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Introduction

The complete picture of phenomena and particles governing our Universe is far from being
clear. Not too long ago we found out that the visible sector of particle physics corresponds
to a mere 5% of the total energy budget. In fact recent data suggest that the major com-
ponents of this budget are dark matter (25%) and dark energy (70%), both of which are
nearly completely unknown to us in their composition and structure.

This kind of knowledge is relatively recent, in fact, the whole concept of dark matter is as
old as the beginning of the 20th century when it was formulated after the revolutionary
researches of the Caltech professor Fritz Zwicky in the 1930’s. Anyways today we possess
different types of evidence about the existence of dark matter at different scales: galactic,
galaxy cluster and cosmological.

Before talking about these three sectors, it could be of purely intellectual interest to delve
a little bit more into the historical aspect of the conceptual formulation of dark matter.
Throughout history numerous philosophers speculated about the existence of planets,
galaxies or cosmological systems that were too far away from us or too dim to be detected
by us, becoming indeed invisible to our searches.

A valiant force that, during the centuries, has come in help to unveil potentially existing
cosmological systems that, for some reason, were invisible to us is the gravitational inter-
action.

A classic example of this situation is the discovery of the planet Neptune by the as-
tronomers Urbain Le Verrier and John Couch Adams [5] . Both of them were able to
identify anomalies in the trajectory of Uranus confronting the results of the application
of Newton’s laws and the observational evidence. It came out that the anomaly was to
be attributed to the presence of an additional planet with a non-trivial mass that was
influencing Uranus’ motion with its gravitational field.

The discovery of Neptune is an evident example of how the laws of gravity are able to
spot the presence of what could be invisible structures to our eyes.

Thanks to his previous intuitions on Neptune, Le Verrier tried to explain the anomalous
path of Mercury around the Sun with, yet again, another invisible planet called ” Vulcan”.
It was here that his fortune came to an end since it would require Einstein’s General Rel-
ativity theory to explain Mercury’s orbit.

Even though wrongful, this is another example of the power of gravitational force as an
instrument to shed light into the darkness of astronomical data.

This is crucial since even to the present day, almost the totality of proof in our hands
concerning dark matter displays a gravitational nature. For this type of matter consid-
ered collisionless and weakly interacting with light, gravity is the only interaction that
allows us to unveil its presence. In the following section, we will examine more clearly the
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complete meaning of these sentences.

To complete this historical framework, it is curious to notice that in the late 19th century
doubts about the presence of dark regions in the sky began spreading in astronomical
circles. After the invention of astronomical photography, it was observed the presence of
dark regions inside stellar fields that enticed the idea of the existence of an undiscovered
type of matter along the line of sight responsible for the absorption of light.

It was not until some decade later that the concept of dark matter assumed the conceptual
frame that still possesses to this day, by the hands of a few pioneers like Zwicky and Vera
Rubin.

The aim of this master thesis is, as the title suggests, to analyze and discuss dark mat-
ter theories with a Z’ vector portal and, in particular, the constraints coming from the
analysis of perturbative unitarity. The structure of the thesis is the following. In the first
chapter, we will proceed to examine the main evidence of the existence of dark matter,
starting from Zwicky’s discovery and we will try to outline constraints coming from both
experimental measures and theoretical predictions in order to narrow the field on what
really is dark matter.

Then in the second chapter we will provide a description of the main particle candidates
to constitute dark matter in WIMPs and we will try to draw an inclusive picture of the
major research fields in which our efforts on finding dark matter are concentrated.

The third and fourth chapters will be focused on Z’ vector dark matter models and their
perturbative unitarity constraints, the most important part.
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Chapter 1

Evidence of dark matter

1 Zwicky’s discovery

Even though this would be more of a cluster scale proof, for chronological reasons we start
the conversation about dark matter talking about the man who first found out about his
existence. As said shortly before, the introduction of dark matter in the scientific commu-
nity is to be attributed to Fritz Zwicky who, like other physicists of that time, focused his
observation on the Coma cluster, which had the peculiarity of presenting a strong central
condensation and a tendency towards the spherical symmetry. It was the latter and very
peculiar trait that got Zwicky more into this atypical cluster.

The originality in Zwicky’s approach was to apply the virial theorem in a context so far
from thermodynamics like that of a group of galaxies. He was not the first to use this
theorem outside the normal area of expertise. Henry Poincare had applied it to astronomy
a couple of decades earlier, but the Caltech professor was, to the best of our knowledge,
the first one to employ it to calculate the mass of the galaxies.

He first noticed large velocity dispersion in the galaxies composing the Coma cluster,
typically more than 1000 km/s. Despite the velocity gap between galaxies, the system
had not fallen apart: some kind of force was keeping it together. Even though this
was undoubtedly a breakthrough, it was not considered big news at the time, since large
differences in velocities of galaxies present in Coma compared to other clusters had already
been observed by Hubble years prior.

Of course, pysicists first guess in order to explain the existence of this cluster was gravity:
the strength of this interaction had to be responsible for the boundness of the system.
Zwicky’s work and discovery was the demonstration that, to hold the system together,
the amount of mass required had to be orders of magnitude superior to that inferred by
luminous measurements.

First, he counted approximately the number of galaxies in the cluster, so to extrapolate
its mass, obtaining as a result a number close to 800. He took, as suggested by Hubble,
the average mass of a galaxy to be of the order of 109M,.

He then proceeded to indagate the luminosity of the cluster and presented a mass-to-light
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Figure 1.1: Mosaic of the Coma cluster from [31]

factor of about ¥ ~ 40() . Thanks to a conversion factor fixed by experiments, he
obtained a result in terms of the mass of the Coma cluster inferred by electromagnetic
measurements '

MY~ 1,6 x 102kg. (1.0.1)
To obtain a second term of comparison, he proceeded to calculate the same value of
mass with the virial theorem. In its simplest form it states that in a system in kinetic
equilibrium:

1
T=-3U (1.0.2)

where T" and U are respectively the kinetic energy and the gravitational potential of the
system.

He assumed spherical symmetry and kinetic equilibrium for Coma, properties that were
supported by observation, and proceeded to calculate the two terms of the equation. For
the kinetic energy he used the simple formula

1
T = Z §mivi2. (1.0.3)

He assumed that the galaxies have approximately the same mass mg, and made use of
the average velocity defined as
w2 Y m? 2T

2 i1 % )
<V >= = = . 1.04
Ngal mgalNgal MComa ( )

This quantity can be easily obtained by measurements of simple Doppler effects.
For what concerns the gravitational potential, it can be written as

Gm;m; 3GM2
U—_ vty 2 Coma 1.0.5
Z Tij 5 RComa ( )
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if one makes use of the spherical symmetry and of the total mass of the cluster Mcomq-
Using the data he had collected, Zwicky estimated the Coma mass as

5 Reoma < 02 >

M) — ~ 2,4 x 10%kg. 1.0.6
Coma 3 G ’ g ( )
Even at this point is pretty clear that

Mégorrizz)z) >> Mg}oisza‘ (107)

The easiest hypothesis that could be made to explain such a discrepancy is the presence
of additional dark mass. Indeed Zwicky presented to the scientific community in 1937
the results of his work and the final hypothesis, which by the time was more of a gamble,
talking about ”dunkle materie” [52] or dark matter and, with little if any surprise, was
largely ignored by the rest of the physicists.

