — DD yields the following invariant amplitude

iMy pp = vV (p2) (gl + igpx)U(p1). (3.7)

Then, the average squared amplitude is

1 S(p2) + M? . S(p1) + M? ,
AAZA My ppl* = 3UZT7[((P€)MZ) (gsI +igpx) (%) (gsI+ ng)()}
A VAYA

(3.8)

02

— o (g3(6M* — 4M2ME, + M) + g M (MF, — 4M7)).

Which gives the following decay width,
— ZJ2

[(H = DD) = o[ My — 4M2 (82 (M (M} — 4M2) +6M* ) + g2M% (M — 4M) .
H
(3.9)
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The Higgs decay width into TDM depends on the mass M and the coupling constants
gs and g,. The invisible Higgs width has a reported value of I'/’ = 1.14 & 0.04 MeV
[82, 83], for which the contribution of the v7 channel is negligible. Fig. 3.1 shows the
constraints on g, ¢, arising from the contribution of the Higgs decay into TDM to the
invisible Higgs decay width. The solid lines are the central values and the shadowed
regions correspond to one sigma regions. We can see from a broad review of the results
that the coupling of the spin portal g; can be larger than the Higgs portal constants
gs Or gp, by at least one order of magnitude. As a first approximation, for illustrative
purposes, if we assume that g; ~ ¢, the constraint is given by

1.14)167TM2 M* /2
g~ gy < [( ) H (\/MQM‘*—ALMZM%{JFM}&)) } . (3.10)

02

0.100+

0.010}

0.001}

91.9s:9p

1074

— g; consistent with ['(Z-DD)<I"s"
— g5 with g,=0 consistent with [(H->DD)<I"}"
1075 — gp with gs=0 consistent with I(H-DD)<I}" -

gs=9gp consistent with I(H->DD)<IY

10°¢ ‘ ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50 60
M (GeV)
FIGURE 3.1: Parameter space for g;,¢s and g, consistent ['(Z — DD) <
[0 = 14415 MeV and I'(H — DD) < T = 1.14 £ 0.04 MeV for
M < My /2. Solid lines correspond to the central values of the invisible
decay widths, and the shadowed region stands for the 1 value.






37

Chapter 4

Tensor Dark Matter Relic Density

The early universe was hot, dense and radiation-dominated, a condition in which the
rate of interactions between the particles was much larger than the rate of the expansion
of the universe, and this energy exchange between the particles caused them to have a

common average temperature, something that is known as thermal equilibrium.

As the universe expands, the average temperature decreases and the interactions be-
tween particles do not occur fast enough, which makes the different species cool down
and the conditions for thermal equilibrium are no longer achieved. It is said that the
species decouple when their rate of interaction is not large enough to compete with the
expansion rate of the universe. This is a crucial step in the formation of new elements.
For example, the formation of hydrogen due to the recombination of electrons and pro-
tons that have decoupled. The information of when and how this step occurs is given
by the evolution of the comoving number density of the species. The species that de-
coupled continue travelling through the universe, its rate of interactions getting lower
as the universe expands and cools down further, and the density of said species that
remains today is called relic density.

As we have mentioned in Chapter 1, the dark matter relic density is measured from the
data of the CMB and is one of the most stringent properties that dark matter candidates
need to account for. In this sense, we want to calculate the relic density for Tensor Dark
Matter to then compare it with the measured value. To obtain it, we must solve the

Boltzmann equation for this species.

4.1 Boltzmann equation

The Boltzmann equation relates the time evolution of the number density with a func-
tion that is related to the interaction rate of the species. We can write this equation in

operator form,

L[f] = C[f], (4.1)
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where f is the distribution function of the species, L is called the Liouville operator and
C is the collision operator, which is related to the interaction rate. We will proceed to
describe each operator.

The Liouville operator is the time derivative that includes the phase space evolution,

which can be written in covariant form as

0 0
I — pzxW _ I’g’ypﬁp“rwl (4.2)
where p is the momentum and I’% , Is the second kind Christoffel symbol, and the metric
used to describe our universe, which is isotropic, homogeneous and expanding, is the
Friedmann-Lemaitre-Robertson-Walker (FLRW) metric (we refer to Chapter 1 for the

expressions of I's, and the metric).

Employing the FLRW metric, the Liouville operator acting on f(E, ) is

LIF(E, 1] = B f(E 1) — N IPP os F(E, ). 3)

Integrating the Eq. (4.1) over the phase space, and dividing by the energy of the system

E, we obtain X X
¢ [ Faam LB =5 [ FbsClAE D)

3 3
8/ (5753 [aatf(Ef t) - ;Iﬁ!zaaEf(E,t)] =g/E(dz7r;)3CLf(E,t)]. (4.4)

Working on the left side of Eq. (4.4), using the fact that the number density in terms of
the distribution function f(E, t) is

3
n(t) =g [ Gl (B @5)
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we get
3
§ | b [ AED — aglil f(E»)}

0 R & 50
g[at/( D = 7 | Eamp P 5/ )
377(0) =85 [ Gyt = B

_ ;tn(t) + 3§g/ E?fj)f”(ﬁz — )2 f(E, 1)

0 R d?
= 50 +38 [ G fED

= a(t) + 3§n(t)

_4d(R3n)
3
R T

Therefore, Eq. (4.1) can be written as

STZ 3
R3d(1§lt ) :g/ Eé£)3c[f(E,t)]. (4.6)

We can assume that the only process that is involved in the evolution of the abundance

of a species is the annihilation with its antiparticle, and the inverse process, which can be
expressed as 1+ 2 <— 3 +4, where we are interested in the production and annihilation
of the species 1 and 2. The right side of Eq. (4.4) can be written as

g/ Eg£)3 S /dH1dH2dH3dH4(27r)4(54(pl +DP,—Ps— Py)

X [|M‘%+2—>3+4f1f2(1 + f3) (1% fa) = M g0/ fa(1£ f1)(1 if2)}, (4.7)

d3p
2E;,270)3"
P;, f; stand for the momentum and distribution function of particle "i", and |M|? is the

where the + sign corresponds to a boson/fermion, respectively, and dIl; =

invariant amplitude of the process. We can consider that the process is time reversal
invariant, in a way that

IMI3y034a = IM3rg100 = IMP (4.8)
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Rewriting Eq. (4.7), we have

3
2 / Ed P__CIf(E,1)] / ATLATLATTdT L (277) 464 (P, + P, — P3 — Py)

< [MP|fifa(1£f) (1% fi) = il = A) 1 £ fo)]- (49)

In absence of Bose-Einstein condensation or Fermi degeneracy, the term (1 + f;) ~ 1.

Thus, we write,

g/ E(d;;z)?’c[f(E, t)] = — /dnldedH3dH4(2n)454(pl +P—P;— P4)

x | M[? [flfz —f3 f4]. (4.10)

It is a good approximation to consider thermal equilibrium for the product species (3
and 4) [30], so we can write f3 and f4 as Maxwell-Boltzmann distributions. The delta in
Eq. (4.10) indicates energy conservation, i.e. E; + E; = E3 + E4, thus

fafs = ( (3— E3)/T)(e(;44fE4)/T) ﬁ> (e*(El+Ez)/T)(6(143+144)/T)_ (4.11)

The number density in equilibrium for any species is written as

O _, [ PP ks
n; _gl/(27-c)3e . (4.12)

We can then rewrite the term f; f» — f3f4 in Eq. (4.10) as follows

5 nn nsn
fifo—fafs —e (El+Ez)/T[ (0; ?0) — (0“;’ ?0)]. (4.13)
nyn, N3 1y

We can replace this term in the right side of Eq. (4.10), which yields

[Z);”fo)— ”3”4 / AT, dTTodTT3dT T, (277)*64 (P + Py — P — Py)e (BLPE/T M2,

Tll 7’12 1’13 1’1
(4.14)

Recall that the cross section has a similar form to the one above. It is written as

1
o= m /dng/dn4(27-[)4(54(p1 +py—p3 — P4)|M|2, (4.15)
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where the flux is defined as follows

nin
Flux = EiEz \/(P1 ‘Py)2 — M4 = 4\/(P1 - Py)%2 — M* = 24/s(s — 4M?). (4.16)

The relative velocity is defined as [84]

\/(Pl'Pz)z—M4 . \/|’01—’02|2—|Z}1X022

o _ 417
rel (pl ) Pz) 1— 010y ( )
We can write this velocity in terms of the flux,
"1,)2 — M2 —AM2
oy — Vp1 p2)2—M* \/fs(s—4M2)  Flux @18)

(p1-p2) - s—2M?2  2(s—2M2)’

In the non-relativistic limit, 1 — vy - v = 1 and p; - p» = E1E;. This way, v, = v, =
|01 — 2], thus we can rewrite the flux in terms of the velocity

nn
Flux = EiEz V(P P2 — M = 4,/ (P P,)? — M* = 4E Epo, (4.19)

At the time of decoupling, the dark matter is non-relativistic [27]. This is consistent with
data on dark matter relic density extracted from precision measurements of the cosmic
background radiation [3, 85]. Since we are interested in the decoupling of dark matter,

we can work in this limit to write
ov = Z(S—ZZ\/IZ/dH3/dH4 27t)*6* (p1 + p2 — pa — pa) M| (4.20)

4E1Ez /ng/dH4 27[)454(P1+p2—p3 p4)|M]2

Additionally, we can perform the average of cv over the initial states, which yields

3
(00 /81d P1 gzd Pz (4.21)

Replacing Eq. (4.20) in Eq. (4.21), we obtain

(o0) = 3182 / AT AT dTT3d 1, (277)464 (P, + Py — Py — Py)e~ BHED/T| M2, (4.22)
7’11 n

which evidently is the right side of Eq. (4.10).
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Using the expression in Eq. (4.22) in Eq. (4.6), we have

_,d(R3%n) (0). (0) niny N3Ny
3 _
R 7 (ny 'ny )<m]>[ngo)n§0) néo)nio) (4.23)

The temperature is inversely proportional to the scale factor, T o R, so if we define a

new quantity
n
ﬁ 7

and we consider that particle and antiparticle are found in the same proportion, that is,

Y

(4.24)

n1 = ny, Eq. (4.23) becomes an equation of Y. Since we are assuming that the species 3
and 4 are in equilibrium, i.e. n3 = n4 = ngg, we can write Eq. (4.23) as

ay

= = —Tov) [YZ . YgQ}, (4.25)
where Yrg = T31(%, and n() is the number density of the species in thermal equilib-
rium. It is convenient to use the variable x = M/ T, which defines an approximate scale
of the temperature. Progressively, the universe cools down and the value of x increases.
We can then express the time derivative as

dy  dYdx _dY H(M)dY
where H(M) comes from the definition of the Hubble parameter H,
3 3
H= \/SN(S;NP - \/8” ;Ng* T2 = | /B ONE 9GONg* M2x~2 = H(M)x 2. (4.27)

Here, Gy = 6.70861 x 1073GeV 2 [3] is Newton’s gravitational constant [3], and g, =
2+(T) stands for the relativistic effective degrees of freedom, which are dependent on
the contents of the universe and the temperature,

S A R T VR

i=bosons,m;<T i=fermions,m;<T

Finally, we can write Eq. (4.25) as

Y — AMX) .o 2
L=t (-l (4.29)
where we define A(x) as
3
A(x) = Moo (4.30)
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This is a complicated equation but we can solve it numerically, by matching the solu-
tion Y(x) with Yy, (x) at high temperatures (i.e. x << 1) as the initial condition. In
order to solve it, we need to calculate (0v,). It is a good approximation to perform a
non-relativistic expansion of (0v,) keeping only the leading terms in the expansion in
powers of v, << 1. This expansion requires the calculation of the flux for dark matter
particles in the thermal bath, which can be written as [86, 87]

F=4y/(p1-p2)? — Mt =2(s — M), (4.31)

where the Mandelstam variable s = (p; + p2)? is related to v, as

s = 2M? (1 + ) = AM? 4+ M?0% + ... (4.32)

1
V1 —v?

The cross section ¢ is a function of s, which means we can expand this function in terms
of v, as
v, = a+ bv%. (4.33)

We can perform the thermal average, which yields

(0v,) =a+ %b (4.34)

With this approximation in mind, in the next section we will calculate the coefficients
a and b of the annihilation cross-section of Tensor Dark Matter. Once we find these
coefficients for all involved channels, we can then use it to calculate the dark matter
relic density.

4.2 Annihilation of tensor dark matter into a fermion-antifermion

pair.

As a first case, for non-relativistic and light tensor dark matter, the channels that are
kinematically allowed are DD — ff for fermions with m; < M and DD — 7.

The contributions to the process D(p1)D(p2) — f(p3)f(ps) are shown in Fig. 4.1.
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FIGURE 4.1: Feynman diagrams for DD — ff.

(/]
i

The corresponding amplitudes for each contribution, derived from the rules shown in
Fig. 2.1, are given by

. . m _ ~ .

—iMy =i (p3) 0 (pa) V (p2) (gs] +igpx) U (1),
H

. 4QrgtMwSwCw _ _
—iMy = = =B G (2) 30 () V (p2) Mys (1 + p2) U (pr), (4:35)

, MzSw _ _
—iMz = SRS () 9" (A + Bys) 0 (pa) V (p2) Mys (11 + p2) BU (o).

VA

Here, Cy = cos 0w, Qf is the fermion charge in units of the proton charge ¢, and A 7 Bf
are factors related to the corresponding fermion weak isospin Tf , defined as

Af =2T] —4QS%, By = —2T}. (4.36)

For illustration purposes, the average squared amplitude for the Higgs portal contribu-

tion is 5
1 m
Ml = 5 ;MHML - 9(5_{”%{)21?;’[(11/2 —mg) (g + mp)] %
S(p2) + M? , S(p1) + M? ,
(S et igop) (P (01 1 igr)] (437

We can calculate this quantity making use of the traceology that can be found in the
Appendix, and similarly for the rest of the contributions. For the complete process, the
calculation yields the following average squared amplitude in terms of the Mandelstam
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variables
__ siMiSy
IM*v2(s — M2)
+BF2M* — M?(s + t +u) — %)) + (A} + BF) (16M® — 4M°(s + 4(t + u)).
+AMA (4 u) (s + t4u) + M (4% — 25(82 + u?)) + 2 ((t — u)? — 5%))]
8AfCwQrgtMwMzS,
IM*sv2(s — M%)
= AMO(s +4(t+u)) +AMA(t 4+ u) (s + t+u) + M>(4s® — 25(£2 4+ u?)) + 52 ((t — u)? — %))
4Afm%gsgtMZSW

N
(Mgl =

S[4MP (A% + BR)mit (4M? — s) + dm7.(4M? — ) (AZM? (2M? + 5 — t — u),

[AMPm3 (4M? — ) (2M? +5 — £ — u) + 4m} (4M* — M?s) + 16M°.

16Cwm3QrgsgtMwSw
4 2 2 s2M? —s)(t —u) — f: s8-8 >
IMo(s — M3;) (s — M%) IM*v(s — mg;)
16CZ,Q3¢7 M2, 52,
T S UM (M — ) (2MP s — £ — ) - (4ME — Ms).
A+ 16M8 — AMO (s +4(t + u)) + AMA(t + u) (s + t + u) + M>(4s® — 25(t> + u?)) + s2((t — u)? — %]
2
L S
IMA (s — M3,)?

(2M? —s)(t — u)

(s — 4m3)[g5s(s — 4M?) + g2 (6M* — 4M?s + )] (4.38)

We obtain the cross section for DD — ff by integrating the final state phase space of
the average squared amplitude. It is easy to identify the individual contributions from
the Higgs and Z bosons and <y exchange, as well as the Z° — + interference:

1 \/@ m% (s—4m}> (gl%S (s —4M?) + g2 (6M4—4M25—|—52))

7r(5) = 72niM4/s  F (s — M2,)>

2g2MEShs (s — 4M2) (2M2 +5) (2 (A2 —2B2) mi? +5 (A2 + B2) )
* 302 (s — M2)?

32CH, Q3G MR 53 (5 — 4M2) (2M2 +5) (2m2 +5)
+

i
3v2%s
164, CyyQyg? MMy} (s — 4M2) (2M2 +5) (2m2 +5) -
B 32 (s — M2) (.39)

The H — Z and H — < interferences vanish after solving the integration of phase space.
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4.3 Tensor dark matter annihilation into two photons

This process is induced by the dark matter exchange in the t and u channels, shown in
Fig. 4.2. The corresponding amplitudes are given by

, 2¢2C2, S(p1 — p3) — t +2M? . ,
—iM; =i %ZWV(pz,Az)Ma,s (P f3’_)M2 My U(pr, A1) pinP (pa) phe’ (ps),
(4.40)
, 287Ch, S(p1— pa) —u+2M? . ,
—iMy =i g](/IZWV(le )\Z)M;u/ (Pl 542 M2 MM;U(}?1,/\1)}941’]‘B(}74)Pg€ (PB)

(4.41)

The average squared amplitude is given by

(Mo |* = (%)2 Ir [WWWWW o | PPAPEPS,  (442)
where
Tupp = Ma/ss(pl = f 3_) ;45 oM My, + MWS(p L. Z 43 ;/ILZ’ +2M° My,  (4.43)
Tugp = My L= fg’_) o 2ME s+ My S P Z‘*ﬂ - M\ (4l
D ==p— "\ 7 D —>— 0%
¥ ¥
D =——" "= D —>— v

FIGURE 4.2: Feynman diagrams for DD — 7.