Zwicky’s findings, although misregarded, were revolutionary and are considered still in
the present days as the most overwhelming evidence of the presence of Dark Matter in
the Universe.

2 (Galactic scale

Let’s move on to galactic scales. We present maybe the most striking proof of DM exis-
tence after Zwicky’s one. This discovery also happened chronologically after the one that
we have just described and, even though at completely different scales, it only confirmed
and added validity to Zwicky’s claims.

2.1 Spiral galaxies

We find ourselves decades later, in the 1970’s when another incredible discovery came
with the work of Vera Rubin and her research group. Together they used the improved
technologies of those years to observe galactic velocities far away from the galactic center.
What was found was quite unexpected: the rotation curves of galaxies expressed a flat
behavior far beyond the extent of the visible galactic disk.

Even in this case, the math is quite simple: one can use Newton’s laws to calculate the
circular velocity of stars orbiting due to the weakness of gravity [44] [2].

By getting the acceleration experienced by a probe star from the equation of motion, one

can see that
v?  GM(r)

r 72

o(r) =/ G]\f(r) (2.1.2)

If one looks at the mathematical form of the velocity he can see that for radii inside the
galactic radius, it will be proportional to r as one can express M as M(r) = %7?7‘3p(r),
with p(r) the density of matter.

So inside the galaxy, where M(r) oc 73, with the density approximately constant, the

(2.1.1)

this leads to
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Figure 1.2: rotation curves of respectively: a solid body, the solar system and a spiral galaxy
from [27]
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Figure 1.3: An example of the flat behavior of the rotation curve. From [34]

formula will give us the already cited proportionality. Outside the galactic radius, the
mass of the galaxy is saturated and M (r) will not change since all the mass is inside the
galaxy. This means that v(r) would be solely proportional to \/i;

<< Tog
v(r) o Til : gal (2.1.3)
rz T >> Tgq

What was incredible was to find a flat behavior in which v(r) remains almost constant
even at distances far away from the galactic center. In 1980 they published their result
to support Zwicky’s thesis about the additional mass of the galaxies.

Today we are able to obtain precise measurements of the velocity of stars in spiral galaxies
with the help of observation of the Doppler shift of the 21 cm line transition of hyperfine
hydrogen. Moreover, spherical symmetry can be employed due to most of the matter in
spiral galaxies being concentrated in the center. This is a strong approximation but gives
us the same qualitative results.

It is to take account of the fact that even with the fast technological progress of the
last decades, the result obtained for the galactic rotation curves do not change, showing
regions with the anomalous flat behavior stretching for hundreds of parsec away from
the galactic center.

A way to explain this is MOND [25] , an acronym that stands for MOdified Newtonian
Dynamics. The idea here is to slightly correct Newton’s second law F' = ma with a
factor p to get F' = mau(a), where p is usually close to unity apart from cases of small
acceleration where p o< 2.




14 Chapter 1. Evidence of dark matter

This way the gravitation law is modified and for a star outside a galaxy of mass M

GMm
F = 3 = maj (2.1.4)
and in the low acceleration limit with a << ag
GM
o= Y100 (2.1.5)

r

Following the above procedure, we equate this to the centrifugal acceleration

2
vG&Mao v (G Mag)} (2.1.6)
r r
recovering the behavior we have already seen but without the use of additional matter.
Although in agreement with observation, MOND is not able to explain other evidence for
dark matter, like the one at cluster scales or CMB anisotropies, so this characteristical
pattern can only be explained using additional matter.

2.2 Elliptical galaxies

We can’t measure rotation curves for elliptical galaxies, which are not flat like spiral galax-
ies. Instead, we can study the mass-to-light ratio of elliptical galaxies with gravitational
lensing [6], a method that we’ll explain in the next section. As the galaxy passes between
us and a quasar, the light from the quasar is bent by the gravity of the galaxy. If the
galaxy is directly between us and the quasar, the quasar appears to be smeared out in a
ring around the galaxy, usually called an Einstein ring.

Alternatively one can use the virial theorem in the exact same way operated by Zwicky.
Also in this case it appears that there is an excess of matter compatible with that found
in the case of spiral galaxies.

3 The scale of galaxy clusters

Earlier we have extensively discussed Zwicky’s findings on the Coma cluster and of how

% ~ 400]\;—5, showing an exceeding ratio with respect to the solar neighborhood of two
odrers of magnitude.
With the knowledge of Friedman’s equations on our side, we can write an equation for

the Hubble parameter

8rG  kc?
H>=—p—— 3.0.1
3 e (3.0.1)
where p is the energy density, k is the curvature factor, ¢ is the speed of light and a
the scale factor. In a flat Universe (ours appears to be close to flat from the recent

measurements) k ~ 0, so we can write an equation for the critical energy density

3H(t)?
(G

pPc = (302)
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and introduce a new factor (2

SO (3.0.3)

for each species present in the Universe.
For dark matter today, thanks to measurements at cluster scales, we can safely say that
the total 2 for matter, baryonic and dark, is

Qup ~0,2-0,3. (3.0.4)
Before starting to talk about dark matter in this sector though, it is convenient to clarify
that a cluster is composed of
e galaxies: spotted through optical observations

e intergalactic gas: plasma at high temperature that emits x-rays by thermal bremsstrahlung.
The gas does not fall inside the galaxies but fills the cluster.

Here it is convenient to apply, for the intergalactic gas, the equation

dP(r)  GM(r)p(r)
= (3.0.5)

since we are considering a system in hydrostatic equilibrium with spherical symmetry.
We are equating the contribution of the pressure of the gas to the one of the gravitational
force.

Here P and p indicate pressure and energy density respectively, while a(r) is the gravita-
tional acceleration of the gas at radius 7.

Considering the equation of state for a gas we can relate pressure and temperature through

P
P= k(z n,)T = k:umPT (3.0.6)

with mp the mass of the proton and p the average molecular weight fixed approximately
at i~ 0,6. We can manipulate these expressions in the final formula and solve for M (r)

dlog(p) , dlog(T) _ _1<ump)GM(r)

a k 72

dlog(r) = dlog(r) T (3:0.7)

The temperature of the cluster is approximately constant outside the cores, plus the
density profile of the gas observed is a power law at large radii.
It can be calculated that

M, 1 Mpc

sz(1,3—1,8)keV(1014M®)( . )

(3.0.8)

with M, equal to the contribution of the baryonic matter only|[6].
Even in this case, the disparity between the expectations and what is found in the exper-
iments suggests the presence of additional non-baryonic matter.




16 Chapter 1. Evidence of dark matter

3.1 Gravitational lensing

Another powerful instrument at these scales is gravitational lensing. Einstein’s general
theory of relativity describes how mass concentrations distort the space around them. A
gravitational lens can occur when a huge amount of matter, like a cluster of galaxies,
creates a gravitational field that distorts the light from distant galaxies that are behind
it but in the same line of sight. If an observer was located at the correct distance, the
deflected light rays from around the celestial object would converge to make a magnified
image. This is a phenomenon known as strong gravitational lensing.

In a weak gravitational lens, light rays are not deflected enough to magnify the image,
instead they introduce subtle distortions.

The simplest type of gravitational lensing occurs when there is a single concentration of
matter at the center, such as the dense core of a galaxy. The light of another distant
galaxy is redirected around this core, often producing multiple images of the background
galaxy.

More complex gravitational lensing arises in observations of massive clusters of galaxies.
Background galaxies are lensed by the cluster and their images often appear as short, thin
“lensed arcs” around the external border of the cluster.

The distribution of lensed images reflects the distribution of all matter, both visible and
dark.

Several distorted images distribute around the so-called Einstein circle which possesses
the property being related to the mass giving deflection through its angular radius

O = \/4GM (Ds = Di) (3.1.1)

c2 DsDL

where M is the lens’ mass, Dy is the distance of the lens and Dg is the distance of the
source of light rays|[2].

Gravitational lensing suggests that only 10% — 20% of the total mass is visible, the rest
is dark.

3.2 Bullet cluster

The biggest challenge of indirect dark matter observations has been the spatial coinci-
dence of DM and baryonic matter. Indeed of all the examples we have just presented,
no one shows any kind of separation between baryonic and dark matter, they blend in
an undistinguishable unique entity. A system in which DM and baryons were spatially
segregated is ideal for such a study.

Galaxy mergers are some of the most violent events in the universe. Galaxies are made
up of stars, gas and plasma for less than 10% of their matter budget, the rest should
be only dark matter. During collisions, stars rarely collide, the gas and plasma interact
through gravity as well as electromagnetic friction-like interactions, and the dark matter
is expected to be collisionless and pass right through at high velocities. Once the merger
has taken place (over a period of a few million years), an interesting result is seen. The
Bullet Cluster, discovered in 1998, is the prototypical example of galaxy merger [23] .
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Figure 1.4: Strong gravitational field

cause light that passes by to be Figure 1.5: Galaxy cluster Abell 370
deflected.The distant source appear composed of several hundreds of galaxies.
distorted, but brighter, forming The blue arcs are distorted images of
characteristic rings of light, known as remote galaxies behind the cluster. From

Einstein rings. From [26] [32]

In a merger the stars would almost always pass by one another without individual stellar
collisions and would emerge as separate systems, in fact they can be considered as a col-
lisionless system. The more abundant gas atoms in each system, however, are bound to
collide with their counterparts in the other system the moment they crash.

If we consider the scenario in which there is no DM in the Universe, then the source of
the gravitational force in this system would be the intergalactic gas in the middle of the
picture, since, in terms of mass, the gas dominates over the stars by a factor of ten. This
means that we would observe the direction of gravitational interactions to be pointing
towards the middle of Figure 1.6, where all the intergalactic gas is concentrated.
Instead, if dark matter dominates, then it will completely disregard collisions and it will
behave as stars do and appear in two separate lumps in the right and left corners of the
image. Then we would observe the gravitational force to be pointing toward dark matter
direction, which is the center of the two stellar systems.

By looking at the orbital velocities of the stars, one can easily determine the direction
of gravity, and observers found that it is clearly pointing toward the centers of the blue
patches, the centers of the two stellar systems, and not toward the gas in between them.

We can see from Figure 1.6 the hot gas which assumes this characteristic pink shade right
in the center of the picture and contains the majority of baryonic matter. In fact the
bullet-shaped mass on the near right is nothing but hot gas from one cluster, which is
gone through the intergalactic gas of the other cluster during the collision. Here we can see
the galaxies with different colors, mostly orange and white. The interesting part instead
are the blue areas which is where astronomers find most of the mass in the clusters. We
can use gravitational lensing in order to extrapolate the mass concentration and, to our
surprise, the result is that the majority of the mass is clearly concentrated in the blue
areas and is separated from the baryonic matter in the pink area. This is not only clear
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Figure 1.6: Composite image of the

Bullet cluster. Red: hot gas observed by Figure 1.7: Bullet cluster, mass density
the Chandra X-Ray Observatory. Blue: contours, in green, obtained through
major part of the mass deduced from weak lensing, superimposed over
gravitational lensing. From [36] photograph. From [29]

proof that there is a different kind of non-baryonic matter, but also that it is dominating
in quantity with respect to the baryonic one.

Another precious hint lies here on the true nature of dark matter. Because it is composed
of baryonic matter, the intergalactic gas from the two clusters cannot help but collide
with each other, thus slowing down and accumulating near the collision area. Instead dark
matter, which is assumed to be collisionless, clearly comes out of the collision unfazed. By
avoiding completely the crash, dark matter separates completely from the intergalactic
gas during the collision and it is able to create the blue area that we have seen, gifting
us with this amazing opportunity to observe it alone. If hot gas was the most massive
component in the clusters, as proposed by alternative theories of gravity, such an effect
would not be seen. Instead, this result shows that dark matter is required.

This is clear disproof of theories that suggests that dark matter doesn’t exist, like MOND.

4 Cosmological scales

CMB is a unique and unreplaceable tool. It was emitted approximately at t ~ 10%yr after
the Big Bang and its distribution look like the one of a black body in thermal equilibrium.
It was produced at last scattering surface when matter and radiation decoupled, the
Universe became transparent to radiation. From that point in time, photons’ mean free
path stretched and can be observed today coming from every direction in the sky at a
temperature

Tomp ~ 2, 73K ~ 2.4 x 107V (4.0.1)

CMB is essentially a picture of how the Universe was at its emission. It can serve in
innumerable ways to us as an instrument to be confronted with our predictions about
the evolution of the Universe. We do not possess any consistent data about the Universe
prior to CMB emission, this adds to the already stressed importance of this distribution.
Cosmic Microwave Background(as CMB stands for) was postulated in 1948 by Ralph
Alpher and Robert Herman, but was only detected accidentally in 1964 by Arno Penzias
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Figure 1.8: Full-sky map of the tiny
temperature anisotropies of the CMB.
From [35]

Figure 1.9: Resolution of the CMB
maps for all three satellites. From [39]

and Robert Wilson who were working with a simple radio antenna in New Jersey. This
fortunate event awarded the Nobel prize.