Performing the calculation using the traceology relations in the appendix yields
2Cst

IMSB (t — M2)? (u — M?2)

+ (tu)? (42M8 — 76MPs + 33M*s? + 4M?s® + 254)

M2 = . [6(tu)4+2(tu)3 (—13M4+11M25+252)

+ 2M?tu (—15M10 + 43M8s — 44MP®s? + 17M*s® — 6 M?s* + 255)

+ M (8M12 — 32M0s + 51M8s? — 40MPs® + 25M%s* — 12M2s° + 256)} )
(4.45)



4.4. Tensor dark matter relic density 47

which results in the following cross section

2
120M* (4M4 — 3M?2s — 252) tanh~1 /1 — %

1 Cist

0. S) =
7 (5) F1_ a2 5407t M8
4 2
+sy/1— % (—101\/16 1 228M*s — 99M2s? + 4353)] . (4.46)

4.4 Tensor dark matter relic density

4.4.1 Non-relativistic expansion
Performing and expansion of the DD — ff and DD — 7y cross sections in terms of v,

as mentioned in Section 4.1, we get

Oy = 00 + ZO’for = a+ bo?, (4.47)
f

where the sum runs over all the fermion states that are kinematically allowed, i.e. for
my < M. As seen in the previous sections, the coefficients 2 and b turn out to be

3

2

_aachgt o Nt (M2 )
18M?>  Z127M3 (M — 4M?)

) 35Ckgt | v Nf /M2 — ( 96M*¢? M2 S2, ((AJ% . 23;) %+ 2M2 (A} + BJ%))

= 2167M2 86471 M5 02 (M2 — 4M2) 2
(4.48)
1924 M2Ci Qg MMz S5, (% + 2M2) N 96C3 Q2P M3, S (m? +2M2)
2 (M2 — 40D0) 2
6M2m2 (8g2 (4M2 — ME) (M2 —mi2 ) + g2 (—8m3 (M2 — M) — 11M2M3, + 20M* )
(M2, — am2)°

- OMPmlgl <4M2 - 5mj%>
(M}, —4M?) 2 '

with Ny = 3 for quarks to account for each color and Ny = 1 for leptons.

The Higgs and spin portal contributions to (cv,) = a + & are shown in Fig. 4.3 where
we show the Higgs and spin portal, as a function of the couplings for M = 10 and 45 GeV
and x = 20.
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FIGURE 4.3: Individual contributions of the spin portal (g = g, g =
gp = 0) and the Higgs portal (¢; = 0, gs = gy = &) to (0v;). Similar
results are obtained in the second case when varying independently g or

8p-

Using Eqs. (4.34) and (4.48), we can solve the Boltzman equation (4.29) numerically
for different values of g, ¢s and g,. The solutions are shown in Fig. 4.4. We can see
that, at some value x = xy, the solution Y(x) departs from the equilibrium solution
qu(x), which is when it is said that dark matter decouples from the cosmic plasma in
the non-relativistic regime, i.e. x >> 1.
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FIGURE 4.4: Solution of the Boltzman equation for the spin portal (left)
and Higgs portal (right). Similar results are obtained in the later case
when varying independently ¢s and g,. The solid line corresponds to

Yeq(x).

The dark matter relic density is given by

Qpm = pom/pe = M(2% Y(To)) T3/ pe, (4.49)
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where p. = 2 = 1.05371(5) x 107K GeV/cm® = 8.09619(38) x 10~7h? GeV*
is the critical density, where h is the renormalized Hubble parameter such that H =
100 h km s~ Mpc, and Ty = 2.7255(6) K = 2.34865(52) x 10713 GeV is the temperature

of the cosmic background at the present [3].

In order to obtain the dark matter relic density we need to solve the Boltzmann equation
(4.29) and evaluate Y(xg = M/ Tp). This can be done using the numerical solution and
evaluating for specific values of the couplings and M, scanning the parameter space
consistent with the measured relic density. This can be complicated due to the form of
(ov,), and it is more illustrative to follow a semi-analytic procedure, taking into account
the freeze out mechanism. For x > x fwe have that Y(x) >> Yeq (x) and we can find an
approximate solution by neglecting Y, (x) in the right hand side of Eq.(4.29). Integrating
from Tf to Ty, we get

1 / (ovy) (4.50)
Y(xo) xf 87T3GN \/g*ix2 .

We can neglect the term Y (xf)~! in Eq. (4.50) which is very small compared with the

second term in the left hand side of Eq. (4.50), to obtain the relic density

—1 -1
2TSh? 87T3GN (ovy) (ovy)
Qpmh?® = N N9 gx)] = 4337x107 1 Gev 2 / ST
oM Pe 5 V/8x(x)x? Ve (0)x?

(4.51)

Notice that the relic density depends on the couplings (g1, g5, §p) and M. We may use
the complete function g.(x) but our results are quite similar if we use the average over
the range of energies considered, §. = 33.

We only need the value of x. For that we need to understand when freeze out happens.
Rearranging Eq. (4.29) in the following form

x 4 A(x)Yeq (x) x
qu(x)dz:: e [(;::(;3))2_1}/ (4.52)

Ax)Yeq(x)

we can see that the factor =

decreases as x increases. Eventually, the value of this

factor is small enough that Y(x) becomes a constant. We can consider that this change
A(x)Yeq (x)

X 8()

- ~ 1, in other words, when

happens when said factor

neq(xf)(oor) (x5) = H(xy). (4.53)
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Using the non-relativistic form for n,,(x) and Eq. (4.34) leads to

6b _ (27r)3 |GNg*(xf)
- Xf
(“ xf) Ve 3M 90 (454)

The value of xf depends on the coupling constants and M, which means that we can ob-
tain a set of values of g and M that, after numerically solving the dark matter relic den-
sity, are consistent with the observed value Qg&hz = 0.1193 = 0.0009 [3]. We checked
that these solutions are consistent with the approximations used, i.e., that decoupling
occurs when dark matter is non-relativistic. In the case of the spin portal contribution,
the values of x; lie in the range 23.8 < xy < 27.9, thus xy >> 1 is consistent with the
non-relativistic approach. The set of values g;(M) obtained is shown in Fig. 4.5. We also
directly calculated Y (x) from the numeric general solution of the Boltzman equation for
the set of values g;(M), using Y (x) = Y¢;(x) for x << xy as initial condition, finding
that 1/Y(x¢) is small compared to 1/Y(xo) in Eq. (4.50). A similar procedure is used for
the two couplings of the Higgs portal.
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FIGURE 4.5: Values of the couplings consistent with the measured dark
matter relic density, Qg&hz = 0.1193 4 0.0009 (solid line), as a function
of M. The shadowed region in the left panel corresponds to the values
consistent with the Z invisible width, T'(Z° — DD) < I'’® = 14+
1.5 MeV, for the spin portal. These constraints exclude masses below
43 GeV for the spin portal. In the right panel, the shadowed region are
the values consistent with the constraint I'(H — DD) < 1"’;}” =114+
0.04 MeV for the Higgs portal, where masses below 62 GeV are excluded.

For the Higgs portal, we obtained results for g, = 0 varying gs and gs = 0 varying g,
and similar results are obtained varying both couplings simultaneously. We conclude
from Fig. 4.5 that, for the spin portal, consistency of the measured relic density with the
constraints from data on the Z° invisible width (see Section 3), requires that the TDM
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mass M > 43 GeV. In a similar way, for the Higgs portal, consistency between the relic
density and H 0 invisible width constraints requires a TDM mass M > 62 GeV'.

4.4.2 Complete calculation

Although the non-relativistic expansion of the cross-section used previously is a good
approximation for the calculation of relic density, this procedure can fail in the presence
of resonances [88]. The extent of this discrepancy depends on the mass and width of the
resonance. As we will see in the following chapters, for the purposes of our work it is
important to take a deep look into the region containing the Higgs resonance. As such,
we need to perform the complete calculation of relic density for the mass range around
this point, that is, in the vicinity of M ~ Mg /2.

In this case, we are interested in the case of g; = 0, g, = 0, since the resonance is present
in the terms of the cross section with g;. We can also perform a similar analysis with the
79 resonance, but as we will discover in subsequent chapters, the value of g; turns out
to be heavily limited by direct detection experiments, so we will skip this calculation in
this work.

The complete calculation of the dark matter relic density involves the full thermal aver-
age cross-section (0v,)(x) for the annihilation of TDM into SM states. For M ~ My /2,
dark matter annihilates only into ff, 7y and Z%y. The annihilation of TDM into the
last two final states vanishes when g; = 0 at tree level, however in the presence of the
M ~ My /2, the additional one-loop transitions offer sizable contributions (see diagram
in Fig. 4.6). The Hyy and HyZ three-point functions have been previously studied in
the literature (see Refs. [89-91]). In this case, we need to take into account the following
effective interactions

Lefr = H[Gyy F' Fyy + Gzo M 7], (4.55)

where G,,, Gz, are the respective form factors. We can normalize these factors from a
phenomenological approach, by doing G, = %, Gz, = %. We use the measured
branching rations BR[H — 7] = 227 x 1073, BRlH — Zv] = 1.53 x 1072 [92], to
obtain the couplings g,, = 1.91 x 1073, gz, = 3.30 x 1072, which correspond to the
on-shell momentum form factors. This approximation is justified since we are working

in the resonant case.
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FIGURE 4.6: One loop contributions induced by the scalar Higgs portal
to tensor dark matter annihilation into -y and Z%.

The DD — <, Z% process via the scalar Higgs portal produces the following cross-
sections:

B §2.,820%s% (6M* — 4M?s + 5?)
288 MAMZ, (s — 2M2)[(s — MZ,)2 + MZ T2,
8%.,850%(s — M%) (6M* — 4M?s + 5°)
T 1447MAM2, (s — 2M2)s[(s — MZ)2 + M2 T2,

(00r) gy (4.56)

(00;)zy (4.57)

We include these in addition to the DD — ff transition discussed previously to calcu-
late the complete thermal average cross-section numerically. Our results are shown in
Fig. 4.7, where we can see that even for values of M far from the resonance there are
clear differences. Near the resonance, the deviation from the non-relativistic expansion
goes far enough that it extends to the non-relativistic regime (x >> 1), so it is clear that
we need to use the complete calculation in order to obtain the relic density.

M=62.545 GeV

M=62.55 GeV__
M=62.53 GeV -

M=50 GeV -

10716 L 1 " 1 n . L
1 1000 108

x=M/T

FIGURE 4.7: Thermal average cross-section (solid) and comparison with
the non-relativistic expansion (dashed), for different values of the TDM
mass.

The complete function (0v,)(x) was used to solve the freezing condition and the Boltz-
mann equation in a similar way to what was performed in the previous section, where
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we use the program Wolfram Mathematica to find the freezing temperature x from the
condition in Eq. 4.54 and solve the integral in Eq. 4.51 numerically. The freezing temper-
ature obtained is around x =25, similar to the non-relativistic expansion calculation.
The obtained values of the coupling g; and the dark matter mass M that are consistent
with the measured relic density are plotted in Fig. 4.8. We then compare these values
with the constraint from the invisible width of the Higgs boson found in Chapter 3, and
the results are shown in Fig. 4.9. In this case, the lower limit is reduced when using
the full calculation of the relic density, excluding masses below 58.9 GeV for the scalar

Higgs portal.
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FIGURE 4.8: Values of the coupling gs and TDM mass M consistent with

the measured relic density near the Higgs resonance obtained without

the v? expansion (continuous line). The dashed line corresponds to the

conventional calculation via the non-relativistic expansion of the cross-
section.
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FIGURE 4.9: Values of the scalar Higgs portal coupling g consistent with
the measured dark matter relic density, Q51 h% = 0.1193 & 0.0009, us-
ing the non-relativistic expansion (dashed red line) and the complete
calculation of {0v,) (solid black line), as a function of M. The shad-
owed region represents the values of gs; consistent with the constraint
I'(H — DD) < I'"™ = 1.14 & 0.04 MeV for the Higgs portal. Masses
below 58.9 GeV are excluded considering the full consistency with relic
density and the invisible width limit.
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Chapter 5

Direct Detection Limits for Tensor
Dark Matter

Let us part from the idea that the galaxy may contain a dark matter halo. We can then
assume that, in the case of WIMPs, the flux of these particles arriving on Earth, as-
suming they have a velocity around ~ 300km /s and with a standard density ppy =
0.3GeVem ™3, is of the order of ¢ ~ ppy X (v) /M ~ 10°(100GeV/Mpy)em—2s~1 [93].
This is potentially a large enough flux that, even if the interactions with SM particles are
feable (e.g. smaller in order than the weak scale (0v) ~ 10726cm~3s71), the scattering
off nuclei found in its way may produce a measurable signal [94]. The elastic scattering
of nuclei will cause nuclear recoils, which then can be measured by low background
detectors. This is the basic principle behind dark matter direct detection experiments. A
great number of experiments have been put forth during the past few years using dif-
ferent techniques for the detection of the corresponding nuclei recoil kinetic energy T
(for a recent review see [95]).

In this chapter we will discuss the calculation of the signal typically measured in direct
detection experiments, the dark matter-nucleon scattering cross section, which we will
calculate for Tensor Dark Matter and then compare our results with one of the most
stringent direct detection limits, set by the XENON1T experiment [51].

5.1 General formalism for direct detection of dark matter

In order to discuss the signal given by direct detection experiments, we must under-
stand and measure the rate of interactions (counts per day per kilogram in the nuclear
kinetic energy recoil range dT) of a DM particle. First assume that the target nucleus of
mass My moves with a velocity v relative to the DM particle of mass M. The nucleus
interacts within a given time dt with any particle inside a volume dV = cvdt, where ¢

is the DM-nucleus cross section. Then, the number of DM particles that the nucleus can
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interact with is
dN = nppmf(v)oovdt = %f(v)avdt, (5.1)

where npy = p/M is the DM number density, with p being the local mass density of
the DM particle, and f(v) is the local velocity distribution of dark matter on Earth.

The local mass density of dark matter (that is, the average over a volume of a few hun-
dred parsecs around the Sun) carries great weight when it comes to the dynamical in-
formation of the Galaxy, and is relevant in direct and indirect detection experiments.
There are different methods to determine the magnitude of the local mass density from
observations (see Ref. [96]), and depending of them and the stellar objects of study, the
value falls in the range of p € [0.2,1.5]GeV /cm?®. The specific form of rho, however,
also called density profile, is another point of study in cosmology, and there are many
proposals based on observations. We get into this topic and mention some of these pro-
tiles in Chapter 6. For now, in the case of direct detection, we do not have to consider a
specific mass density for the purposes of comparison with XENONIT data, as we will

see later on.

While we are not yet able to measure local velocity distribution of dark matter particles
directly, we can assume that this distribution follows the Maxwellian distribution:

1 o (vaE)z

foy=2 %, 652

with k being a normalization constant, vg is the Earth velocity around the sun and vy
stands for the average DM velocity in the galactic halo, which is typically taken as
vo = 220 km/s, although methods involving the measurement of the Sun’s velocity
with respect to an object at rest with the Galactic center and methods that measure the
local radial force allow for this velocity to be within vy = (218 — 246) km/s [3]. The
rate of interactions is then the rate of DM particles that interact with the nuclei times the
number of nuclei per kilogram of material, %, and integrated over the velocity space,

dR = 2 ﬁd v= Mf(v)m)d v. (5.3)
Thus, the differential interaction rate is
dR  p do 3
T = D | MR T vy, (5.4)

where T is the nuclei recoil energy and 4% (T, v) describes the dark matter-nucleus differ-
ential cross section. We must integrate from v,,;,(T), the minimal velocity of an incom-

ing dark matter required to produce a nuclear recoil of energy T, to v.sc = 557 km /sec,
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which is the escape velocity of a dark matter particle in our galaxy (the maximum veloc-
ity that a dark matter particle is allowed to have to continue being bound by the galactic
halo).

This is measured in the laboratory reference system (LAB), and we will now calculate
all relevant quatities in this frame of reference. The differential cross section for the dark
matter-nuclei interaction, D(p1)Na(p2) — D(p3)Na(pa), is

do [ M(s, tu)l?

22 (T, 0) = , 5.5
T 0 = S (.5)

where p1 = (E1, p1) = (E1, Mv), p2 = (M4,0), p3 = (E3,p3), pa = (Ma+T,pa), and
the Mandelstam variables are written as

s = (E1 + Ma)* — pf = (M + Ma)* + MMav* + O(v?), (5.6)
t=T?—|pal* = —2MuT, (5.7)
U=2M*+2M% —s—t = (M— My)* +2M4sT — MMyv* + O(v?). (5.8)

We can see that the averaged squared amplitude, \ﬂ(s, tu) ]2, only depends on the nu-
clear recoil energy and the incoming dark matter velocity. For the incoming momentum

p1, the nuclear recoil energy is given by

2M A M?Vv? cos? 0 _ 2MuM?v? cos? 6

r= (E1 + Mp)2 — M2v2cos28 (M + My)?

+O(vh), (5.9)

where 6 is the angle of the nuclear recoil measured with respect to the direction of the
incoming dark matter particle. When the DM particle transfers the maximum momen-
tum to the nucleus ( & = 0), we obtain the minimal velocity required to produce an
energy recoil T, and it is given by

(M+Ma)? My
T=_AT,
2M M2 213

Z]2min (T) =

(5.10)

where yy = MaM/(M+ My) is the DM-nucleus reduced mass.

In order to calculate the invariant amplitude M, we must proceed from the effective
field theory approach of the dark matter-nucleus interactions. We begin with the fun-
damental interactions of DM with standard model particles and from there, an effective
theory for the DM-nucleons interaction can be built. After this, we can construct an
effective theory for interactions with nuclei. It is important to note that for low momen-
tum transfer processes, the finite size of the nucleus must be taken into account. We can
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write the amplitude as follows
M = MF(7), (5.11)

where M is the invariant amplitude calculated with the effective theory at the nuclear
level and F(g?) is the nucleus form factor. The differential cross section using this ter-

minology yields
do [ Mos, t,u)|2F2

TV = et (D (5.12)

This is the differential cross section in terms of the nuclear recoil energy T. Our purpose
is to use this to compare with experimental results, however, since the scattering takes
place at low momentum transfer (low T in the LAB frame), it is usual to see the results
reported in terms of the total D — N4 cross section at zero momentum transfer. In the
XENONTIT experiment, the detector is sensitive to T € [3,50] KeV. Additionally, dark
matter particles on Earth have a velocity in the range of |v| € [0, Vesc] With vesc/c =
1.85 x 1073, and have an average velocity vy/c = 0.73 x 1073.

Interactions between standard model and dark matter particles can be assumed to ap-
pear in two forms: exchanging a massive particle (in our case, H and Z°), or via a
massless mediator (like the photon). In the massive mediator case, in the effective
theory, the leading term is a four-point interaction that has an effective coupling sup-
pressed by the mass of the exchanged particle. Therefore, the average squared ampli-

tude | Mo(s, t,u)|* = g(T,v?) is a regular function of T that we can expand as
g(T,v?) = go(v?) + g1 (v*)T + ... (5.13)

Since the process takes place at low T, we can keep only the leading term in the expan-
sion, taking the following form
do Qo (Vz)

_ T’ ~ o % J
i V) R MM

F%(0). (5.14)
This is the differential cross section at zero momentum transfer. We can relate this ex-
pression with the total cross section if we integrate on T from 0 to the maximum nuclear
recoil Ty = 2yiv2/ M 4. We obtain

N go(v?) 27/‘34"2 200 ~o }ligo(vz) 2/ — 2
V)~ e M, L O 16nMiM2P (0) = o151 0), (615

where we have expanded g(v?) around v? ~ 0 and kept the leading terms. We choose
the notation cg; since at this stage we are only considering point interactions of dark
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matter with the nucleus, which is spin-independent (SI). We can generalize this expres-
sion to consider spin-dependent interactions, which arise from the couplings from the
dark matter field to the quark axial current. In the case of supersymmetric models, for
example, the neutralino-nucleon scattering occurs via the exchange of a Z boson or a
squark [97]. In our case, we will see later on that the spin-independent interactions are
dominant, so we will focus on them from now on. We can write the actual differential
cross section in Eq. (5.12) to leading order in T (in the dynamics) as

do M
ﬁ(T,v) — Mif‘vzasﬁgl(n, (5.16)
A

where o3 is the D — N4 total cross section at zero momentum transfer. In the general
case, if spin-dependent contributions are more prominent, there would be an additional
term with ospFZ,, (T).

The XENONIT experiment has one of the most stringent limits on direct detection of
dark matter at the WIMP mass scale (~ 100GeV). Its most recent data [51] assumes
isospin conserving dark matter-nucleus interactions and report the following observ-
able [98]
_ M 517
Op = A2V310.51, (5.17)
where p, stands for the dark matter-proton reduced mass. In our case, tensor dark
matter-nucleus interactions are mediated by H, Z° and v and are not isospin conserv-
ing. When massive particles, such as H and Z, are exchanged they produce four-point
dark matter-nucleus interactions for small momentum transfer and its treatment is the
same as it was stated above, but when we have exchange of photons, the propagator
has a pole at g> = 0, so we have to modify relations given previously to properly ob-
tain the observable reported by XENONT1T, which does not correspond with the zero-
momentum dark matter-proton cross section when interactions are isospin conserving.
The D — N, differential cross section in Eq. (5.12) can be written as
do

—(T,v) =

T © S(TV)F(T), (5.18)

v2
where ¢ = (32tM M?)~ . The function ¢(T,v?) is no longer a regular function of T
due to the poles of the exchanged massless particle. It is not possible to perform an
expansion around T = 0, however we can use the fact that experiments start detecting
nuclear recoil at a given T = T,,;,. Doing an expansion around this value we get
do _ ¢ o2 T RAN(T T . 20 NIG T

_ ¢

?g(Tmian2)PSZI(Tmin) + O(T — Tin)- (5.19)
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Integrating now from T, t0 Ty = Zyivz/ M, and keeping only the leading term
gives

¢

op = —
v2

g(Tmin/ VZ)FSZI(Tmin)<Tmax - Tmin)- (520)
This is the total dark matter-nucleus cross section at the fixed momentum transfer g2 =
—2M 4 Tyin. Rewriting the differential cross section in terms of this quantity has the
same form as Eq.(5.16), but with

— oA Tinax _ ‘Mi
Fgl(Tmin) Tinax — Tinin 167‘[2\/1124]\/12

(%3 g(Tminr VZ)' (5.21)

We will later show that for TDM, the average squared amplitude takes the following
form

g(T,v?) = ap + (bTO + co) vZ 4+ O(T,v?). (5.22)

The observable 0}, reported by XENONIT is, then,

_ 1 bo ) .
Op = 16T A* (M + M,)? [ao+ <Tmm +Co> v-+O(T,v )} ) (5.23)

For small values of v?, the leading contribution would be given by ag, but the contribu-
tion from the photon coupling (O(v?)) is bov?/ T, which is enhanced by small values of
T and could also give sizable contributions. The term with cg is, however, neglectable.

Up to only the sizable contributing terms, we have

1
7T 16w AT (M + M,)?

b()V2 :|

5.24
Tmin ( )

[ao +

5.2 Nucleon scattering from tensor dark matter

The tensor dark matter - nucleon differential cross section involves the effective interac-
tions of H, v and Z° with nuclei, which require the calculation of the nucleon interac-
tions from effective theory. At the nucleon level, the corresponding effective Lagrangian

is given by [99]

_ _ My
L= NZ <gHNNHNN — eNQNY'NA, — Z—UZN’W‘(AN + BN'YS)NZV) , (525
=pn
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where Q, =1, Q, = 0 and
SHNN = — (7 ) qu +2> S0 (5.26)
u,d,s
Ap =2A,+ Ay =1—4sin* Oy, (5.27)
Ap=A,+2A; = — (5.28)
and
By = =AY + A 4 AN, (5.29)
B, = —AP + Al + AP, (5.30)
B, = —AP + AP + Al (5.31)
The specific parameters for each quark are given in Table 5.1 .
f(p) fq(“Z) A,Sp)
u | 0. 023 0.019 | 0.77
d | 0.034 | 0.041 | —0.40
s | 0.140 | 0.140 | —0.12
TABLE 5.1: Values for the coefficients fT , f (") and A P) extracted from
Ref. [100].
At nuclear level, the Lagrangian takes a similar form,
- - My -
ﬁg}f = gHNANAHNANA — ZENA’)/VNAA;, — TT)ZNA’)/V(AA + BA’)/S)NAZ”, (532)
with
gHNANA = Zngp =+ (A - Z)ann/
Ap=ZA,+(A-2Z)A,,
By =ZB,+(A—Z)B,, (5.33)

where Z is the atomic number and A stands for the total number of nucleons inside the

nucleus.
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The invariant amplitude for D(p1)Na(p2) — D(p3)Na(pa) is the exchange of H, y and
7% in the t channel. The contributions are given by

—iMy = iifiNﬁU(Pa) (851 +igpx) U (p1) Na (pa) Na (p2), (5.34)
H
~iMy, = =52 (p3) Mg (p1 = pa)P U (p1) Na (pa) 1 Na (p2), (5.35)
~iMy = SPRET (ps) Mag (1 — p3)P U (p1) Na () 7* (Aa + Bavs) Na (p2),
Z
(5.36)
where
8DN,H = —UHNAN,/ (5.37)
§DN,y = 2Zegt cos by, (5.38)
Mzg; sin 6
SON,Z = @. (5.39)

The spin-independent contributions come mainly from the Higgs and photon interac-
tions with TDM and the weak vector current in the Z° exchange. For the spin-dependent
case, the leading contributions come from the axial current. A covariant calculation of
the squared amplitude gives

2
. 8
(M|* = — (’iNA:qz % (43 — ) ((g3+82) ¢ (t — 4M2) + 6g2M*)
—""H

2
+ gDNA’)/

[—2M4 (M? — 1) + M3, (4M* + 4MP (s + 1) — 2t (25 +1) ) — 2M°

3MH
+ 2M* (25 + 3t) — M (252 + 65t + £2) + 2st (s + t)}
2
$Dniz [(AZA +B3) (ZM‘i1 (t— M?) —2M° +2M* (25 + 3t) (5.40)
3MH (t — M2)

— M? (25 + 6st + 12) +2st (s + 1))
+ M} (Ai (4M4 FAM? (s+1) — 2t (25 + t)) — 4B (3M4 — M+ stm t

B <8DNAH8DNA7> <2gsMA) (2M2 — 1) (s — u)

t—m3, 3M4

$DN,HEDN,Z 2A78sMy
ey () e e

2A7 8DN,Y8DNAZ [ onrh (nf2 2 4 2 _ — oMb
B iy [2MA(M t)+MA(4M +4M? (s +t) 2f(25+f)> M

+ 2M* (25 + 3t) — M2 (252 + 65t + £2) + 25t (s + t)} .
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Expanding the average squared amplitude and keeping the leading terms in v2 and T

we get
K = 4838123NAHM124 zg%)NA'y M2 — 2MM, + 3M2 16959DN 1 gDN, HM%
[M[" = m#; 3M?2 (M* ~ A+ 3M;) + 3Mm?,
4g2DNA'yMA B 16A48DN,78DN,z M5 i 8¢59DN 1/ §DN, M _ zgzDNA'yMA (M
3T 3MZ 3Mm2, 3M2
(5.41)

We can see that the leading contributions come from the spin-independent interactions.
The spin-dependent contributions, those from the axial current, appear with the coeffi-

cient )
AMA8DN, z

AN T(MMy +40(v*)). (5.42)
Z

Since it is proportional to T v* this contribution is heavily suppressed. Additionally, the
gp coupling does not contribute as highly as g; or gs to the TDM-nucleon cross section.
This comes from the fact that the coupling to the Z° is done through the higher multi-
poles of the tensor dark matter field and not from weak charges (since they are standard
model singlets). The coefficients in Eq. (5.22) are identified as

4838%3NAHM§4 28123NA7 16958DN 47 §DN, i M

= M? —2MMy4 + 3M> OTTAVSCTATT A (543

0 mh T ae A+ 3Ma) + 3Mm3, 64)

492 M

- %, (5.44)

o  16A48DN,78DNAZMY | 8858DN8DN,HMS 281N, Ma (M — 4M,)

0 3M2 3Mn?, 3M2 A
(5.45)

We plot 0}, as a function of the TDM mass M for different values of the couplings g;
and g, as shown in Fig. 5.1. Here, we are considering A = 131, Z = 54 and T, =
3 KeV, appropriate for XENONI1T experiment and compare with the recently published
XENONI1T results [51]. The leading spin portal contributions (gs = 0) are due to the
photon exchange and dominated by the photon pole. We can see that, in comparison to
the Higgs portal coupling, the spin portal coupling is quite restricted by the XENONI1T
data (g; ~ 10~*) for tensor dark matter with a mass of the order of a few hundreds GeV'.
We can correlate the values of g; and M that are consistent with this limit and compare
the result with the relic density bounds obtained in Chapter 4. We show the comparison
in Fig. 5.2, where we can see that full consistency for these two observables is obtained
for M € [60.056, 62.554] GeV.

—4MA)> v2.
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FIGURE 5.1: Observable ¢, as a function of the dark matter mass M for
the Higgs (g: = 0, left panel) and spin (gs = 0, right panel) portals, com-
pared with the XENONIT upper bounds [51].

9s

1-
5x107 "]

10714
5x1072 ]

10-2_
5x1072% ]

1073 -
5x107*
50

M (GeV)

FIGURE 5.2: Values of g; and M that are consistent with the XenonlT

direct detection limits (dotted red line), consistent with relic density us-

ing the non-relativistic expansion of (cv) (dashed blue line), and con-

sistent with the complete calculation of the relic density (solid black

line). Full consistency for these two observables is obtained for M €
[60.056,62.554] GeV'.



65

Chapter 6

Indirect Detection Limits for Tensor
Dark Matter

A big convenience presented by dark matter indirect searches is that we are taking ad-
vantage of interactions that are already potentially happening all around the cosmos,
with data that we can collect with the numerous probes and telescopes already present
and available. These searches involve looking for Standard Model particles produced
by decay or annihilation of dark matter, or secondary effects from these processes. Be-
cause they happen at cosmological scales, it is possible to probe higher energies, weaker
particle couplings and longer decay lengths. Not to mention that, primarily, all the ev-
idence for dark matter comes from astrophysics and cosmological observations. With
this in mind, indirect detection experiments are a promising tool for dark matter dis-

covery and, as will be presented in this chapter, bounds for dark matter models.

The principle of indirect dark matter searches is to observe the products of DM annihi-
lations (or decays). If some of those products are SM particles, most of them will decay
on short timescales and, at the end of those decay chains, there could be stable particles
that we can detect. We can try to scan the sky in search for any excess of these parti-
cles, e.g. electrons, positrons, protons, antiprotons, photons, neutrinos. In this chapter
we will look at the bounds projected by the photon flux coming from two particular
sources: the galactic center and a group of galaxies considered to have a large amount
of dark matter content, know as dwarf spheroidal satellite galaxies (or dSphs). In this
work, we also look into antiproton signals as indirect detection of tensor dark matter,
but we dedicate a separate chapter for this purpose.
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6.1 Gamma Rays from the Galactic Center

Among the particles that we can detect, the most sought out for are the gamma rays,
coming from the Sun, the center of our galaxy, other galaxies and even from extragalac-
tic sources. Since these are neutral to astrophysical magnetic fields, they propagate
in straight lines directly from the source provided they are not absorbed in the way.
Dark matter annihilation produces gamma rays directly, or by hadronization of the fi-
nal states.

There has been reports from several groups that an excess over the expected gamma
ray flux from known sources in the Milky Way galactic center exists in the observations
provided by the Fermi Large Area Telescope (FermiLAT) data, at around 3 GeV [101-
111]. There are, however, large uncertainties involved in the interpretation of FermiL AT
data, which have been previously analyzed by the FermiLAT collaboration [112]. The
conclusion is that a gamma-ray excess (GRE) in a region around 3 GeV indeed exists,
but the signal may exist within a broad band of possible values for the differential flux
as a function of the photon energy. This excess could be explained by little known
astrophysical sources [101, 113-117], however the annihilation of dark matter into final
states containing photons remains as an attractive possibility [107, 118-127].

In general, a detector has a two-dimensional view of the sky and observations involve
the number of photons arriving within a certain solid angle in a certain time. Let A be
the area on the detector, measuring a signal coming from a volume dV at the coordinates
(r,0,¢), with Earth at ¥ = 0. Since we are working with tensor dark matter, we will

iy
consider products from annihilation. Suppose that d{% is the photon spectrum from an

annihilation channel i, and assuming that the energy of the photons does not change
through its way to the detector (by redshifting, absorption, etc.), then the spectrum of
gamma rays received at Earth per volume per time is [128]

v

djgzv - (%) Z,; <ddZZ; )871;2 (ror)in(7)’, ©1)
where (0v,); stands for the non-radiative cross section for the i-channel and w is the
energy of the photon. The first factor % is included for non-self-conjugated dark matter,
which is the case of TDM. n(¥) = p(7)/M is the DM number density. We can inte-
grate over the line of sight, s, that relates to r (distance from the Galactic Center) by the

following expression
r(s,0) = (12 + 8% — 2rgs cosf)'/?, (6.2)

where 1o, = 8.33 kpc [129] is the distance between the Sun and the Galactic Center and
0 is the angle between the direction of the line of sight and the line connecting the Earth
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to the Galactic Center. Integrating Eq. (6.1) over s, we get

djg;() - (1?71) Z (ddzf) <(;\Zrz>i /OOOP(Y(SIG))zds- (6.3)

If the source is localized, we can integrate over the solid angle subtended by the object

to obtain

;i:];t - (1%) ; (ddzf) <(;\Zrz>i /Ooop(r(w))zdsdﬂ. (6.4)

1
The photon spectrum d;g can also be written as

AN B; d<075>%

dw (ovy);  dw

, (6.5)

where B; is the number of photons produced by the process in channel i. It is conven-
tionally assumed that this non-radiative cross section contains the details on the annihi-
lation of dark matter entering the radiative process, and it is considered that the spec-
trum includes the information of the photon production from standard model i-states
which can be calculated and is well-known. In this construction, model independent fits
to data can be done with (0v,); and M as free parameters. In summary, since the flux is
defined as the number of photons received per area per interval of time, the differential
photon flux is given by

dd ; o*vy
o <Z o ) /A i /I W ))dsdQ. (6.6)

The term in the parentheses in Eq.(6.6) contains all the information regarding the dark

matter interactions that pertain the model, whereas the integral contains the details of
the dark matter content of the area of interest for the observation window defined by
the solid angle A(), also known as J-factor

1(AQ) / / ))dsdQ. 6.7)
AQ) los

The dark matter distribution in the Milky Way, described by the density p(r), has not
yet been determined, so multiple propositions have been made in order to describe the
cosmological observations. There are different functions that are usually employed, the
most traditional being the Navarro-Frenk-White (NFW) profile [130], with a functional
form motivated by cosmological N-body simulations. Among other frequently used
functions are the Einasto profile [131], considered a better fit to recent numerical simu-
lations [132, 133], and proposals motivated by galactic rotation curve observations such
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as the Burkert [134] and Isothermal [135] profiles, which in turn are inconsistent with
numerical simulations[136]. In addition, the NFW profile can be considered a specific
case of a general family of profile models in a function that introduces an additional
parameter -y [137], referred to as generalized NFW profile. It is important to note that
here we are not accounting for galactic substructures in DM halos, which have been de-
mostrated to contain great amounts of subhalos by high-resolution N-body simulations
[138]. The substructure problem is an active field of research, and by not adding this
into our calculations we are making strong assumptions. However, for the purposes of
simplifying the calculation, we take the dark matter profiles mentioned as good approx-

imation. The profiles mentioned above can be written as

-2
NEW : onrw = psr—; (1 + ;) (6.8)
S
. 2 r ¢
Einasto : pgiy, = psExp{ T [(g) - 1} }
. — ‘Os
Burkert : pp.r = (L+7/r)(1+ (r/75)?)
Isothermal : py5 = 1_{_5,5/},)2
S

Generalized NFW : ponrw = ps W'

where « and 7y are free parameters, the scale radius r; = 20kpc and p; is determined
in such a way that the dark matter density at the location of the Sun (r = ry) is po =
0.4 GeV/cm3 = 1.0536 x 10~2M,(pc) ~3. Our choice for 75 and p¢, are made to coincide
with the studies by the FermiL AT collaboration [112] for the purposes of comparison,
but they can vary for different conventions. For example, direct detection experiments
use p, = 0.3 GeV/cm® = 7.9020 x 103> M,(pc) 2.