The first space mission specifically designed to study the cosmic microwave background
(CMB) was the Cosmic Background Explorer (COBE), launched by NASA in 1989. The
measurements show a spectrum that conforms extremely precisely to a black body with
error bars that have to be multiplied by a factor of 400 not to be visible in the plot.
CMB is almost isotropic. The reason for the use of the word almost is the fact that it
exhibits fluctuations in temperature of the order of % ~ 1075,

All data we collected at smaller scales would not provide us with precise information
about the total amount of dark matter in the Universe, this comes from the analysis of
the CMB and its power spectrum.

Indeed the study of CMB anisotropies allows us to put stringent constraints on cosmo-
logical parameters. Let’s expand in spherical harmonics temperature fluctuations

inf l

0T(0,6) =Y > amYim(0, ) (4.0.2)

=2 m=—1

where Y,,,(0, ¢) are spherical harmonics and 6 and ¢ cover the solid angle.

Here the sum starts at 2 because the term with [ = 0 is the monopole contribution that
sets the overall temperature of CMB and is of no interest to us. The term with [ = 1
gives us the dipole contribution which in turn depends on the Earth’s movement around
the rest frame of CMB and is again of no use to us.

We can call ¢; the variance of the factor a,

l

1

o =<la,|> T > lag,l. (4.0.3)
m=—1

¢; depends only on [ because of isotropy. The power spectrum reads

< 0T (6;, )T (05, ;) >= > (2l + 1)c Pi(cosb;;) (4.0.4)
l
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Figure 1.10: CMB power spectrum from [37]

with Pj(cosb;;) being the Legendre polynomials evaluated at the angle between the direc-
tions ¢ and j. If one assumes the fluctuations to be gaussian as it appears to be the case
with recent measurements, it can be seen that all information about CMB is compressed
inside this power spectrum.

We are interested in the behavior of ¢; as function of [, but usually what is plotted is

Cl

(204 1)

(4.0.5)

NASA’s second-generation space mission, the Wilkinson Microwave Anisotropy Probe
(WMAP) was launched in 2001 to study these very small fluctuations in much more
detail. Finally, ESA’s Planck was launched in 2009 to study the CMB in even greater
detail than ever before. It covers a wider frequency range in more bands and at a higher
sensitivity than WMAP, making it possible to make a much more accurate separation of
all of the components of the submillimeter and microwave wavelength sky. This reveals
the CMB and its tiny fluctuations in much greater detail and precision than previously
achieved.

CMB power spectrum is affected in different ways by baryonic matter and dark matter,
thus making it possible for us to separate the two contributions and get estimates of the
abundances of these two quantities [21] [6].

At the time of CMB formation, the Universe was filled with photons, neutrinos, electrons,
protons and dark matter. Electrons and protons try to combine and form hydrogen atoms,
but the pressure exerted by photons would break their bond. Photons can interact with
electrons by means of coulomb and Compton scattering and the overall effect of the
interactions is an oscillatory motion where the radiation pressure depends on the speed of
sound in the primordial plasma. Presence of baryonic matter affects this value, keeping
it smaller than ¢, = =, the value assumed in a pure photonic gas.

Dark matter is believed to be decoupled from the primordial plasma by this time, so it
would interact only gravitationally, thus not contributing to the radiation pressure.
With the power spectrum one is able to spot both the overall amount of matter and that
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of baryonic one, with values at the present time of

Quh? =0,1428 +0,0011 (4.0.6)

Q,h? = 0,02233 + 0,00015 o
with h being a number A ~ 0,7. So for dark matter we have

Qparh? = 0,1198 + 00012 (4.0.7)

Here one can see dark matter presence at the time of CMB formation and that the amount
of Dark matter in the universe at that time was more or less five times the one of common
baryonic matter.

4.1 Numerical simulations

Before talking about the numerical simulations we first need to introduce the cosmological
principle, which constitutes the basis for cosmology.

It states that, at large scales, our Universe is homogeneous and isotropic. Here by large
scales we mean hundreds of Mpc. Homogeneity is confirmed by studies on galactic distri-
butions and, as we have already seen, isotropy is clearly observed in CMB analysis.
There are also philosophical reasons that support the cosmological principle, like the fact
that the Universe should appear the same to observers located in different places, as there
is no reason to suppose the opposite.

We have already talked about the time when CMB is emitted and atoms form and ex-
perience gravity. At this point, matter will experience two different and opposite effects.
For starters, it will feel the gravitational interaction, as we said, which will drag parti-
cles together and be responsible for their fall in a dense core. Secondly, we have to take
into account the fact that Universe is expanding, this is responsible for the separation of
large structures, that will be affected by the stretching of the very fabric of the Universe.
Obviously these two effects are antagonists and the Universe as we observe it today will
be the final product of a long, still-lasting process, that has these forces as main dance
partners.

Thanks to the cosmological principle we were able to create a model able to explain cos-
mological observations which we refer to as ACDM. Here A identifies the dark energy
component of our Universe which covers approximately 70% of the total energy budget
and CDM stands for cold dark matter, a model of Dark matter with the features that
better fit the observations, as we will see in the next chapter.

Here, as we have also seen previously, dark matter is considered collisionless, contrary to
baryonic matter which interacts with itself. This is a very important feature, that will
help us distinguish between visible and dark matter in our simulations.

Perhaps the most widely-used N-body simulation of cosmological structure formation to
date has been the Millennium Simulation, which followed more than ten billion particles
within a simulation volume of (500h~!Mpc)3[8].

Dark matter in Millenium simulation is analyzed as a function of redshift ad cosmological
time. The simulation starts with a uniformly distributed matter density in the primordial
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Figure 1.11: The Millennium Simulation: a n-body calculation of the formation of large-scale
and galaxy-sized structures via hierarchical clustering of primordial quantum density
fluctuations that have been stretched by the expansion of the Universe and increased in
contrast by self-gravity. From [30]

Figure 1.12: Galaxy formation obtained by studying the physics of baryonic galaxies as
embedded in the dark matter hierarchy represented here by the Millennium Simulation. From
[30]
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cosmos, then gravity starts to play its role by creating centers of mass. As time passes
one can clearly see the formation of matter filaments with a high number of structures
formed.

The goal for these simulations is to be compared to the actual data observed, but for this
to be the case, one would need a large statistic.

What is observed is that simulations reproduce a set of data very similar to what is
found in the experiments, with a good agreement between the ACDM model and the
observations.

In particular, it can be seen that the fraction between baryonic mass and the total mass

is
baryonic mass

~ 15 4.1.1
total mass % ( )

in great agreement with what we have seen previously [2][6].