We opt to use the generalized Navarro-Frenk-White (gNFW) dark matter profile with
v = 1.25 for the slope of the inner part of the profile, and the corresponding scale density
to fit the value of pg is ps = 0.225 GeV /cm® = 5.9265 x 10~>M,(pc) ~3. We chose this
value of vy in order to properly compare with the analysis done in Ref. [112], where this
specific value is used. The region of interest is a disk around the Galactic Center with an
aperture |I| < 10and 2 < |b| < 10 for one quadrant, where ! and b are the longitude and
latitude in the galactic coordinate system, respectively. This means we are observing a
20 x 20 aperture from the center of the Galaxy with a 2 mask right in the center, which is
the region studied in Ref. [112]. The purpose of this mask is to avoid the bright sources
around a small region of the center of the galaxy. The aperture of the region of interest is
related to the angle 0 by cosf = cosb cosl. For these parameters, the J-factor in Eq. (6.7)
yields Jo = 7.118 x 10°GeV*/cm?seg = 6.097 x 102GeV2?cm . This is the value we will
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use to calculate the photon flux in the galactic center.

The prompt gamma-ray flux produced in the Galactic Center by the annihilation of dark
matter into gq,cc,bb, ete”, uTu~, vt , WrW~,ZZ,hh, g was fitted to the FermiLAT
data in Ref. [124]. Here, jq refers to the sum of the contributions of light quarks (u, d
and s). In Ref. [124], the dark matter mass (M) and the cross section are treated as free
parameters. Their conclusion was that the gamma-ray excess can be explained by these
processes, except for the e*e™ channel, for a dark matter mass in the range 5 — 174 GeV,
depending on the specific channel, for a corresponding cross section of the order of the
thermal cross section (0v,) ~ 10~2°cm?>/seg. Annihilation of dark matter into fermionic
states, DD — ff with f = u, 7,4, ¢, b, turned out to yield a good fit to the GRE data for
masses in the 9 — 61 GeV range.

There is also another possibility that the GRE can be explained by production of gamma
rays as secondary product from Inverse Compton Scattering (ICS). Here, electron and
muon pairs produced in dark matter annihilation propagate over the Galactic Center
and scatter photons coming from the Cosmic Microwave Background and from starlight
[123]. For the electron channel, eTe™, a large cross section (0v,), is needed to account
for the GRE, but it turns out to be severely constrained by the positron fraction data
from the AMS Collaboration [139, 140]. However, as it was found in Ref. [124], the
muon channel can yield sizable contributions that can explain the GRE in addition to
the prompt photon production for a mass around M ~ 61 GeV, for cross section values
of the order of the thermal cross section. Tau pairs decay too quickly for this effect to
happen.

Tensor Dark Matter can annihilate directly into 7y, vZ and yH, producing sharp line
spectra. However, in order to explain the GRE observed by FermiL AT [112], we need
to account for the broad form of the spectrum. In the following, we will present and
calculate the contributions of TDM annihilation to the photon flux in the Galactic Cen-
ter, including contributions from prompt photons and secondary emission from Inverse
Compton Scattering.

6.1.1 Prompt photon production from Tensor Dark Matter annihilation into
fermions

First we will consider TDM annihilation into final states that contain at least one pho-
ton. These can occur in three forms: initial state radiation, internal bremsstrahlung (or
internal radiation) and final state radiation. The simplest case are transitions of two-
body processes, DD — R with R = 1, Z° whose amplitudes are O(g?), or with R = H
which is O(g:gs, 8:gp). Additionally, considering non-perturbative QCD corrections in



70 Chapter 6. Indirect Detection Limits for Tensor Dark Matter

general R in these processes can convert to quarkonium states resonances QQ[*>*1L;]
producing also y-quarkonium final two body states.

The photons produced by these processes have energy spectra centered at w = M(1 —
4MT§2), with a width related to the width of the resonance of R. If we then consider
the decay of R into two particles, these contributions become a three-body final state
process that produces a continuous photon spectrum when R is off-shell. We refer to

this as initial state radiation.

For three-body processes, it is also possible that the TDM annihilates into a pair of
particle-antiparticle with the subsequent emission of a photon, this is final state radi-

ation.

In addition, we can have a process where the exchanged particle R decays into another
particle emitting a photon, with a subsequent decay into a particle-antiparticle pair,
which we call internal radiation or internal bremsstrahlung. The diagrams for the pro-

cesses mentioned are shown in Fig. 6.1.

FIGURE 6.1: Annihilation of TDM into final states containing one pho-

ton. The first two correspond to initial state radiation, followed by two

diagrams for the final state radiation, and finally the last two are for the
internal radiation or internal bremsstrahlung.

Initial state radiation

Initial state radiation is induced at tree level by the first two diagrams in Fig. 6.1. Initial
state radiation can produce spectra with shape similar to the GRE, provided there are
resonant effects involved in the process. In this case the resonant effects translates into
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wider peaks in the photon spectrum (see Ref. [141] for these effects in colliders at low
energies). The first diagram in Fig. 6.1 ( 7y and Z exchange) provides contributions of
order O(v?), so the initial state radiation is dominated by Higgs exchange, the second
diagram. The amplitude for this process (see the corresponding diagram in Fig. 6.2),
can be written as

i
6]2 — M%—I +iMyT'y

M(p1,p2;k p3, pa) = Mo[D(p1)D(p2) — y(k)H"(9)] MylH*(9) = f(p3)f(pa)l,

(6.9)
where q = p3 + ps. The cross section is calculated as follows
(2m)* | M? 4 &k 4p3 dps
do = —k—p3 — 1
W e o (Pt Ps = P2) a0 () 2E; 22 010
D(p1)====p A"\ 7(k,¢€)
w F
. f(p3)
H*(q)
D(p2)=—=—""""""""
f(ps)
FIGURE 6.2: Diagram for the initial state radiation with a Higgs boson
exchange for TDM annihilation.
Integrating out p, using d;—,ff = d*ps6(p3 — m2)O(E4), we obtain
1 M]? 2 2\ Pk d’ps
do = o +p2—k— —my ) — . 6.11
(27_[)54\/(p1 . pz)z — M4 ((pl pz p?)) 4) 2(,(] 2E3 ( )

In the Center of Mass System (CMS), we have p1 + p» = (1/5,0). The term inside the
delta is

(p1+p2—k—p3)? —mj =s+m3 —2/sw + 2k - p3 — 2\/sE3 — m3 (6.12)
=5 —2/s(E3 + w) + 2E3w(1 — Beosh),

where we consider m3 = my = my and k- p3 = Esw — Ezwpcost. The delta term can
then be written as

5((;}1—1—;92 k—p3) m4) 7(5(c059 20ips] )

— 6.13
2w|ps| (6.13)
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Integrating cos® and ¢, using %% = tw|ps |dwdE3d(cosb.,)d¢qd(cosd)d¢s, we have

1 [M?

1= (270)*32/(p1 - p2)? — M

4dwdE3dq>fd(cos(97). (6.14)

Recall that 41/(p; - p2)2 — M* = 2(s — 2M?)v. Thus,

doo 1 !M|2
dw(cosh,)  (2m)*16(s —2M?) dEzd¢y. (6.15)

FIGURE 6.3: Scheme of the coordinates for the D(p1)D(p2) — v(k)H*(q)
process.

We denote 63, 6, and 6 as the angles between p7/p3, k/py and kZ 3, respectively. ¢y is
the angle formed between the proyection of p; and the proyection of p3 on the normal

plane of k. From geometry we know that

cosb3 = cosbcosb., + sinbsinb,cosy. (6.16)

And from the delta function in Eq. 6.13,
s+ 2E3w —24/s(E3 + w)

Zw,/Eg—mJ% .

Additionally, we have the following products

0s0 (6.17)

pl'P1:P2'P2:M2; kk:o/ pS.p3:p4.p4:m'2f

1 s
p1-pP2= E(S —2M?) ; k-p1= \Z[w(l — Beost)
S
pl . pS = \ég(E:; - ﬁ E% - m%c0593) ; k . pz = {w(l _|_ chosQ,y)
NG

P2 p3 = 7(E3 + By/E3 — m}%cos(%,) ;i k-ps=w(Es—/E}— mj%cosQ). (6.18)
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To integrate over ¢r, we need the explicit form of |M|%. However, to integrate over
E3 we need to find the minimum and maximum value allowed kinematically by Eq.
6.17. Working in the CMS of p; + p2, we have the constraint k+ p3 + pa = 0. Then, the
minimum value of g = (p3 + pa)? is 4m?, which is obtained when p3 - ps = m%, which
means p3 = py = —%E Thus, the minimum happens when cosf = —1. Similarly 4>
will be at its maximum value when p3 = —pj, that is to say, when cosf = 0. We then
find the maximum and minimum values of E3 by solving the constraint in Eq. 6.17 with

8 = 0, 7r, which means solving the following
s —2v/sw —2(\/s — w)E3 = +2w,/E3 — mj% (6.19)

By squaring both sides of the equation, we can find the minimum (E;’) and maximum
(E;) values of Ej.

2
Ef:%(\/;—w)i% 1—%. (6.20)
In the non-relativistic limit, s ~ 4M?2, and
w , w m;
E§E:M—2j:2\/1—M(Mf_w). (6.21)
Except for the top quark, we have that M? >> mjzf, thus
M—w S E3 S M. (6.22)

Therefore, under these considerations, the allowed values for w are w < M. The
squared amplitude for this process, in the non-relativistic limit (3 — 0), in terms of

the coupling constants g, g, and gs is

) 4 cos? GWgtzmj% — ,
‘M|:“imﬁ‘4—wwﬁ;3§+&W—¢®+Mw
% (g2(~24M° +2M* (s — 8/5w) + M2s(4v/5w + 5 — 1507) + 65%w?)
+ g2(—8M° +2M" (s — 4/5w) + MPs(4v/5w +5 — 230%) + 65%?) )
(4365 + Do 25 +2) — defnao? + My (T, — deuco [ Ef — i} — 435+ 4Esc0)

+mawm@mﬁﬁ—@+mg,

where c0 = cost, ¢, = cosf, and ciy = cosfy. We use this expression to calculate
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dw‘;é#% using Eq. 6.15, including the factor N, to account for color number, in the non-

relativistic limit, when s ~ 4M? and g~0,

ms 985w? + g2(w + 2M)?

2 2.2
dovisr _ Necos™Owgi e (M? — Mw — mz)\/l - )
dwde, — 9(2m)M® / M(w — M) (4M(M — w) — M%)* + T2, M2,

The differential cross section, integrating over 6,, is

2 N\3/2
N; cos® wgimiw(M — w) <1 - I\/I(]\njlfw))

d<UUr>isr Z

dw -

35
7 72m° M

9g120a)2 + ¢2(2M + w)?
2 7
(4M(M — w) — M%)" + T3 M,

(6.23)

where the sum runs over all kinematically allowed SM fermions. As expected, for
M > Mp/2 the photon spectrum has a bump at energies corresponding to di-fermion
invariant mass close to the Higgs resonance. The location of this bump depends on the
dark matter mass. For M = 64 GeV it coincides with the GRE bump at 3 GeV. However,
this is a contribution of the order O(g?¢?). Recall that in the previous section, we found
that the coupling g; is severely constrained to ¢; < 2 x 10~ by the XENONIT results on
direct detection for a TDM mass of the order of 100 GeV, which makes the initial state
radiation very small compared with the GRE data.

Final state radiation

Prompt photons can be also emitted by the final fermions in the reaction DD — ff7.
These contributions are given by the next two diagrams in Fig. 6.1. The v and Z ex-
change and the Higgs exchange with pseudoscalar coupling g, are O(v?), so the leading
contributions are given by the diagrams with the Higgs exchange and scalar coupling.
The cross section is obtained in a similar way as before, with the appropriate changes in
the invariant amplitude, which is

Qypmy Y (st ktmg) (K —mp) ot
— k
s — M} +iTyMu (Pt (p3+k)* —m? (pa+k)* —m? o (e (py

x V (p2) (g5 +igpx) U (p1)- (6.24)

—iMpy 5=
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Following a similar procedure, we obtain the following differential averaged cross sec-

tion
d<07)r>fsr . NC“QJngngZf
dw 7 6mMéw ((4M2 — M3,)* + T M3, )
m
30Af 2(, 2 .2 2 4 _
{ZM (M —w)+ M (w 3mf) + 2Mmjw —i—mf} ArcTanhy[1 MM = @)
2 _ 2 m}

The corresponding differential photon flux as a function of the dark matter mass is
shown in Fig.6.4 . These contributions are also resonant, and these effects occur at

do
w— (GeV/cmzseg)
dw

\Y
0 20 w (GeV)

40
60
7\\ 80

1.x1078

5.x10~9

20

FIGURE 6.4: Differential photon flux for final state radiation as a function
of w, M for gs = 5 x 1073,

2 2
s = (p1+p2)* = 4M? (1 + % + 0(Uf‘>) = M. (6.26)

We can see from the plot in Fig. 6.4 that the results for w?d®/dw of the order of the
GRE are obtained only for Higgs exchange in the resonance region. Since dark matter is
non-relativistic, this requires M ~ Mp /2.

Photons emitted directly by the fermion produced in TDM annihilation is only one of
many processes that yield prompt photons. For f = ,7,q,c,b there are additional
prompt photons produced by the decay products in the case of leptons or by the jet of
particles produced in the hadronization of quarks. These effects modify our results in
Eq. (6.25) substantially for all fermions except for f = e, y, which do not have hadronic
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decays and receive only modifications from suppressed higher order electroweak radia-
tive corrections.

With the tabulated spectrum defined as provided by DARKSUSY [100] and PPC4DMID
[142], we can calculate the complete prompt photon flux for f = e, u, 7,4, ¢, b including
radiative corrections [143]. We verified the consistency of results using both packages
and use the spectrum given by the direct photon emission by electrons and muons in
Eq.(6.25) to cross-check results. A comparison between this and our results is shown in
Fig. 6.5. Indeed, the spectrum suffers a substantial change for f = 7,4,c, b, while for e
and y, there are no significant changes.

0.100

%] 3 0.010

0.001
0.001

0 10 20 30 40 50 60 0 10 20 30 40 50 60
w (GeV) w (GeV)

0 10 20 30 40 50 60 0 10 20 30 40 50 60
w (GeV) w (GeV) w (GeV)

f
FIGURE 6.5: Comparison of the tree level result in Eq. (6.25) for %

versus the results using PPC4DMID tabulated spectrum, for leptons and
quarks, as a function of w for M = 62.5 GeV'.

Internal Bremsstrahlung

The internal state radiation is given by the last two diagrams of Fig. 6.1. The first of
these diagrams involve the H — vy and H — Z+ transitions which takes place at one-
loop level in the standard model, which were discussed in Chapter 4 (see Eq. (4.55), for
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example). For the sequential decay with y and Z° intermediate states we obtain

2 2, 3as2 mj
(dv,)7- NetZy & M2\ 1~ 513

do ; 363 M3, ((4M? — M%) 2 4+ T2, M%)

2(A% + B2)M(M — w) + (A% — 2B%)m?
7+ BHM( f 7 (6.27)

X 2
((aM(M - w) — M2)* + M2T2)
(door)y Neag?, 830>
dw 7 367 MZ, ((4M2 — M3,)? + T3, M3, )
2
W (2M(M — w) +m2) /1 — =L —
« ( ) MMe) (6.28)

M2(M — w)?

There is also an enhancement at the Higgs resonance in these processes and a double-
resonant effect in the case of the Z* intermediate state. The last diagram in Fig. 6.1
involves non-perturbative QCD effects. We calculated these contributions using the
Non-Relativistic QCD effective field theory finding them negligible even at the Higgs
resonance. There are also contributions with the sequential decays DD — 7%, Z% —
vH — < ff not shown in Fig. 6.1 which are not resonant and are also very small.

Our results for the internal radiation are shown in Fig. 6.6. Sizable contributions to
the differential photon flux from H — Z* transition are produced mainly at the Z°
My M}

resonance i.e. for photon energies around w = (1 — 7#) ~ 30 GeV. The H — 77"
zZ

intermediate state contributes only at the upper end of the spectrum.

The most important contributions come from the b channel followed by the ¢ and 7
which become competitive at high photon energies. Prompt photon flux from electrons
muons and light quarks turn out to be negligible.

6.1.2 Delayed emission: Inverse Compton Scattering contributions

There are at least three different contributions from the delayed photon emission by ICS
of propagating fermions produced in the annihilation of TDM.

* Propagation of electrons produced in DD — e*e”. Overall negligible contri-
bution. The Higgs portal part has a small coupling (¢xe. = m./v), and for the
spin portal case, since it is proportional to g, is heavily constrained from direct
detection limits.
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FIGURE 6.6: Differential flux for prompt photons from the annihilation
of TDM into fermions for M = 62.49 GeV and gs = 1073. We use My =
125.09 GeV in the computation of these contributions.

* Propagation of muons produced in DD — ptu~. Shown in [124] to yield siz-
able contributions when the cross section of dark matter annihilation into muons,
(ovr)y, is of the order of the thermal cross section.

¢ Propagation of electrons produced in decay of leptons or hadronization of quarks,
produced in DD — ff with f = u,7,9,c,b.

The tabulated electron spectrum and models of propagation provided by the package
PPC4DMID [142, 144] allows us to obtain the ICS of photons from the CMB or starlight
by electrons produced in decays of heavy leptons and hadronization of quarks. The
photon flux from this phenomena is shown in Fig 6.7. It is important to note that these
contributions are calculated with the NFW[130] density profile since the PPC4DMID
tabulated spectrum is designed only for a number of DM profiles that do not include
the gNFW. These contributions, however, are not very sensitive to the density profile,
so our results are quite similar using the Moore [145] or Einasto B [131, 142] profiles
included in the PPC4DMID setup, profiles that are very similar to the gNFW used in
the previously shown computation of prompt photons.

As it was for prompt photons, the b channel is also dominant, with subdominant contri-

butions of the c and 7 channels. Light quarks, with electrons and muons yield negligible
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contributions. We remark that for both prompt and delayed emission, these contribu-
tions increase the further we go into the resonance region, with the results being highly
sensible to the specific value of the TDM mass.

-------- e H =T —— (@ —— C === D e All
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FIGURE 6.7: Differential flux of delayed photons produced in the ICS

of electrons off CMB and starlight, for secondary electrons produced in

the decay of heavier leptons or hadronization of quarks coming from the

annihilation of TDM, for M = 62.49 GeV and g; = 1073. We use My =
125.09 GeV in the computation of these contributions.

The contribution from propagation of muons was shown to be important in Ref. [124],
however in this case, for the TDM mass window required by the GRE data when in-
cluding all the contributions, the cross section (¢v,), is about three orders of magnitude
below the thermal cross section, thus the corresponding flux turns out to be very small.

6.1.3 Final results for the Gamma-Ray Excess in the Galactic Center

The photon flux from all the contributions mentioned above for tensor dark matter an-
nihilation in the Galactic Center is shown in Fig. 6.8. These results depend on the TDM
mass M and the interaction couplings g, ¢, §t, however we have shown that the spin
portal (g¢) and pseudoscalar (g,) couplings yield contributions that are negligible for
the photon flux, and only the parity-conserving Higgs-TDM interaction is important for
this purpose.

Prompt and delayed photons are of similar importance for the overall photon flux, but
prompt photons are dominant for energies bigger than 0.3 GeV. For both cases, the
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main source of photons comes from DD — bb annihilation, followed by the T"7t~ and
¢c channels. For prompt photons, the final state radiation dominates the photon pro-
duction, and internal radiation yields sizable contributions only at the upper end of the

spectrum.

The shadowed band shown in Fig.6.8 is a result of the study of the uncertainties of the
GRE data obtained in Ref. [112]. Considering these uncertainties, we conclude that
for ¢; € [0.98,1.01] x 1072 and M € [62.470,62.505] GeV, tensor dark matter annihila-
tion yields a photon flux consistent with GRE data. These is a sharp set of values that
provides definite predictions for other observables that we must test against available
dark matter constraints. In the following sections we will work out the corresponding
observables for other limits from indirect detection experiments.

GRE contributions for M=62.49 GeV
10~¢ e e 3 ,
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FIGURE 6.8: Differential flux as a function of w including all the contri-

butions discussed in this paper, for M = 62.49 GeV and g5 = 9.81 x 10~*.

The shadowed band is a result of the study of the uncertainties of the
GRE data obtained in Ref. [112].

6.2 Annihilation into # "y ~, Tt~ and bb

High precision measurements of the cosmic ray positron fraction from the AMS (Alpha
Magnetic Spectrometer) collaboration [140] shows a rise at energies above 10 GeV which
cannot be explained with current astronomical models. This data is used in Ref. [139]
to put stringent limits on dark matter annihilation into y pairs. The upper limit of the
cross section of this process, for M = 62.5 GeV is <0’Z)r>ﬂ < 8.96 x 10~26cm3/ seg, value
that remains consistent along the Higgs resonance region. For TDM, the largest values

of this cross section compatible with the values consistent with GRE data, found in the
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previous section, corresponds to a mass M = 62.505 GeV, for which the measured relic
density requires gs = 9.81 x 10~* (see Chapter 4). The TDM prediction with these val-
ues yields (ov,), < 8.30 x 10~3%m3 /seg, which is well below the experimental upper
bound set in [139].

Another important and well-known source of data for indirect detection of dark matter
are the dwarf spheroidal satellite galaxies of the Milky Way (dSphs). These are dark
matter-dominated objects [146-148] which are believed to be part of a subset of Galactic
DM overdensities, called subhalos, predicted by N-body cosmological simulations [149,
150]. Due to their proximity and high content of dark matter, dSphs are exceptional
targets for indirect detection experiments. The Fermi-LAT, in collaboration with the
Dark Energy Survey (DES), use data from 45 stellar systems, 28 of which are confirmed
to be dSphs, to obtain bounds on the cross sections of dark matter annihilation into bb
and T [52].

For the T channel the upper limit obtained with this data, for M = 62.5 GeV, is (00, )r <
1.2 x 107%cm®/seg, which in our formalism of the largest value compatible with the
GRE data yields (0v,)r = 2.42 x 102 ¢m3 /s, thus perfectly consistent with the experi-
mental upper bound.

However, in the case of the b channel we must perform a closer analysis, since our
results are closer to the upper bounds. In Fig. 6.9 we plot the expected limit and the 95%
containment region obtained in [52] in comparison to our results for 3 (00, )5, (thereisa 3
factor due to the fact that the upper bounds are obtained for self-conjugated dark matter,
unlike TDM). In a straight-forward comparison with these limits, TDM annihilation
into bb is consistent with the 95% containment band for the values of mass compatible
with the GRE, and below the median expected limit for a narrower mass interval M &
[62.470,62.480] GeV. Regardless, it is important to analyze this compatibility in detail
in light of the results of this work, since this mass and cross-section intervals present a
promising place to look for signals of TDM. Additionally, it is important to note in this
concern that the Higss has a very narrow resonance (I';/ My = 3.2 x 107°), its energy
resolution is not easy and even in collider experiments it is still a pending task, so a

deeper analysis is more than justified.

The upper bounds obtained in Ref. [52] are the result of a combined analysis of the
energy flux from 45 stellar objects of which 28 are confirmed dSphs. Only 19 of these
have an experimentally derived J-factor, making use of data from stellar-kinematic data
in Ref. [151], where they also obtain the uncertainty of the corresponding J-factor taking
into account systematic errors due to finite data and uncertainties regarding the shape
of the DM density profiles. For the rest of the targets it is estimated from empirical
relations between the flux and the inverse square of the distance satisfied by the dSphs.
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FIGURE 6.9: Cross sections for the annihilation of TDM into bb for the

mass values compatible with the GRE data (solid line) and gs = 9.81 x

10~* GeV. The dashed line corresponds to the Median Expected limit and
the shadowed band to the 95% containment region obtained in [52].

The study done by the FermiLAT-DES collaboration performs a likelihood analysis of
the photon energy flux data, considering 24 logarithmically spaced energy bins in the
energy interval from 500 MeV to 500 GeV (the likelihood function data is provided in
the supplementary material of Ref. [52]). Then, the 95% confidence level upper bounds
for the bin-by-bin photon flux excess is calculated employing the formalism described
in Ref. [152]. The upper bounds on the photon flux excess for each target can then be
used to obtain limits on the dark matter annihilation cross section for the b channel,
(ovr) gy, for a given mass M using the standard model results for the photon spectrum
from b quarks. A combined likelihood analysis of these results yields the plot in Fig. 9
in Ref. [52].

Our aim is to make a direct comparison of our result with the experimental data for each
target. We first reproduce the bin-by-bin upper bound of the photon flux excess using
the likelihood function data at the 95% confidence level provided in the supplementary
material of [52], but keeping only the 19 targets with an experimentally determined |-
factor. The data from FermiL AT indicates a upper limit on the net flux of each target,
and the likelihood function they provide includes the considerations of the background
signals. We then make use of the package DarkSUSY ! [100, 153] to calculate the photon
energy flux for b-quarks, produced from TDM annihilation. The package yields the
photon spectrum at a given energy from propagation and hadronization of the b-quarks,

1]. Edsjo, T. Bringmann, P. Gondolo, P. Ullio, L. Bergstrom, M. Schelke, E.A. Baltz and G. Duda,
http:/ /www.darksusy.org.
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and takes as input the values of the mass M, the cross section (0v,);;, and the J-factor
for the considered target. We extrapolate these points to obtain the photon energy flux
as a function of the photon energy. In Fig. 6.10 we show the photon energy flux for
M = 62505 and g; = 9.81 x 10, which yields the highest value of (cv,)j, that is
consistent with GRE, compared with the upper bound including the uncertainties in the
measured J-factor (white band) and the likelihood function data (color points) for each
of the 19 chosen targets. The photon energy flux from TDM annihilation into b-quark
pairs, for each target, turns out to be smaller than the limits obtained using the bin-by-
bin likelihood functions provided by FermiLAT-DES in the supplementary material of

Ref. [52]. This conclusion remains when considering the rest of the targets.

6.3 Tensor dark matter annihilation into two photons.

The FermiL AT [154] and the High Energy Stereoscopic System (H.E.S.S.) [155] have
searched for a monoenergetic spectral line from self-annihilations of DM in the cen-
tral region of the Milky Way halo in order to derive stringent upper limits on the cross
section of DM annihilating into gamma pairs, (¢vy),,. For M ~ My /2, the value of the

0—29

upper limit is (00,),, < 6.75 x 1072 cm?/seg.

The averaged cross section for the annihilation of TDM into two photons is given in
Eq.(4.56), which to leading order in v? yields

83185 M*0?
6T M3, ((4M2 — M3)* + MATS )

{00y = (6.29)

The upper bounds obtained by FermiLAT [154], including the 95% containment region,
are shown in Fig. 6.11 along with our results for the TDM mass values consistent with
GRE data. The predictions of the tensor dark matter formalism are consistent with these
bounds, but in this channel we are again at the edge of the allowed values of <Uvr>w.
Lowering this bounds could put a test to the possibility that dark matter could be de-
scribed as a particle with a (1,0) @ (0, 1) space-time structure.
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FIGURE 6.10: Energy flux (in units of GeV cm~2 s~1) in terms of the pho-
ton energy w, for each of the 19 targets used in [52] with a J-factor derived
from stellar kinematics in [151]. The colored dots represent the values of
the likelihood function, where red is a higher value and blue is lower. The
black solid line is the energy flux upper limit at 95 % confidence level ob-
tained from the bin-by-bin likelihood functions. The shaded white area
represents the energy flux for TDM annihilating into b-quark pairs, us-
ing the measured J-factor to 1 — o uncertainty, for M = 62.505 GeV and
gs =9.81 x 1074
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FIGURE 6.11: Annihilation cross section of TDM into two photons for the

mass window consistent with GRE data, with gs = 9.81 x 10~ (solid

line). The dashed line corresponds to the upper limits and the shadow
band to the 95% confidence level region obtained in [154].
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Chapter 7

Cosmic Ray Antiproton Excess from
Tensor Dark Matter

One of the main concerns of particle physics is the absence of antimatter in the ob-
servable Universe, and it is a problem that remains unexplained today. Any contri-
bution to the antimatter flux could be generated from exotic sources, so the observa-
tion of an excess of antimatter content is a promising mechanism for the detection of
these sources, including the prospect of dark matter annihilation. In particular, two in-
struments have been designed with increased sensitivity to the cosmic antimatter flux:
PAMELA [156] and AMS-02 [157, 158], which have measured with good precision the
antimatter cosmic-ray spectrum [159-162].

Indeed, during the past decade the AMS-02 Collaboration data has been scrutinized to
find an excess of antiprotons in the ~ 10 — 20 GeV region, with many studies identifying
a possible consistency with a contribution from annihilating dark matter [53, 163-170]
(see however alternative explanations to this excess regarding secondary cosmic-rays
and systematic errors in [171, 172]).

It is an interesting occurrence that most of these studies, scanning independently the
values of the dark matter mass and the cross section for its annihilation into standard
model particles, find that dark matter with a mass of around M ~ 60 GeV and an annihi-
lation cross-section of the order of the thermal relic cross section ((cv,) ~ 10~26cm3/seg)
is a possible explanation of this excess. These values fall into the mass and cross section
windows for TDM that we have previously shown to be consistent with the gamma ray
excess in the Galactic Center and other indirect detection bounds, in Chapter 6. This
coincidence is our motivation for looking into the antiproton excess from the AMS-02

data more carefully, in search for a possible consistency with our dark matter proposal.
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7.1 Modeling the antiproton and proton cosmic-ray spectrum
in the galaxy

The need to uncover the mistery of the observed baryon asymmetry, by collecting data
on existing antimatter in the universe, prompted the search and eventual detection of
cosmic ray (CR) antiprotons during the 1970’s [173, 174]. Several measurements and
model proposals for the production of antiparticles in the Galaxy resulted in the con-
clusion that CR antiprotons are produced after interactions between high-energy nuclei
(cosmic ray primaries, i.e. those accelerated by remnants of supernovae) and matter
(mostly hydrogen and helium [175]) within the interstellar medium (ISM). These are
the so-called secondary antiprotons. Antiprotons could be produced directly (primary
antiprotons) in regions consisting of antimatter (not yet observed) [176] or they could
also be a product of evaporation of primordial black holes [177]. The spectrum of an-
tiprotons detected at Earth, however, is in agreement with mostly that of secondary
origin [178].

The kinematics of the production of secondary antiprotons produce an energy spectrum
with a maximum near 2 GeV, which then decreases at energies around tenths of GeV
in a steeper form than that of protons [179]. Thus, the antiproton-to-proton ratio is
observed to have a steep decrease at these energies. In summary, the antiproton flux is
determined by CR propagation and interaction of nuclei with interstellar gas, and since
these processes suffer from large uncertainties, one must treat their calculation carefully

in order to predict the flux with high precision.

There are different sources for this systematic uncertainty. The first comes from the
CR propagation which involves several complicated processes such as diffusion, con-
vection, re-acceleration and loss of energy. The parameters of the model for the CR
propagation must be chosen to account for secondary-to-primary nuclei ratios, among
which are Boron-to-Carbon (B/C) and other nuclei [180]. The second source of uncer-
tainties is the effect that the solar magnetic field has on the CR spectra, that is, the solar
modulation [181]. When CR enter the Solar System, the solar magnetic field modifies
their spectra, acting primarily on the low energy part of the spectrum. It is difficult to
estimate with precision since it requires the modeling of the solar wind and its effects,
which change through time. An overview of the effects of solar modulation of the cos-
mic rays entering the heliosphere is performed in Ref. [182]. Finally, another important
source of uncertainties is the limited characterization of the cross sections for the pro-
duction, annihilation and scattering of these particles. In this section we will take this
into account and will make use of the parameter choice in the first model in Ref. [53] to

evaluate the proton and antiproton flux from cosmic rays.

In order to obtain the local flux of the primary and secondary cosmic ray species, we
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need to solve the transport equation for this particles. For this purpose, we make use of
the publicly available tool GALPROP ! [183], which solves the transport equation using
the appropriate input parameters of a chosen model. We adopt the first model in Table
I of [53] and use the input parameters listed in Table 7.1.

Parameter Value
1) 0.40
z1, (kpc) 5.6
Dg (cm?s™1) 4.85 x 1078
v4 (km/s) 24.0
5] 1.88
dv./d|z| (km/s/kpc) 1.0
(1% 2.38
Ry (GV) 117

TABLE 7.1: Cosmic-ray injection and propagation model parameters
used, adopted from Ref. [53]. *The units GV are giga-volts, or GeV di-
vided by the elementary charge e.

The diffusion coefficient is defined as follows
Dyx(R) = BDo(R/4GV)?, (7.1)

where ¢ is the diffusion index and B = v/c. The choice for these parameters and the
calculation of the injection, diffusion, convection and reacceleration of CR is explained
in Ref. [53].

A study of the antiproton production cross section done in Ref. [184] concluded that
there is a 10-20% uncertainty coming from the fact that equivalent results are found
through very different sets of parameters. To account for this uncertainty, we implement
the solution formulated in [185] where the antiproton flux prior to solar modulation is
fixed by an scaling factor that is energy dependent, defined as

Nes(kism) = a +b[1n('g§$)] +c[ln(kcliz€f>r +d[ln<’g§$)r, (7.2)

where kjsy is the kinetic energy of the cosmic ray in the interstellar medium, before

entering the Solar System. The fourth term of this scaling function, proportional to
3

[ln (lg%)} , can be omitted and an adequate fit can still be reached, as it will be shown

later on.