4.2 BBN

Big Bang Nucleosynthesis can actually be an indirect constraint for dark matter. BBN is
one of the best proofs we possess for the Big Bang theory, it allows us to predict the abun-
dances of light nuclei in the universe with great accuracy. The process of nuclei formation
strongly depends on the primordial plasma content, so it is obvious that the amount of
nuclei formed has its main dependence on the amount of baryon matter present in the
primordial plasma. Thanks to this information, combined to the observed abundances
of light elements in the Universe, we are able to track the percentage of baryon matter
present in the Universe at the time when BBN took place. Confronting the result with
the total amount of matter, one can clearly see that there is a solid discrepancy between
the two values explainable with the presence of dark matter.

In particular, BBN gives precise a result regarding the quantity baryon-to-photon ratio

np

— 4.2.1
n " (4.2.1)

where n;, and n., represent baryon and photon number densities. in particular one can see
that for baryons

Q= b = Tl _ Iy (4.2.2)

Perit Perit Perit

with m, mass of the proton. With CMB analysis one can estimate n., = 410.5cm™3, the
measurements give

58 x 1070 <n<66x107" = 0.021 < Qh* < 0.024. (4.2.3)
The fact that with other experiments we reach a bound for the total amount of matter
Qu ~0,14 (4.2.4)

just adds another proof to our thesis on dark matter existence[15].

On the other side, there are various effects that influence the light element abundances.
Of particular relevance is the expansion rate H of the Universe during the time of BBN,
as it determines at which point in time protons and neutrons fall out of thermodynamic
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equilibrium and hence sets the ratio of the corresponding number densities[40]. The
Hubble rate, in turn, is fully determined by the total energy density, which receives
contributions from all particles, including those beyond the SM. In particular, even fully
decoupled dark sectors can be probed via their effect on the expansion rate. This is how
we can be sure, even if indirectly, of the presence of dark matter thanks to this highly
precise constraint.

5 What do we actually know about Dark Matter?

Aside from the gravitational evidence of dark matter, we do not know much about its
particle structure. No matter how much we search, there is no solid clue about its prop-
erties. There is a series of bounds in our hands though [10] [3], which gives more clarity
on what dark matter cannot be, cutting on the range of possible models and reducing the
otherwise almost endless list of dark matter particle wannabes.

5.1 Dark matter is stable

In chronological terms the first picture we have of the early Universe is CMB. It is the
oldest, most precise dataset in our hands that draws an accurate report about what was
happening 300000 years circa after the Big Bang. We have seen, from power spectrum
analysis, that dark matter was present in the Universe at the time of CMB formation. It
is also present today in halos around galaxies and, during all these billion years between
CMB emission and now, it has helped shape the Universe as we see it. So the conclusion
comes spontaneously to mind: dark matter is stable or, at least, it must not decay over
the Universe lifetime

Tom > 14 Gyr ~ 4 x 10" sec (5.1.1)

Moreover, this bound becomes more stringent when we consider BBN. In fact dark matter
decays or annihilations could have an enormous impact on BBN by injecting into the
primordial plasma more SM particles, which in turn, affect light elements’ abundances.
As an example, DM decay in pions 7% could cause the exchange

T +p—=1+n (5.1.2)

which increases the fraction %, thus influencing helium mass fraction.

One more at it is that the decay into electromagnetically interacting particles that rises
the previous constraint. The injection of photons could impact CMB formation and this
puts a higher bound on DM lifetime

Tpm > 102 sec. (5.1.3)

5.2 Optical darkness

Dark matter is not observed at all, thus the dark matter particles must have very weak
electromagnetic interactions. This does not mean that the electric charge and electric and
magnetic dipole moments vanish, they can exist but are forced to be very small.

{10_6 mpy = 10GeV

~

oM ~ (5.2.1)

1074 mpy = 10TeV
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These constraints were put looking for bound states DMe™ in experiments on heavy
hydrogen.

An important consequence of this is that the dark matter can not cool by radiating
photons, and thus will not collapse to the center of galaxies as the baryons do, by radiating
their energy away electromagnetically. In other words, the dark matter is very nearly
dissipationless.

5.3 Collisionlessness

Limits on DM self-interactions are taken from Bullet cluster studies. Here we saw DM
and visible matter disentangled for the first time. Baryonic matter is highly interactive,
during the merger Standard Model particles interact with each other, the gas gets hotter
and emits X-rays. Dark matter, on the other hand, just passes through anything else,
just like stars do and can be detected, through gravitational lensing, forming the two
main mass densities outside the gas region. This behavior generates constraint on DM
self-interaction cross section

2 2barn 4, cm?

Oself lem g
< ~ ~ 107" —— 5.3.1
m = g GeV TeV ( )

Even though it appears as a small number, this is still huge compared to, for example,
neutron capture cross section of uranium, which is a few barns. Or 50 mb is a typical
QCD cross section like the one for pp scattering.

5.4 Coldness

Dark matter models can be divided into three main categories: hot, cold and warmth, as
we’ll see in the next chapter, according to whether or not DM was relativistic at the time
of decoupling.

The difference lies in the consequences that different types of DM have on structure
formation. Baryonic perturbations cannot form before CMB emission. Prior to that
time, photon interactions with visible matter were too frequent with the result of erasing
whatever bound state was formed between baryons. After CMB emission, baryon could
originate perturbations, little clots of matter which had the potential to grow and form
large scale structures we observe today. In order to do that baryonic matter had to fall in
DM potential wells, which in turn had to be already formed by the time of recombination.
Here the difference between models comes to play. For hot dark matter models, we
have DM particles relativistic at their decoupling. Now if the dark matter particles
have significant velocities, then the small scale structures could be erased. In this case
inhomogeneities would not be the seeds for large scale structures formations and would
not originate the Universe as we see it. For this not to occur, the particles must be
sufficiently non-relativistic temperature of the universe was roughly 1 keV. Only in this
case inhomogeneities would survive. Cold dark matter and warm dark matter models
only can explain what we see today.




26 Chapter 1. Evidence of dark matter

E E' T T T T T T T I | T T T E
E 102 e A
/>:.o 0-25 ;5 =
Ke) = -
T ~26[ N
310 E
g .
.27 |
o 10 —Einasto =—=MED =
1028 — NFW — MAX —;
— Burkert -

1 0'29 1 1 | I J R [T ST B I A I I ST

500 1000 1500

My [GeV]

Figure 1.13: 95% C.L. upper limit of dark matter annihilation cross section into bb~ (left)

and WTIW ™ (right) as a function of the dark matter mass, derived from AMS-02 antiproton

data, for different choices of dark matter profiles (Einasto, Burkert, NFW) and propagation
models (MED, MAX). From [28]

5.5 Density profile

Numerical simulations have, amongst all the advantages, that of providing us with galactic
distribution function p(r) that encodes the behavior of dark matter halos around spiral
galaxies. In particular the most famous and best-fitting functions are

(NFW - pAY = pste(1+ £)72
FEinasto : P = ps eXp<_§[(i)a B 1]) 5.5.1
Isothermal :  pks¢, = Hfi)z (5:5.1)
. ,Burk __ s )
\Burket D pRunk = mi)fw

with @ = 0,17 in Einasto’s. In all models r, is the characteristic radius and depends
on the particular galaxy considered, as well as any p;. All these are the result of N-
body simulations, where we can keep track of all bodies with their interactions (only
gravitational for DM in this case) as they form larger structures.

Here in Figure 1.13 is shown a comparison of NFW, Einasto and Burket. Notice that
the isothermal profile goes like r~2, thus respecting what we have previously seen for
spiral galaxies’ rotation curves. Also take into account that in some profiles r — 0
brings divergence, thus are not likely to represent accurately DM distribution towards the
galactic center.
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5.6 Velocity distribution

Since no DM particle has been observed yet, also its velocity distribution is not known.
What has been hypothesized is that it has a truncated Maxwellian, also known as Standard
Halo Model:

— 392

3
f('l}) — Nisc<ﬁ>2€ 20 : |U| < Vese

0 : otherwise

(5.6.1)

where the normalization constant — has been chosen so that [ f(v)dv = 1.

Here we can notice the obvious fact that if DM acquires a velocity superior to the escape
one eq., it evaporates.

2

0, is velocity dispersion, vy = \/7 o, ~ 235km/s is the most probable velocity.

3
We can also estimate dark matter velocity for Milky Way’s halo with the virial theorem

as we have shown previously

OT + U =0 (5.6.2)
then with
U — _§ GMgalo
5 Rhato (5.6.3)
T = %j\4halov2

to obtain (obviously this is an approximated result)

~ 3 GMhalo

~ ) 5.6.4
5 Rhalo ( )

v

5.7 Mass

Here the problem is renovated as we have not yet identified any DM particle, so we have
no substantial data on its mass. Anyway we can still impose some bounds based on the
nature of this particle.

First of all the mass cannot assume arbitrarily high values, as, at some point, quantum
gravity effects will not be negligible. For example for masses

with Mp; Plank mass, the particle’s wavelength would be smaller than its Swartzshild
radius

27 2m

— < 5.7.2

M — M3, ( )
turning into a black hole. Thus we can safely impose that

Then a distinction has to be made whether the particle is a boson or fermion. In both
cases what comes to help are studies on dwarf galaxies. Dwarf galaxies are one of the
most important instruments for DM study, as they have relatively small mass and they
have larger DM mass fraction than other bigger galaxies to be held together.
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Bosonic

Here we can store almost an infinite number of particles in the same state. Bose-Einstein
statistic imposes a distribution function for these kinds of particles

f(E) = exp<é> — (5.7.4)

with g number of degrees of freedom of the system, E being its energy, p the chemical
potential and T the temperature.
We can put bounds on dwarf galaxies by studying their de-Broglie wavelength

A= 2T (5.7.5)
Mppv
We can constrain this quantity to be smaller than the galactic radius
A< Ry~ lkpe ~ 3 x 10¥m (5.7.6)
to obtain a bound on DM particle mass
mpy > 10722V (5.7.7)

Of course this is a lower bound because if DM particle’s mass would be lower than this
then its wavelength would be bigger than the galactic radius.

Fermionic

The same cannot be said for fermions, which are ruled by Pauli’s exclusion principle. Here
even the statistic is quite different

f(E) = exp<é> o (5.7.8)

Because of Pauli exclusion principle, fermions are constrained to fill up all energetic levels,
starting from the ground state, but there cannot be two fermions with the same quantum
numbers inside a level. This results in a simplification of the distribution function, which

now becomes
1 B <<
g a (5.7.9)
0 B >> .

Here the < comes from the impossibility, by Pauli’s principle, of casting more than one
fermion inside a unit volume of the phase space.
This implies that, in order to calculate the galaxy mass, we run into the bound

Mpato = M jermV / F()&p < MpermV / d*p ~ M form Ry ato (M fermv)? (5.7.10)
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with V = %WRS is the volume of a spherical halo of dark matter and my.,,, is of course
the mass of fermionic dark matter.
We have already calculated the escape velocity of the system as

2GM 1
= 2 5.7.11
v= ()b (5711)
so we can substitute this result and obtain the bound
M ferm 2 (G!?)]\477,0L10Rzalo)_é (5712)

This in turn gets us the numerical result, depending of course on the particular example
we are considering,

M ferm > (10 — 100)eV. (5.7.13)

One can take as an example a dwarf galaxy phase space density, with data in our possess
on My, and Ry, to obtain
Mferm > 0, TkeV (5.7.14)

Of course after all we have said about Pauli’s exclusion principle influencing fermionic
distribution, it is obvious a posteriori to have found a bound on masses for this kind of
particles far greater than what we have seen for bosons.

5.8 Conclusions

The question of what really is dark matter is still open since it has been theorized by
Zwicky in the now distant 1937. Dark matter not only shapes the Universe we live in but
also without its existence there also would be no life. We have had the opportunity to
study fluctuation in the spectrum of the CMB and we have seen that they amount to an
amplitude of 107° revealing that the Universe was still quite homogeneous by the time of
its emission.

This of course raises the genuine question if after CMB emission, baryonic matter fluc-
tuation could have grown forming the Universe we see today all by themselves, with no
help whatsoever of dark matter.

Turns out that the answer to this question is negative. The perturbations will grow and,
thanks to Friedman’s laws we are able to study the dependence of their energy density
on the scale factor. We remind the reader briefly just Friedman’s equations:

a2 _ _p  _ k

a 3M}23L a?

p=—3H(p+p) (5.8.1)
% - _61‘4112% (p + 3p)

with £ being the curvature constant, Mp; Plank’s mass, H = % and a is the scale factor.
Here one can see that we omitted any cosmological constant A, which in fact was added
by hand. To solve this system one can use the equation of state

p=wp (5.8.2)
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with
% radiation
w=1<0 Non relativistic matter (5.8.3)
-1 Vacuum energy/Cosmological constant

Now one can obtain, through some manipulation, the energy density dependence on the
scale factor

a=* Radiation

poxqa® Non relativistic matter (5.8.4)

const  Vacuum energy/Cosmological constant

At a temperature of approximately 7" ~ 0,8eV the Universe became matter dominated,
this means that

dp N {ln(a) radiation domination (5.8.5)

P a matter domination

Before matter-radiation equality the perturbation growth is clearly negligible, so if the
Universe was only made of baryonic matter, perturbation would experience linear growth
only after CMB emission. In fact before recombination, matter and radiation were cou-
pled, thus sharing the same perturbations with amplitude oc 107°. Being coupled to
radiation means that perturbation growth will be negligible unitill recombination. After
that perturbations will grow linearly. Now we can calculate perturbation growth from
recombination till the present with the simple equation

5 5
o L0 075w 10% = 1072 (5.8.6)

P today P recOrec

thus not explaining the highly inhomogeneous universe that we see today with dp >> p
[51].