Once we have the antiproton flux, we must apply the effects of solar modulation after
the cosmic rays enter the solar system. The differential flux at Earth, dN® /dEy;, in terms

Thttps:/ /galprop.stanford.edu/ https:/ / galprop.stanford.edu/webrun/
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of krsp, is obtained as [181]

AN® (k ) i (k[SM—|Z|€(D(R)+TH)2—m2 dNISM
dEgy M (krsm + m)? —m? dkism

(kism), (7.3)

where dNTSM / dk ;) is the differential flux prior solar modulation, E;,, |Z|e and m are
the kinetic energy, charge and mass of the cosmic ray. Then, the flux in terms of E;, can
be obtained using the equivalence Ey;;, = kispy — |Z]|e®(R). The modulation potential,
®, is a function that depends on time, the charge of the cosmic ray and its rigidity

(R = \/ krsm(kism +2myp)/e) prior entering the Solar System, and it is given in units
of GV, or GeV divided by the elementary charge e. We follow the analytic expression
constructed in Ref. [186],

(k. 1,9) = o B0 1 gy gy gy (B0 (LE(RIRR (a()¢

(7.4)
where Rg = 0.5 GV and By is the strength of the heliospheric magnetic field (HMF) at
Earth, with a polarity A(t), H denotes the Heaviside function and « is the tilt angle of
the heliospheric current sheet. N’(g) defines the polarity of the HMF and N'(g) # 1
when the HMF does not have a well-defined polarity.

We work with the values ¢ € [0.32,0.38] GV and ¢; € [0,16] GV in order to stay within
the uncertainties for the modulation potential described in Ref. [186]. The averaged
values over six-month intervals during the observation period by AMS-02 of By, &« and
N'(q)H(—qA(t)) are found in Table II of [185]. We use these values and calculate the

potential and flux for each six-month interval, and the final result is the averaged values.

An additional parameter to take into account is the local ISM gas density, taken as an
energy-independent normalizing factor, g;sp. In total, there are seven free parameters
involved in the fit: ¢, ¢1, a, b, ¢, d and grspr. The flux ratio is defined as follows.

R @; ANy dN;? .
YT e, T T @3)

The results for the best fit to the AMS-02 antiproton flux and antiproton-to-proton ratio
data [187] are shown in Fig. 7.1. We perform the fit for two cases, d = 0 (fit 1) and d # 0
(fit 2). A summary of the fitting parameters and the corresponding value of x? for each
case is given in Table 7.2. The residual between the antiproton-to-proton ratio and the
AMS-02 data for each fit is shown in Fig. 7.2. It can be observed that there is indeed an
excess in the residual around ~10-20 GeV and in the higher end of the spectrum.
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FIGURE 7.1: Best fit to the AMS-02 data on the a) antiproton flux and b)
antiproton-to-proton ratio for d = 0 (solid line) and d # 0 (dashed line).

Fit | ¢o/GV | ¢1/GV a b C d gisMm }(2
1 0.3257 16 1.1579 | -0.1632 | 0.0216 0 1.1844 | 1.0561
2 0.32 16 1.1549 | -0.1301 | 0.0038 | 0.0023 | 1.1842 | 0.9243

TABLE 7.2: Best-fit parameters to the AMS-02 antiproton-to-proton ratio
data considering secondary antiprotons produced in the ISM, for d = 0
(fit1) and d # O (fit 2).

Fit with d=0 Fit with d+0
a6 ‘ ‘ I a6 ‘ ‘ I
% Al ~1.05611 ! ‘ % al -8.924384 | ‘
(WIS |
£ 0 TEIEII ) |Iﬂ]“Hhm T l]hv Il 1 l £ 0 ppifill g .mmmh Lot 11 II]IJ[[ { |
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Eiin (GeV) Eiin (GeV)

FIGURE 7.2: Antiproton-to-proton ratio residual from the AMS-02 data
from Ref. [187].

7.2 Antiproton production from annihilating tensor dark mat-

ter

We use the PPC4DMID code [142] to obtain the antiproton flux produced in the hadroniza-
tion of quarks or the hadronic decay of the T lepton produced in the annihilation of
TDM, and its propagation in the ISM. This code, which uses Monte Carlo simulations
to calculate the differential spectra of antiprotons is especially useful since it includes

electroweak corrections.

Protons are produced by dark matter annihilation in the same proportion as aniprotons,
but their contribution to the overall proton flux is very small compared with the total
proton flux in the ISM, and can be neglected. Only the antiproton production is large
enough compared to the total antiproton flux in the ISM, so it becomes relevant in the
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calculation of the antiproton to proton flux ratio. The relevant channels that contribute
to the antiproton-proton ratio are shown in Fig. 7.3. It is easy to see that the most
contributing channel, bb, yields an antiproton flux with a maximum in the energy range
of the excess in the AMS-02 data.

M=62.488, g.=1.001x107°

Total

TDM Into b b

TDM into %7
TOM Into §q

10-11

500

Exin (GeV)

FIGURE 7.3: Antiproton-to-proton flux ratio for antiprotons produced in
the annihilation of TDM for M = 62.488 GeV and the correlated coupling
gs(M) = 1.001 x 1073, for the bb, ¢c, T+ 7~ and light quark channels.

The statistical relevance of this contribution can be seen when we perform a fit to the
total flux to the AMS-02 data for both cases, d = 0 and d # 0, for fixed value of the
mass M and obtain the value of x? for the fit. The results for the whole range M €
[62.470,62.505] GeV are shown in Fig. 7.4 for the fit including TDM contributions and
we compare it to the value for the best fit without the addition of TDM contributions
obtained in the previous section for d = 0 and d # 0. We can see that the fit improves
for all values of M € [62.470,62.505] GeV in both cases. The black point in these plots
marks the minimal value of x? for the considered values of M, which correspond to
the best fit including TDM contributions in each case. The parameters corresponding to

these points are given in Table 7.3.

For d = 0, the best fit is obtained for M = 62.4839 GeV and the corresponding value
of the Higgs portal coupling compatible with the measured relic density is g;(M) =
1.0053 x 1073. In the d # 0 case the best fit corresponds to M = 62.4877 GeV and the
value of the coupling is ¢s(M) = 1.0009 x 10~3.

Fit M/GEV qbo/GV (P]/GV a b C d gIism XZ
3 | 62.4839 0.32 16 1.1216 | -0.1599 | 0.0247 0 1.1371 | 0.8783
4 | 624877 0.32 16 1.1225 | -0.1691 | 0.0290 | -0.00043 | 1.1310 | 0.8772

TABLE 7.3: Best-fit parameters to the AMS-02 antiproton-to-proton ratio
for d = 0 (Fit 3) and d # 0 (Fit 4), including antiprotons from TDM
annihilation.
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FIGURE 7.4: x? value as a function of M, for d = 0 (left) and d # 0

(right). The dashed lines are the x? values without the TDM annihilation

contributions in Section II. The points correspond to the minimal value in
each case.

Each contribution of the best-fit results in Table 7.3 are shown in Fig. 7.5, where data
points correspond to the AMS-02 data for the antiproton-proton residual ratio and the
continuous lines correspond to antiprotons produced in the annihilation of TDM. We
can see in these plots that TDM contributions account for the antiprotons excess ex-
tracted from the AMS-02 data and this result is not sensitive to the value of d.
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FIGURE 7.5: Antiproton-to-proton ratio pure residual (annihilation con-

tributions not included) from the AMS-02 data [187] for the parameters

in the best fit for d = 0 (top) and d # 0 (bottom) in Table 7.3. In both cases

we also show the contributions from TDM annihilation into bb and éc for
the corresponding value of M in Table 7.3.
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Chapter 8

Simple Gauge Theory for Dark
Matter and Collider Constraints

In the past chapters we have described and shown that tensor dark matter, a spinor-like
field in the (1,0) @ (0, 1) space-time structure, is a possible description of dark matter
that is consistent with relic density, constraints from Z° and H invisible widths, bounds
from direct detection experiments such as XENONT1T, and indirect detection limits from
observations of the photon flux in dwarf spheroidal satellite galaxies (dSphs), the cosmic
ray antiproton excess and the Galactic Center gamma ray excess. This consistency is
obtained only when the tensor dark matter has a mass M ~ My /2, specifically within
the [62.470,62.505] GeV window and with a coupling to the scalar Higgs portal g; €
[0.98,1.01] x 1073,

This sharp prediction, along with the fact that the leading terms in the interaction La-
grangian are dimension-four, motivates us to explore a more general construction. In
this chapter we will work out the formalism for a Hidden Tensor Dark Matter gauge
structure, that is, the inclusion of dark matter fields with a (1,0) @ (0,1) space-time
structure and the simplest case for an additional dark gauge group G; = U(1),, and its
spontaneously broken gauge symmetry. In this Hidden TDM scheme, the dark sector
does not have SM charges and, viceversa, the SM fields do not have dark sector charges.

Despite both sectors having no charges of the other, there are dark matter interactions
coming from the fact that a dark gauge group that includes a factor U(1); subgroup
mixes kinetically with the U(1)y of the standard model. This idea has led to the ex-
ploration of new neutral gauge bosons, that are considered the mediators of dark mat-
ter gauge interactions and the consequent existence of kinetic mixing of the SM U(1)y
gauge boson with every abelian dark gauge boson in the dark group G; [188-212]. We
will study the kinetic mixing that occurs in the Hidden TDM scheme in detail.
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8.1 Dark gauge group, kinetic mixing and custodial symmetry

The Lagrangian with the addition of a dark U(1)p gauge group can be written as
L=Lsy~+ Ly~+ Lint, (8.1)

with Ly being the SM Lagrangian, £; stands for the U(1),; gauge theory Lagrangian
and L;,; includes the interaction terms between SM and the dark sector. The dark sector
Lagrangian is given by

ot _ 1
Ly = (DY G=Dyp — M2Gyp + (D'®) D@ — p3P*® — Ay (P*P)? — 1V Vi, 82)

where ¢ is the tensor dark matter field and %, = %(gw + SVV) as it was defined in
Chapter 2. We denote the U(1), stress tensor as V** and the dark Higgs field as ®. The
covariant derivative for this sector is D,y = (3, +igs % V,,)¢.

The interaction Lagrangian is formed by all dimension four products of operators from
the SM and dark sectors, invariant under the complete gauge group SU(3). ® SU(2); ®
U(l)y ® U(1);. Recall that we did the same in Chapter 2, and we found that in the
case of the SM, the lowest dimension gauge singlet operators are the U(1)y stress tensor
B* and the Higgs operator ¢'¢ (from now on we will use a tilde on the SM fields and
couplings to distinguish them from the extended theory fields). For the dark sector, we
have the U(1), stress tensor V*¥ and the dark Higgs term ®'® as the lowest dimension
gauge singlets. There could be an additional term if we consider new elements for the
matter content of the dark sector. For example, if we include a dark neutrino v? and its
right component is a singlet of U(1)4, we can form a dimension four term L¢* v, but we
will focus only in the addition of the dark gauge fields.

Therefore, the interaction Lagrangian is given by

Lint = — P(gs + igpX)¥P' ¢ + GPMupB" — P(gs + igpx ) p* @

Siny T
— 5BV — 24§ ¢R7 P + L], (8.3)

where L stands for the self-interaction Lagrangian of tensor dark matter. Self-interaction
terms for fields with this structure are discussed in Ref. [77], but for the purposes of this

work we will set them aside for now.

The kinetic terms for all the gauge bosons in the Lagrangian in Eq. (8.1) are

1, - - _
Liauge = —E(Wawwgv + B" By 4+ VIV, + 2sin x VB, (8.4)
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which contain a kinetic mixing term of the U(1)y and U(1); gauge bosons. To restore
the canonical form of the Lagrangian, we must perform a GL(2,R) transformation on

the gauge bosons to obtain properly normalized kinetic terms [213]

B],“/ - B;“/ - tanXVyv, V],“/ = secC X‘_/;“/. (8.5)

Applying this transformation, the Lagrangian recovers the canonical form

| I I o
Lynge = =g (W Wi, + BBy + V1" V), (8.6)
which induces a coupling between the U(1); gauge boson and the SM fields. The
SU(2)p ® U(1)y ® U(1)4 covariant derivative now takes the form

~ Y _ Y. -
Dt = oV +igT" W™ 4 igYEB” +i(ga secx% -3y tanXE)V", (8.7)

where Q,;/2 is the generator of U(1),, with g; being the corresponding coupling con-
stant. Again, the "tilde" notation for the SM electroweak gauge couplings, &, §y, is to
associate them to the extended theory. From the last term of the covariant derivative
we notice that the new dark gauge boson acquires a non-vanishing hypercharge due to
the kinetic mixing. Effects of this mixing also appear in the mass terms generated by the
Higgs mechanism. In order to keep the U(1)y, an unbroken symmetry, with the genera-
tor Q = T3 4+ Y/2, we identify that the By boson functions similarly to the non-extended
SM hypercharge field B, and both mix with WS. We can perform a rotation with a weak

B _ C,OS?”’ —sinfy) (A) (8.8)
W3 sinf,  cos0Oy Z

As a result, we get the relation

mixing angle 0,

- Y _ -
FTWs + gy B = eQA+ §(1,-20Q)Z, (8.9)

e
with e = ¢35, = §y€yw, and where 5§, = sin O, Cp = COS Oy
The Higgs sector of the Gsy ® U(1), gauge theory has the following Lagrangian
Lhiiges = (D"$)"Dup + (D'®)* D, @ — V(, @), (8.10)
where the Higgs potential is written as

V(g ®) = i@*¢ g+ APTP)? + p3®* D + Ay(P*D)? + 2kD* PP . (8.11)
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The minimum conditions are obtained as follows

1%

o5 = 2Bl +2A(§7) + 2x(@"@)] = 0, (8.12)
aa(; = 28,[ji* + 2A(P*®) + 2k(¢'P)] = 0, (8.13)

Using (0[¢*¢|0) = 32/2 and (0|P*®|0) = v?/2 we obtain the following relations from
the minimum conditions

WA AP 4k =0, @+ A8 +x0* =0, (8.14)

where (0|¢T¢|0) = v2/2 and (0|®*®|0) = 52/2.

Here, the spontaneously broken solutions for both Higgs fields in the unitary gauge are

- O~ _Ud-‘r-g
¢—<ﬁf), D= 73 (8.15)

where the expectation values of H and S vanish. Spontaneous symmetry breaking gen-

erates mass terms for the Tensor Dark Matter field, however, the parity-breaking terms
with the coouplings g,, §, in Eq. (8.3) generate mass terms with the wrong properties
under parity, thus we will discard them. With this into consideration, we have the fol-
lowing Yukawa-like terms

Loy = —8&Pypd'd — pypd*d. (8.16)

The mass for the TDM field after SSB turns out to be Mﬁ, = M?+ %(gsvz + gsﬁz). From
these terms we can also notice a dark matter-Higgs coupling, yielding a Higgs portal
interaction similar to what we have studied in the previous chapters of this work, but
now there is a additional structure from the dark Higgs producing also a combinated
coupling with the SM Higgs.

In this gauge, since ¢ is a U(1)p singlet and @ is a standard model singlet, Egs.(8.7,8.10)
yield the following gauge boson mass terms
gauge P07 X
»Cmass = Twﬂl W;?
1 ~2 52

D~ 52 52 2
0°¢° 5,  U°Gytany -, ~ 3y0-tan” x 5 T )
+ = 46%, 75+ 2, V”Zy + (4 + g5sec” xv > 1% ] . (8.17)

N
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The photon is massless and the W= boson maintains the same value of mass as in the
SM. We can arrange these terms in the following form

o 1/, N\ (MZ A Z
gauge _ 312 ViU~
Linass = MWW, + 5 <Z V) < AZ M ) (v) (8.18)
where
52752
2 _ &8
My, = 4 (8.19)
M2
M5 =N, (8.20)
cw
M2
A= Mg, tany, (8.21)
Cw
M} = M, tan® 0, tan® x + g505 sec” x. (8.22)

The SM field Z mantains the expected mass value related to the W* mass, My, = M5y,
which is a consequence of the Higgs sector custodial symmetry. In other words, the
Higgs potential has a global SU(2); ® SU(2)r symmetry before the breaking of the
SU(2)r ® U(1)y. After the spontaneous symmetry breaking, a SU(2)y symmetry re-
mains, which is called a custodial symmetry [214-217], and protects the relation be-
tween the Z and the W* mass.

The neutral gauge boson mass terms can be diagonalized by the following rotation

. e 7
% _ Cf)S 9§ sin 9§ ’ (8.23)
1% sinf;  cos6; Z!

in which we have the relations

M = M3c + Mis? 4 2Asgcg, (8.24)
M3, = M3s7 + Mpc; — 2As;cg, (8.25)
M2 — M2,

It is useful to keep the converse relations
M3 = M5c + Mys7, (8.27)
Mg = M7s? + M7.cz, (8.28)

1
A= sin 20;(M% — M%)). (8.29)
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From Eq.(8.27) we can write the mixing angle 6; in terms of the physical Z and Z’ masses
and the non-diagonal Z mass which in turn can be written in terms of measurable quan-
tities. Explicitly

M2 — M3

z 7 (8.30)
M%/ - M%

2 __
Sg—

After these transformations, we can find the relation between the original gauge fields
and the diagonal fields by

B Cw, —SwC; —tan sy, SyS; — tanxcy A
Wg, =\ 5» CuCy —CuwSg Z . (8.31)
Vv 0 sec xsg sec xcg A

Finally, the covariant derivative in terms of the physical fields is

Dy =3y +i-=(T*W} + T"W,) +ieQA,

V2

g Y
+i [g;g ((T3 —5%,Q) — 8y tan6; tan)(Z) + gas¢ secXQZd] Zy

w

i E(n-20)+

Sy tan x X
tan Qé 2

» > — gdCg sec )(de] Z, (8.32)
The neutral currents arising from this covariant derivative can be compared with ex-
perimental data to measure the effects of kinetic mixing. Such comparison would yield
bounds to the values of the kinetic mixing parameter x, the mixing angle 6; or the pa-
rameter x in the Higgs sector in Eq. (8.11). However, the custodial symmetry protects
the relation My, = M5¢y, at tree level, so we can attempt to write the matrix elements of
Eq. (8.31) in terms of the weak angle, My and Mz which are measured quantities, and
the unknown mass of the physical field Z'.