The point is that we need some decoupled matter that will enable the perturbations to
grow non-linearly. Dark matter serves this scope excellently. It has been hypnothized that
dark matter was already decoupled long before recombination time and that by this time
it would already have formed the potential wells in which baryonic matter will eventually
fall after CMB emission, thus creating the structures that we see today.

This is another striking feature of dark matter and of the fact that we need it desperately
to explain our Universe’s characteristics.
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Figure 1.14: dark matter halo representation from [33]
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Chapter 2

History of WIMPS

As we said in the previous chapter, there is plenty of models to describe dark matter,
but they can be divided into two major categories: hot and cold dark matter. The
difference lies in how relativistic they were at the time of their decoupling. Decoupling is
a process in which particles that were in thermal equilibrium with primordial plasma lose
this condition as a consequence of the expansion of the Universe.

We imagine the primordial plasma as a mixture of the fundamental constituents of the
Universe which are in thermal equilibrium. This is of course ensured by the collisions
between particles, which guarantee energetic exchanges between different species. The
point is that even here we find ourselves in the middle of two opposite factors. One side
is occupied by the number of interactions N that a species ¢ has, the more interaction,
the better for thermal equilibrium. On the other side, the Universe’s expansion stretches
space, making it difficult for particles to find each other.

We can formalize the number of interactions of the species ¢ as

to
N; = / dtl’ (0.0.1)
t1
which implies, using the relation between time and temperature
N; = dT—I'(T 0.0.2
[ ar G (002)
which transforms in -
ar 1(r
N = / dT I(T) (0.0.3)
m T H(T)

if one notices that deriving by the time the condition for conservation of entropy T'a, one
obtains dTT =—HT.

Now if we choose an infinitesimal temperature interval, we can see that the condition of
decoupling can be imposed whether or not there are collisions in the time interval of the
first integral. In particular this means that

Il;((?) > 1 species coupled
(0.0.4)
IS((?) <1 species decoupled.

33
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Now for what concerns dark matter, we can already introduce
I'(T)=n, <ov> (0.0.5)

with n, being the number density of the particular dark matter model we are considering
and < ov > being the thermal averaged cross section with v the particle’s velocity.

The difference we have talked about comes with n, assuming different forms in the cases
m,, > T (non-relativistic) or the opposite one, in which dark matter is relativistic. In
particular if at the time of decoupling, which we refer to as freeze out time, the former
(or the latter) condition is realized, we talk about cold(hot) dark matter.

The hot models have been studied and it has been seen that they cannot explain the
Universe, in particular the large structures present today. In fact, relativistic particles,
having more kinetic energy, are able of covering bigger distances in the primordial Universe
than the non-relativistic ones. After decoupling they spread, or free stream, across the
universe and they destroy the matter perturbations that were forming at that time. In
their motion, DM particles diffuse in underdense regions and completely erase cosmological
perturbations before the time that they can grow linearly, which, as we have already seen,
is the time of matter-radiation equality.

Having ruled out Hot dark matter models, we can focus on Cold Dark Matter. In fact, the
present cosmological model, which is what we believe to be the closest to explain reality,
is called ACDM, referring to these kinds of dark matter models.

Amongst Cold Dark Matter models there is a class called WIMPS which stands for
Weakly Interacting Massive Particles that have the quality of being able to reproduce
the correct relic density that we have already shown in the previous section. We analyze
the WIMP model in the following sections.

1 CDM at decoupling
We have already seen the condition for decoupling to be

I(T) ~ H(T) (1.0.1)
with H(7T') Hubble factor. Now we know that

P

and that I' = n,, < ov >. For a non-relativistic species it can be demonstrated that

T
p = g.(T) 2T (1.03)

with g.(T) primordial plasma’s degrees of freedom at temperature 7.
This means that at decoupling or, as we say at freeze-out,

TQ
H(Tpo) ~ ~©

~ 1.0.4
Mo (1.0.4)

where FO stands for freeze out.
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For a non-relativistic matter distribution, it can be proved that

my ' s m
=G (=) 109
with g, the particle degrees of freedom. This allows us to obtain an approximated formula
for I'(Tro) at decoupling in

my T

D(Tro) = o} *(Tro) (55 )%exp(—%) (1.0.6)

By equating the two terms of H and I' we can obtain an approximated formula for
decoupling in

2
NR myTro s My Tro
o (T zexp| — ~ 1.0.7
A (Tr0) ") exp( - ) = O (10.7)
The exponential factor and T2, will meet when the argument of the exponential is actually
not very large. Actually we will see that % = O(10). Here we can use Trpo ~ m in order
to prove an important result:

2
TFO

SRy (1.0.8)

nx (TF0> ~

Then we know that after decoupling, the number density decreases as T° due to Universe
expansion so that

ny (1) = ny(Tro) (755—) (1.0.9)

In order to obtain the DM density, we just have to multiply this expression for DM mass,
given that we are in a non-relativistic regime. So what we obtain is a formula of this kind:
m® T3 T3

p(T) =mn(T) ~ AR (Tro) 7 = R (Tro) (1.0.10)

and this just proves that the relic density is only inversely proportional to the non-
relativistic elastic cross section [21].

Let’s go back to our mission to recover DM relic density formula now. In order to do
that, we need to solve Boltzmann equation for dark matter.

2 Boltzmann equation

This is such an important element that dark matter study would be almost impossible
without it. Without further ado, let’s dive straight into it. Boltzmann equation assumes
the general form [44]

Llf) = Clf] (2.0.1)

Here L and C represent respectively Liouville and collision operators for dark matter
particles distributed according to the function f, which in general depends itself on the
phase space f(x*, p").
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The first operator describes the spacetime geometry influencing the phase space evolution,
the latter keeps track of all particle interactions.

In the relativistic case
df dx® N df dp®

L =
/] dz® d\  dp® dA
with A being the affine parameter that parametrizes the trajectory followed by a given

particle. Now using the fact that % = p® combined with the geodesic equation % +
I p’p” = 0 and that g.,p*p® = p* = —m?, we can obtain

(2.0.2)

_dfdxa abcdf ad abcd
LN = gay ~ TP gz ( el P g )f (2.0.3)

Here of course I'f, is the Christoffel symbol which obeys to

be - (2.0.4)

Iy L (dgbd dgye dgbc)
2 dee  dxb  dxd)’

From here we have to impose the properties of homogeneity and isotropy. The former
reduces the space-time coordinates dependence only on time

d d
« @ _ gt 2.0.5
Prgwe = Tt (2.0.5)

while the second implies that f can only depend on the modulus of spatial momentum
or, equivalently, on energy. For what concerns Christoffel symbols, we can examine the
Friedmann-Robertson-Walker metric to see that the only few left are

: i 4y
Iy =aad;  and  Th =T} = 5(5-. (2.0.6)

J

All of this combines in the (almost) final form of the Liouville operator

df o ol e

s df
L E— —TYp' = E— — Hép'pa®—= = 2.0.7
=By — T g =By R T T (20.7)
So now the Boltzmann equation has become
daf > df
E— — Hp"— = t,E 2.0.
Let’s multiply both members by the factor 5457 [ dp
g 3 df g / 3 o df g / 3
—— | dp———= | dpHp === [ d t 2.0.