We can test the grounds on new physics by using the fit to the electroweak precision
data (EWPD) , but this requires analysis at a loop level.

8.2 Mass Lagrangian at the loop level

The modified minimal subtraction scheme (MS) is a renormalization scheme that is
used, along with radiative corrections, to obtain the precise values of physical constants
that are the baseline for particle physics calculations. For instance, the world average for
the electromagnetic fine structure constant at low energies, ol = 137.035999084(21), is
extracted from measurements of the electron anomalous magnetic moment, and the
Rydberg constant and atomic masses of Rb and '3*Cs. The Fermi constant Gy =
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1.1663787(6) x 107°GeV 2 is measured from the muon lifetime, and the value My =
91.1876 £ 0.021 GeV comes from the Z lineshape at LEP. For details of these measure-
ments, refer to the review Electroweak Model and Constraints on New Physics in [3]. These
values use the MS, where the physical Weinberg angle at a scale y is defined as

2 (n) , 8.33)

A g
Wit = @00+ &)

where the hatted values correspond to those of the MS scheme. The masses of the gauge
bosons in this scheme are written in terms of other observables, such as

T M?
M3, = , MZ =W 8.34
W V2GR (1 — Afy) 2758 (8:34)

where §; = sin éW(MZ), é7 = cos éW(MZ). The factors Ay, p are related to the ra-
diative corrections, which in turn are related with the observables a,&(Myz), Gg, My
and Myz. Top quark loops are the dominant contribution to these radiative corrections,
quantified in terms of the quadratic mass of the top quark. Including contributions from
the b quark, the radiative correction gy, is [218]

A 3Gr 2, 2 mymy
= —2—"In—|. 8.35
Pto 8\/571’2 (mt + my m% — m% n m% ( )

There is also a subdominant contribution from Higgs loops, o, which is

CNGeM3Z8, M
24212 M3

oy = (8.36)

Including all bosonic loops, we obtain p = 1 + py, + o = 1.01019 4 0.00009 [3]. From

Eq. (8.34) we get the relation

M2§2¢2 — i .
LT 2Gep(1 — M)

(8.37)

The global fit to the EWPD measures effects of new physics through the parameter [3]

My

RN (8.38)
EGEMZp

po =
where ¢z = cosfy,(Myz) is the Weinberg angle measured at the Z pole and M3, M%
stand for the Z and W masses, respectively. The quantity § in Eq. (8.38) includes
the radiative corrections in the SM. Should there be no new physics contributions, we
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will have pp = 1. Deviations from this value would reflect effects from physics beyond
M2

M
top quark, while Higgs boson loops contribute to next to leading order effects. In the

the SM. The radiative corrections to from SM particles are mainly ruled by the

minimal subtraction (MS) scheme, we have [3]
f = 1.01019 = 0.00009. (8.39)
The global fit to electroweak precision data yields [3]

o = 1.00038 == 0.00020. (8.40)

That the value of pg > 1 at 1.9 ¢ (94% confidence level) [3], although not enough to be
conclusive, could lead to contributions from new physics. We will consider from now
on that such effects could be dominated by kinetic mixing effects and we will explore

the consequences of this framework, in particular, to the possible values of the mass of
VA

We must work out the same observables in this framework, including radiative correc-
tions in the MS scheme in order to compare with the predictions of the extended theory.
In our formalism, the muon lifetime yields a relation similar to the first of Eqs.(8.34),

M2 — T
Vo V2GrR (1 - Afw)

(8.41)

where now 5z = §,(Myz). The value of A7y accounts for the radiative corrections in the
MS scheme for our formalism.

The mass Lagrangian for the neutral sector at the loop level is the same as in Eq.(8.18),
replacing MzZ — ]\7[22, A — A and My — My. Again, the hatted terms are measured in
the MS at the scale u = My. With these changes, the tree level relation in Eq.(8.20) is

<

2
M; =1, (8.42)
¢z

el

with ¢z = &,(Mz). Here, p incorporates the radiative corrections in the MS scheme.
Using this relation with Eq.(8.41), we obtain

M2 — il . 8.43
272 2GEp(1 — AFy) (549

The extended theory and the measured quantities can be compared from the Eqs.(8.37,8.43),
where we find
M36555p(1 — Afw) = M385650(1 — Afw). (8.44)
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Then, the observable pj in Eq.(8.38) can be obtained from Eqgs. (8.42,8.44),

My, MIAE &(1— Atw)
po = 2 2

W > W), (8.45)
GMZp  Mzpey  55(1— Afy)

The radiative corrections for the extended theory would come from the couplings of the
dark particles (Z’ and the dark matter fields), which are generated by the kinetic mixing
and the Higgs sector mixing in Eq. (8.3). However, these are small enough that we
can neglect them in a first approximation, keeping only the radiative corrections from
the SM particles. The dominant terms of this correction are the running of a and the
top mass, while the Higgs mass contribution is logarithmic and involves the mass of
Z, which will introduce only small differences due to the shift in the value of Mz from
kinetic mixing. Thus, we can consider as a good approximation that Afyy = Afy, so
Eq.(8.45) becomes

S

The diagonalization for the loop-level mass Lagrangian follows along the lines of the

tree-level one, similar to Eq. (8.30),

M2 — M2

ML M (847)

§7 =

where §; = sinf;(Mz) and M% in the MS scheme at the scale 4 = Mj is given in
Eq.(8.42). From Eq. (8.46) we arrive to the following expression

52 P%ézz 2
Ms = M. 8.48
7 00 — SA% Z ( )

Employing this relation in Eq.(8.47) yields

(po — 1)(poc% — §%)M?%
(00 — 8%) (M2, — M2)

5= (8.49)

We define a new term
M2
N
0p =

, 8.50
eZM2,p (8.50)

that we can use to rewrite Eq. (8.49) as

_ 22
S% _ (TO(pO 1)(P0CZ SZ). (8.51)

(00 — %) (po — 00)
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In a similar way, from Egs. (8.21,8.22), the kinetic mixing angle at the same scale, { =
X(Mz), can be written in terms of the same physical quantities as

0 —1)(pot% — &3 . R
o e = (1~ )~ ). (8:52)
0 VAV

tan? { =

We can use the above relations to write the covariant derivative in Eq. (8.32) in terms of

the physical values of the effective couplings depending on «, Gr, My, Mz and My as

Dy =0, +i \/’T(T+W++T W, ) +ieQA,
V237

e \/po — 87 — pocol (Ts — (1 - pot%)Q) + 4% Secx%i] “r
Z

+1

8z¢ &2 p0(po — 00)

_46 ¢%‘”Wﬁ %Nn—u_%ém)gﬂwmﬁlz 8.5

$zCz &200(po0 — 00)
where
g2 _ Polpo = 85 — poooc}) (8.54)
© (oo —4%)(po — 00)
1
1 ) 2 _1)(1 — ond2 22\12
$rsec X = Al - [(PO ) (ot Sz)(PO(fiJCZ )(1—0ut7) + SZ)] , (8.55)
005zC% Po — 0o
2 D o _ A2 a2 2
Crseck = - 1A Po — 57 — poooty ((po —1) (po(1 UOA);Z 52) + pod2 . (8.56)
SzCz Po 0o POCZ

with ég = Cg(Mz).

With this, we can work out interactions between the physical neutral bosons, Z and Z’

in the extended theory, in order to compare with collider data.

8.3 Effective Zf f interactions and oblique parameters

Assuming that the SM fermions do not carry U(1), charge, the covariant derivative in
Eq.(8.53) yields the following Z f f Lagrangian at the scale u = My

Lzir = 55,6, R Zf P [T] — 20~ pei)Q - T3 2°| £ 2, (8.57)

with

_ [P0 =8 = porey (8.58)
¢Zp0(po — 00)
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On the other hand, the corrections to the SM Lagrangian coming from physics beyond
the SM can be contained in a set of expressions for electroweak observables that are
corrected by a linear combination of three parameters: S, T and U. These are the so-
called oblique parameters, and for the effective Z f f interaction, we write it as [213, 219~
222]

off — ¢ g £l 3  n2) T3 A5
Lz = 2swew (1+ 2 );ffy (TfL 25.Q - T )ny, (8.59)

where sy = sin Oy, cy = cos Oy with Oy being the Weinberg angle and

1 S
2% W

Comparing both Lagrangians in Egs. (8.59,8.57), we can identify

aS =4¢% [(1—po) (¢ — &%) +283(R—1)], (8.61)
aT =2(R—1). (8.62)

The parameters S and T are functions of the Z’' mass, but they are also related by the

expression
4'§ZZ€2Z 0 océzz ’ '

which holds for all values of M. In Ref. [3] the values of the oblique parameters are
extracted from the fit to EWPD,

S = —-0.01 £0.10, T =0.03£0.12, U =0.02+0.11. (8.64)

The predicted values of S and T as functions of the Z’' mass, for the range of values for
po extracted from the fit to EWPD in Eq.(8.64), are shown in Fig. (8.1). We also show in
these plots the 10 regions for S and T obtained in the fit. We can see that S and T reach
a saturation value for My ~ 250 GeV and from then on they are not sensitive to the
value of My .. These predicted values are consistent with results from the fit to EWPD
for Mz > Mz. There is a linear relation between T and S, plotted in Fig.(8.2) along
with the 10 bands for the oblique parameters. The values of S and T for which these
bands intersect represent predictions of the present formalism in agreement with the fit
to EWPD at 1o level.
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FIGURE 8.1: Oblique parameters S and T as functions of M. The solid

blue lines are the predictions using the central value of pg, while the shad-

owed band comes from the 10 region for pg in Eq. (8.40). The red bands

correspond to the 10 region for S and T in Eq.(8.64). Solid lines stand for
the respective central values.

8.4 Z' contribution to charged lepton pair production at hadron

colliders

Searches of charged lepton pair production at Tevatron [223] and the LHC [224, 225]
give upper bounds to the Z’ cross section into fermion pairs. This cross section in the Z’

pole region is

(MertdV2_do Z'X — FFX)AM? 8.65
Uff_/(MZ/A)z W(PP—> — ffX)dM". (8.65)

We can simplify this calculation by the narrow width approximation [226]

dM%/

Tpf <_1, X o(qq — Z’)) BR(Z' — ff), (8.66)

q=u,d

where ;&‘72‘7 are the parton luminosities. The branching ratio for the f f channel is defined
7!

as follows / _
= | N4
BR(Z' — ff) = (r_”[f) (8.67)
Z/
where I'z is the total Z’' width.

The interaction of the Z’ boson with SM fermions can be written as

Loy =S Z LI &) — & £. (8.68)
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FIGURE 8.2: Oblique parameter S as a function of T. The green band

stands for the prediction from the 1o region of pg in Eq. (8.40). The red

and blue bands are the values of T and S respectively in Eq.(8.64) for the
1o region. The central values are shown as solid lines.

From here we can obtain the peak cross section

039 2') = “5- [P+ (D), (8.69)

while the Z’ decay width into a fermion pair yields

, o IZMZI m}
D(Z' = ff) = NS 2 (gl 2+ ()P + O (£ ) |- (8.70)

where N, = 3 for quarks and N, = 1 for leptons. We can omit the terms of the order

2
(@) (A’Z—é) , and the total width into fermions will be given by

2
T = S 2 (9 (g7 + (8402 + (597 + (88)2) +3 (1) + (527 + (8502 + (5)%) ]
(8.71)
where we assume that the couplings g{/ /4 are different for each generation. Since the
top quark channel starts at 2m; = 350 GeV, the width is reduced 18% below the tt
threshold, however for Mz = 500 GeV this phase space correction is of the order of 2%,

which means we can safely neglect fermion masses.

In hadron colliders, the cross section for the production of charged lepton pairs due
to Z' from hadron collisions can be factorized in terms of hadronic structure functions
Wy /4, as [227]

s
15 [cuwu(s, M2)) + cqwqy(s, M%/)] , (8.72)

where w,, 4(s, Mé,) depend only on the invariant Mandelstam variable s of the collision

Op+1- =
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and on the Z’ mass. These functions contain the QCD dependence of the hadrons in-
volved in the collision and are the same for any model with a neutral gauge boson,
provided its coupling to quarks is not dependent on the generation. The explicit form
of these functions depend on the parton distribution functions of the colliding hadrons,

and are specified in Ref. [226]. The coefficients ¢, 4 involve the Z’ couplings to fermions,

[(8%)* + (4)*] BR(Z' — I*17), (8.73)

[(38)2 + (84 BR(Z' = 1117, (8.74)

From here, experimental data on I/~ production in hadron colliders can be used to
find upper bounds on the Z’ contribution, via exclusion curves in the ¢, — ¢, plane,
for a given M. In our case, the couplings of Z’ to fermions are fixed by known data.
Therefore, the predicted values of ¢, ; depend only on Mz, and we can compare the
results with exclusion curves from collider data.

The Z'f f Lagrangian, assuming as before that the SM fermions do not carry the U(1)4
charges, can be obtained using the covariant derivative in Eq.(8.53),

Logs =82 L " [T} —20 - ai3)Q - T £ 2, (8.75)
f
where
e —1)(po2 — &2
P —— (POA2 ) (ot z). (8.76)
28787 &200(po — 00)

This coupling scales as /(oo — 1)/ 09, being small for Z' masses near the electroweak
scale. The factor v/1/0p enhances this value for Mz >> My and at some point, it
increases for large values of the Z’' mass. The values of the associated fine structure
constant, g%, /47, in terms of the Z' mass for values within the 10 level of pp in Eq.
(8.40) are shown in Fig. 8.3. At Mz ~ 30 TeV we enter in a non-perturbative regime.

The interacting Lagrangian in Eq. (8.75) can be compared to the general Lagrangian in
Eq. (8.68) to conclude that ¢’ = g7/, which depends only on known data and My, as
seen in Eq. (8.76). The vector and axial factors can be inferred from this comparison as

gy =T -20-02)Qr, &, =T% (8.77)

With these we can calculate the total Z’ decay width into SM fermions

M / -1 (2 — &2 8
rf, - aMz (po —D)(polz —=57) [, _ 2(1— o0i3) + 5(1 - 00h)?| - (8.78)

TI8E Ealn-a)
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FIGURE 8.3: Fine structure constant for the coupling ¢,/ induced by ki-

netic mixing as a function of the Z’ mass. The solid line corresponds to

the predictions using the central value of pg and the shadow band to the
1o region for pg in Eq.(8.40).

As mentioned before, the production in hadron colliders uses the narrow width ap-
proximation [226, 227] so we need to ensure that we are in this regime for the energies
at which data is obtained. In a first approximation we will assume that the total width
of the Z' is given by its decays to SM fermions only, with possible modifications con-
sidered afterwards. Under this assumption, FJ;, in Eq.(8.78) is the total width. The ratio
I”;, /My as a function of My is shown in Fig. 8.4. We can see that up to masses around
10 TeV, the narrow width approximation is viable, with the ratio at My = 6 TeV being
around Fé, ~ 0.03, and reaching 0.1 when My = 10.6 TeV'.

The branching ratio for the I7]~ channel is

BR(Z - I']") — 11—4(1 —0p5) +8(1 — 0pé3)? 8.79)
83 —6(1—0pt2) + 8(1 — 0pt%)? '
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FIGURE 8.4: Width to mass ratio for the Z’' boson as a function of the
Z' mass. The solid line corresponds to the predictions using the central
value of pg and the shadow band to the 1c region for pg — 1.

The coefficients ¢, ; can be obtained from Eqs.(8.73,8.74) with g/ = gz and the vector
and axial factors in Eq. (8.77)
2

7T (PO - 1)(P0@2z §z) A2 A2 \2 / +1—
= 9 —24(1 — 09f7) + 32(1 — o BR(Z' — I717),
Cu 365%6% C%O()(PO - 00) [ ( ot ) ( OCZ) ] ( )

(8.80)
a2

e (po —1)(poc% — &%) 2 A2 \2 / +71-
= - 9 —12(1 — 09¢7) + 8(1 — 0pc BR(Z" — I"17).
36SZZC% c%ao(po —0p) [ ( 0z) ( 0(z) } ( )

Cq

(8.81)

From here we can see that these coefficients are in fact linearly correlated, independently
of the value of BR(Z' — I117), as

9 —24(1 — 0p¢%) +32(1 — 0p¢%)?
cu = ( OOCAZ2> + 32 UOACZZZ cq- (8.82)
9 —12(1 — 09%) + 8(1 — 00c7)
This relation depends on M2, but for large values of the Z' mass, it reaches an asymp-

totic constant value,

17
Cy = gcd. (8.83)
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At this point, the branching ratio in Eq.(8.79) reaches a saturation value BR(I*17) = 1/8
and the values of the c, ; are proportional to M2,

2 2 . M2,
oy T (0062 =57) (0= 1) _ g 7 q9-6M2 (8.84)
8 3655¢7 00 €500 My,
5 5 —8%) (po—1 M2,
g2 (008 =) (o0 =1) g 0™ (8.85)
836355¢; 00 %00 My,

Note that in this context, a large Z’ mass means 0y << 1, satisfied for Mz" 2 500 GeV.

The experimental data on the upper bounds for Z’ production at the LHC comes in the
form of c¢; — ¢, exclusion curves for given values of M. We plot the exclusion curves
from Ref. [225] in Fig. 8.5 (solid lines) and we include the values for (¢;(Mz/), cu,(Mz))
from Eqgs. (8.80,8.81) as dots for each corresponding value of My, taking the central
value of pj in Eq.(8.40) and adding the 1c region as error bars. For Mz' < 5200 GeV the
predicted values for c,, ¢z, including the 1o uncertainties of po, are above the exclusion

curves, thus inconsistent with the data.

107 - i - }
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FIGURE 8.5: Exclusion curves for the ¢, ¢; couplings extracted from Ref.

[225] and the corresponding predictions in theories for physics BSM con-

taining an extra spontaneously broken U(1); and respecting custodial

symmetry. Each dot corresponds to the predicted value for a given Z’

boson mass from Egs. (8.80,8.81) and is marked in the same color as the

corresponding exclusion curve. Uncertainties correspond to the 1o region
for pg in Eq. (8.40).
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There are uncertainties in ¢, ¢; due to changes in BR(Z' — I7]~) coming from contri-
butions of other decay channels to the total decay width, which need to be included for

a more precise calculation.

For instance, mixing with the SM fields generates couplings of the Z' to ZZ, Wr W~ and
ZH, proportional to single mixing factors s,. The corresponding decay widths are pro-
portional to pg — 1, which turns to be small compared to the decay widths to fermions,
which as mentioned before, are enhanced by the 1/0y factor, and end up being propor-
tional to (oo — 1) M2,/ M3,.

Additionally, decay to non-SM particles in the ultraviolet completing theory may yield
more important contributions since, from Egs. (8.53,8.56), we can see that the corre-
sponding coupling has the same enhancement factor as the fermion case, so we need at
least a rough estimate of the decay width to these non-SM particles. Thus, it is impor-
tant to work out the possibility that dark matter couple to SM fields via kinetic mixing,
in which case, it is natural to expect dark matter particles with masses of the order of
the electroweak scale.

We can estimate the effect of including the tensor dark matter field ¢ with U(1), charge
Qf = 2, which from Eq. (8.2) involves a coupling g¢; with the V), field. This in turn
creates a coupling with the Z’ field, from the covariant derivative in Eq. (8.53) we can
see that the Lagrangian of such interaction is

Loy = ~igatcseck[F2 @up) — )92, (8.86)

This yields the following squared invariant amplitude

_ 18icpsec’R e (8.87)

T Mgyl = SEEE (g
Nt ¥ 3 4M* M2,

< Tr| (S(p2) + M} )2 (p1 = p2)s (S(p1) + M3 )" (p1 = p2)y -

We obtain the following decay width

A2 5025 M2
wgCzsec XM,

rz = —— =
(2= 99) 96 M

(M2, — 4M3)%2 [1 . 6(1\]\/3)2 + 24(]\]\;;)4}, (8.88)

where ay = g3/47 is the U(1), fine structure constant.

This decay width depends on a,, My and My, which are unknown, so it is not pos-
sible to find bounds with certainty. We can estimate the results by considering My ~
62.5 GeV, but the choice of the coupling must be done with care. For the results obtained
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FIGURE 8.6: Width to mass ratio for the Z’ boson as a function of the

Z' mass with the inclusion of decay into tensor dark matter. The solid

line corresponds to the predictions using the central value of pg and the

shadow band to the 10 region for pg — 1. We show the contribution of Z’

decay into TDM (red) for My, = 62.5 GeV and g; = 1073, the contribution
from SM fermions (blue) and the total width (black).

only with SM fermions to remain more or less unchanged, that is, for the narrow width
approximation to remain valid, the Z’ decay width into tensor dark matter must be of
the order of the decay into fermions. For that to happen, we need the U(1); coupling
to be of around g¢; = 1073, or equivalently, oy = 10~°a. We plot the results with these
considerations in Fig. 8.6, where we can see that the narrow width approximation for
this case remains valid up to masses of 6 TeV, being around 46% at this value of M. To
illustrate how sensitive is this result for different values of My, we show the contribu-
tions for My, = 20,60 and 100 GeV in Fig. 8.7. The narrow width approximation is valid
only until masses of 1 — 2 TeV for My = 20 GeV and overpowers the contribution from

SM fermions.
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FIGURE 8.7: Width to mass ratio for the Z’ boson decay into tensor dark
matter as a function of the Z’ mass. The solid line corresponds to the
predictions using the central value of py and the shadow band to the
1o region for pg — 1. We show the contribution of Z' decay into TDM
for My = 20 GeV (red), 60 GeV (green) and 100 GeV (purple), with

¢4 = 1073, For comparison, we show the contribution from SM fermions

(blue).
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Chapter 9

Conclusions and perspectives

The Standard Model, as a quantum field theory, has a history of extraordinary success
at explaining several phenomenological observations. Its construction culminated with
the discovery of the Higgs boson in 2012, with a measured mass My = 125.25 GeV [3].
After the great achievements of the Standard Model, there are still many questions yet
to decipher. Some attempts to solve these questions fall into extensions or modifications
of the theory, in what is called physics beyond the standard model.

One of the great mysteries yet to be solved by any theory is the nature of dark matter.
There has been an extensive effort in the spawn of more than five decades to try and
propose a description of this phenomenon, and yet there has been no success at finding
excruciating evidence that could point out as to what exactly is dark matter. However,
these efforts have at least produced a recipe that contains criteria that we must obey in

order to propose a candidate that could explain this unknown content of our universe.

The standard model uses only a few of the irreps of the Homogeneous Lorentz Group:
the (1/2,0) & (0,1/2) for quarks and leptons, the (1/2,1/2) for gauge bosons and the
(0,0) for the Higgs boson; and proposals for physics beyond the standard model men-
tioned above use the very same representations. In this work we proposed a differ-
ent alternative, a (1,0) @ (0,1) space-time structure to describe a dark matter particle,
which we call tensor dark matter. We employ the covariant basis for the single spin
(7,0) @ (0, j) representation worked out in Ref. [73]. A field transforming in this rep-
resentation is conventionally described using an equivalent antisymmetric tensor with
two indices, and the quantum field theory for the j = 1 case was developed in Ref. [77].
We described and employed this formalism to obtain the interactions that such particle
would have with standard model particles and performed the calculation of numerous
processes. We compared our results with current experimental data.

As a starting point, we obtained the limits on Z and H boson decay from the measured
invisible decay widths of these particles, and concluded that for tensor dark matter,

masses below 42 GeV are ruled out.
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Next, we calculated the relic density for tensor dark matter, and comparing our results
with the measured relic abundance from the CMB data. We arrived at a relation between
the TDM mass and the coupling constants of the model.

From here, we went forward to the comparison of experimental bounds from a number
of observations. Firstly, from the direct detection front, we obtained the dark matter -
nucleon cross section and compared this result with the experimental limits from the
XENONI1T experiment, finding that the spin portal coupling is heavily constrained, but
the scalar Higgs coupling to tensor dark matter falls into values of the order of O(1073)
for masses around 100 GeV. Secondly, we looked into limits from indirect dark matter
searches. Tensor dark matter turns out to be a consistent candidate for the explana-
tion of the gamma ray excess in the Galactic Center, for values of the scalar coupling
to the Higgs of g; € [0.98,1.01] x 1073 and M € [62.470,62.505] GeV. We showed
that for this mass and coupling window, other experimental observations are success-
fully explained, such as annihilation into "3 ~, T" 7~ and bb from the measurements of
gamma flux of 19 dwarf spheroidal satellite galaxies. Additionally, such parameters are
also consistent with dark matter annihilation into 7 from measurements of monoener-
getic spectral lines from self-annihilations of DM in the central region of the Milky Way
halo.

We also worked out the possibility of explaining the cosmic ray antiproton excess ob-
served in data from the AMS-02 collaboration, and show that with the inclusion of ten-
sor dark matter annihilating into fermions, a fit to this excess is improved for the mass
window consistent with the aforementioned indirect detection limits.

In summary, we showed that tensor dark matter, a spinor-like field in the (1,0) & (0,1)
space-time structure, is a possible description of dark matter that is consistent with relic
density, constraints from 7Y and H invisible widths, bounds from direct detection exper-
iments such as XENONI1T, and indirect detection limits from observations of the photon
flux in dwarf spheroidal satellite galaxies (dSphs), the cosmic ray antiproton excess, and
the Galactic Center gamma ray excess. This consistency is obtained only when the ten-
sor dark matter has a mass M ~ My /2, specifically within the [62.470,62.505] GeV
window and with a coupling to the scalar Higgs portal g5 € [0.98,1.01] x 1073,

Such sharp prediction, along with the fact that the leading terms in the interaction La-
grangian are dimension-four, motivated us to explore a more general construction. We
introduced the possibility of dark matter interactions coming from a dark gauge struc-
ture, a dark gauge group that includes a factor U(1); subgroup that mixes kinetically
with the U(1)y of the standard model, and worked out the the formalism derived from

this inclusion, in what is known as a Hidden Dark Matter gauge structure.
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We showed that for an extension of the standard model with a spontaneously broken
U(1), factor dark gauge group and kinetic mixing, when the Higgs sector of such theory
respects custodial symmetry, small couplings between the SM and dark sectors appear,
and new mixing terms exist in the neutral gauge sector. In this hidden dark matter sce-
nario, custodial symmetry still relates the Wﬁ’ mass term to the SM Z;, mass term. There
is a tree-level mixing Z — V mixing which modifies the custodial symmetry relation in
the extended theory, resulting in the EWPD parameter py # 1. We calculate pg in the
extended theory and use it to rewrite the Z and Z’ couplings in terms of pp and the anal-
ogous ratio 0y = M3, /¢5M2,p, which depend on measured observables and the mass of
Z'. We studied the intermediate Z’ contributions to the production of a charged lepton
pair at the LHC, where the corresponding cross section can be written in terms of two
parameters, ¢, and ¢;. These parameters carry all the information of the Z’ couplings
to SM fermions, and we calculated them in our formalism considering only the Z’ cou-
plings to SM fermions generated by the kinetic mixing. We compared the results of our
calculation using the range of values of pg extracted from the global fit to the EWPD at
the 10 level with the exclusion curves in the ¢, — ¢ plane for Z’' masses in the range
3.8 — 7.0 TeV obtained by the CMS Collaboration. Consistency of our calculation with
the CMS data requires Mz > 5.2 TeV'.

There is still much work to be done in regards to this proposal. We focused mainly on
observables that were prominent in the particle physics community, but there are many
observables that we are yet to explore and will be important to study to continue test-
ing our dark matter model. One aspect that was not mentioned about this framework,
and unlike scalar DM models, a spin-1 DM field will have interactions with the electro-
magnetic multipoles, meaning that such DM particle would add E and B modes to the
CMB that should be consistent with the observations. Other cosmological observations
are of great importance, particularly the observed Lyman-a power spectrum and the
Tully-Fisher relation.

While the ACDM scheme works for large-scale structures of the Universe (for distances
larger than 1 Mpc), there are observations at small scales where structure formation is
nonlinear and cannot be successfully described by this framework. Among these prob-
lems are the missing satellites problem (cosmological simulations of DM haloes predict
large numbers of satellite galaxies while such amount is not observed in our galaxy),
the cusp-core problem (many low-mass galaxies” density profiles are not in agreement
with the mass density profiles of DM haloes predicted by ACDM simulations) and the
too-big-to-fail problem (fewer galaxies with large central densities are found than what
is predicted from the ACDM scheme). There are some proposed solutions to these
problems that do not require a change in the DM framework, but there are proposals

that involve modifications to the nature of the DM particle (for example, warm dark
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matter). More interestingly, from the perspective of our work, dark matter with self-
interactions could alleviate some of these inconsistencies. We have yet to work out the
self-interactions of our model, which is an important step if we want to compare with

the cosmological observations mentioned.

In the short-term, the positron excess should also be looked into. The results of this work
are also on the edge of current bounds, so future observations of greater precision could
discard the model. Of course, as a result of this work, we plan to continue studying the
non-Abelian structure as an extension of the standard model in a more fundamental ap-
proach and the possible answers it may have for the dark matter mystery that concerns

the physics community today.
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Appendix A

Traceology of the (1,0) & (0,1)
representation

The covariant basis is orthogonal with respect to the scalar product defined as (A|B) =
Tr(AB), thus these matrices satisfy the following relations

Tr(x) =Tr(S) =Tr (M) = Tr (xS) = Tr (C) =0,
Tr (xM) = Tr (xC) = Tr (MS) = Tr (MxS) = Tr (MC) = Tr (SxS) = Tr (SC) = Tr (xSC) =0,
(A1)

where we suppressed the Lorentz indices.

Calculations in this work requires traces of products of the S*¥ tensor and other elements
in the covariant basis. Let us consider first

Tr (SMM) = Tr (X*SMM) = —Tr (xSYxMM) = —Tr (xSMMy) = —Tr (SMM) = Tr (SMM) = 0,
(A.2)

where we used Egs. (2.33) and (2.34) and the cyclic property of a trace. Since x com-

mutes also with C, this procedure can be used to show that in general if we have a term

with an odd numbers of S tensors the trace of this term will vanish

Tr(term with an odd # of S’s) = 0. (A.3)

The trace of terms with an even number of S factors can always be reduced to a linear
combination of terms with the trace of the product of two S or two M factors using the
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following (anti)commutation relations

(M, M) = —i (g;m MVP — gUeMHP — ghB MY 4 gV Mw) ) (A.4)
(MM, MY — %(gwgw _ ghBgu) _ %igﬂvaﬁx n %Cuva/&, (A.5)
(MM, 5%) = —i (g;thVﬁ — gV gHP 4 ghbgUe _ gVﬁsﬂﬂf) , (A.6)
{M‘Ltv’saﬁ} — B ygh it E],n/mxXSIS . (A7)
(S, 5%F] = —i (g;mMVﬁ + g MMP 4 gV MM 4 gﬂﬁMW) , (A.8)
{SW, Saﬁ} _ % <gwgw5 b gUigtP ;guvgwﬁ> _ % (cwxvﬁ + cﬂﬁva) . (A9)

The simplest case appears in the calculation of H — DD

Tr (5?‘”5“13) =Tr <;[SVV, S*F] + %{SW, S“ﬁ}> =4 <g””‘g”ﬁ +ghPg — ;g””g“ﬁ> = 4TMP,

(A.10)
Similarly, the calculation of Z® — DD requieres
Tr (M"Y M) = Tr <;[MV", M) + %{M”", M“ﬁ}> — 4(glug’h — gMPg") = 4GHP,
(A11)

The first example of the reduction mentioned above is faced in the calculation of Z° —
DD which also requires to calculate

Tr (S48 MP7) = Tr (; {5, 5%} Mo % [, 5] Mpa>

= ;Tr ((gV“MVﬁ + gW‘Mﬂﬁ + gVﬁMW + gﬂﬁMW> MP‘T)

— _2j <gm(;vﬁpv + gUAGHPRT 4 VB G guﬂcvv«pv> , (A.12)
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and
Tr (S“ﬁM%‘VSP”MW) =Tr ((;[5“5, MM] + %{5“5, M”"})(%[SP‘T, M)+ %{SW, M }))
=Tr <<;(g;wcsvﬁ _ gvucsyﬁ +gyﬁsva _ gvﬁsya) _ EyvrﬁXSaT _ 8yvncXSﬁT)

(;( QPGOT _ gI0GIT 4 10 G _ Q0TGIPY _ (1ATy G S'yéApXSUA>>
= QM gIPTVRIT | o oSO VYT gl YT VRSP y it b0 TSP

4 QU QIPTHBIT _ gua gpTHIT | gV 10 THBdp _ qva Q0T THBYP

_ guﬁ ngva&f + guﬁngpTww _ guﬁngwcé‘P + guﬁgﬁﬂww

4 gUPGIPTHAOT _ GUB g THNT | qVB Q1O THEdp _ GV gdT TP

_4 <Syvrﬂ€'yMUTanA 1 gTBgroroTe @

4 eMTRGIONTTB Py cpvTa Yo 0 A) , (A.13)

Similarly it can be shown that

Tr ( M M MPU) — i (gw GVBPT _ qUaGHBOT _ GHBGYRT | gVﬁG#aPtT) . (A1)
Tr <X575S“5MVV> -2 (sw"ﬁT”"s"‘U n eWmTWU) ) (A.15)

Tr (XM%‘VMW) = —4ighvep, (A.16)

The calculation of the trace of terms involving six or eight S or M factors (with an even
number of S factors) needed in this paper are reduced in a similar way.

There is a simpler way to obtain these results however, which is specially useful for
terms with six or more factors. Since the result rests only on the algebraic properties in
Egs. (A.4, A5A.6,A.7,A.8,A.9) we can use any representation of these operators for the
calculation of the trace. In this concern the use of the representation where the internal
matrix indices transform as Lorentz indices is convenient, since in this case the calcu-
lation of the trace reduces to contractions of Lorentz indices which can be easily done
using conventional algebraic manipulation codes like FeynCalc. In this representation,
each internal matrix index a is replaced by a pair of antisymmetric Lorentz indices a3

[76]. The explicit form of the operators in the covariant basis is given by
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1
(V) apys = 5 (8av8ps — 8as8pr)s (A.17)

i
(X)aﬁfy& = E&Xﬁ’)ﬁ/ (A18)
(M) 55 = —1 (7 Lupve + SueLupyy — Sy Laps — Sovlapyn) (A.19)
(S.“V)vcﬁ75 = Quvlapys — &uylapvs — Suslupyy — §yvLapus — Sovlapyp- (A.20)

The explicit form of C***f can be constructed from Eq. (2.38) and the above relations.
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Me pongo a su disposicion para cualquier duda sobre la revision de dicho trabajo de tesis.
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conjunta.
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tengo inconveniente en que se realice la correspondiente defensa de tesis.
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Atentamente
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