We can already notice that the first factor on the left-handed side corresponds to 7, then
we can use the conservation of energy formula FdE = pdp in the second term to see that

g 3 2df g ptdf
(2@3/“}“’ dE ~ (2w>3H/d zap | =

! / dppg% [ da- e P =3 [awis) [ g

(2.0.10)
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since the first term in the brackets vanishes at 0 and at oo as well for a distribution
function, we can isolate, from the second term in the brackets, the factor —3Hn(t) to
form the Boltzmann equation

A+ 3Hn — (2W9>3E /d3p CLF ()] (2.0.11)

Now it’s time to present the RHS with its appropriate mathematical form:

(zfﬁag / @p Clf(t,p)] = / AL, dTLodILdILy (2m) 6 (py + p2 + ps + pa) X

([Msia — 140 fofa(L £ f1) (1 % fo) — [Migo — syal® fifa(1 £ f3)(1 £ fa)]

(2.0.12)

Here dIlI;, = md:"pi is the phase space factor for the 7 species and M, — 4 is the
amplitude for the processes that, in this case, create and destroy species 1, as one can
deduce from the opposite signs before them. Moreover, the factors 1 £ f; represent the
Bose enhancing factor and the Pauli blocking term. Because of the different statistics,
in fact, bosons will be prone to accumulation, hence favoring the production of species
1, fermions however will experience the repulsion coming from Pauli exclusion principle,
thus slowing down the reaction.

Here we can make a number of assumptions in order to simplify the RHS:

e take the two amplitudes to be equal

e suppose kinetic equilibrium, in order to use the Fermi-Dirac and Bose-Einstein well

known distribution functions frpe) = E,Hl

e T +(-)1
e suppose ' — p > T in order to suppress Bose enhancing factor and Pauli blocking
term. In this case we have f ~ efe T = ef frq. Here fgqg represent the distribution
function assumed by the system is one suppose chemical equilibrium too, hence
neglecting all the ;.

This way the RHS becomes

/dﬂldHQng,dH4(27r)46(p1 + D2 + D3 + p4)(f3f4 - f1f2)|M|2 (2.0.13)

We can use energy conservation here to see that the factor between brackets can be written
as

I P (2.0.14)
which can be easily rewritten as
5@( na(t)na(t) — mi(t)na(t) ) (2.0.15)
na(t)na(t)er  ny(t)*ng(t)e

In fact, since n(t) = &z f one can see that

(2i)3 /d3pf = (27{)3 /d?’pe;e? = (;;)3 /dSpel;fEQ — eTngo(t). (2.0.16)
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Now we obtain

Til —f- 3H7’Ll (t) = /dHldHangdH4(27T)45(p1 + P2 —I— D3 —f— p4) X

2.0.17
9 _EatEy 7’Lg(t>ﬂ4(t) nl(t)ng(t) ( )
e - )
ng(t)ina () na(t)na(t)«
Let’s introduce the thermally averaged cross section
dTT, dTT,dTT5dTT, (27) 4 M{2e= "7
< ov > J hdllzdllsdlLy(2m) 01+ 0o s+ )| M (2.0.18)
ny Ny
this enables us to rewrite the Boltzmann equation as
t t t t
rit 4 3Hna(t) = nPnE9 < 5o > ( na(Onall) __m(bna(t) ) (2.0.19)
() Ina(t) na(t)ng(t)«

This is the final and most general form of the Boltzmann equation, now we are ready to
use it with dark matter.

Suppose now to analyze the process yx — ¥ with y and v the only two particle species
considered. Then if at the beginning ny, = n; and n, = ny and if 9 is in thermal
equilibrium with the plasma, the Boltzmann equation can be written as

riy 4+ 3Hny, =< ov > [(n{1)? — (ny)’] (2.0.20)

One precious piece of information we can extract by just looking at this is whether or

not the species are coupled or not. In fact, if we use % ~ H, which is just a rough
approximation in a qualitative analysis that we hope leads just to a likewise rough esteem,

we can see that

{n’x + 3Hn, o< Hny, (2.0.21)

~ — 2 2
n ' ~nn, <ov>=<ov>[(n{)? - (n,)?
From here one can separate two opposite cases

o In the case of I' >> H this refers to an important particle 1 interaction rate,
which leads quickly to particles reaching thermal equilibrium, hence annihilating
completely the second equation of the couple

e In the opposite case where H >> I' this configuration is characterized by a strongly
reduced interaction rate, which in turn, again nullifies the second equation and,
more generally, the RHS of the Boltzmann equation.

Just for curiosity purposes, we can indagate what happens in the case where the RHS
of the Boltzmann equation is placed to 0. In this case, Boltzmann equation assumes the
form

ny + 3Hn, =0 (2.0.22)
We can easily see that
d d d d
E(nxa?’) = a3d—7z + ?mazd—;Z = a?’(d—? +3Hn) (2.0.23)
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which is equal to LHS of the Boltzmann equation, apart from the multiplicative factor.
This is consistent with what we know about the number density function, which, in ab-
sence of collisions, scales as a~2. Now that we have satisfied our curiosity with this little
digression, we can carry on with our analysis of the Boltzmann equation.

Before moving on, it is interesting to examine an important mechanism capable to influ-
ence WIMPs relic density.

3 Boltzmann equation for cold relics

Let’s now apply the Boltzmann equation to the case of WIMP dark matter. For this
purpose we will suppose the existence of two particles xy and ¢ connected through the
process xX — 1) which is the only one happening. This is a simple scenario that will
enable us to reconstruct n, starting from Boltzmann equations. Suppose that we start
from a situation purely symmetric in which ny, = n; and that n, = ng, so that there
is no matter-antimatter asymmetry. Then suppose ¢ to be in thermal equilibrium with
the primordial plasma. This condition, as we have already seen in the beginning of this
chapter, is achieved through a significant interaction rate with the plasma after their
production. Thermal equilibrium of course implies n, = nff. Finally, the last assumption
is that ¢ are taken to be massive and stable so that decays are out of the picture [44].
With all of this behind us, we can proceed to write the Boltzmann equation which takes
the following form through all of the above assumptions

riy + 3Hny, =< ov > [(n{1)? = (ny)’] (3.0.1)
Since we are analyzing a species which has to be non-relativistic at decoupling, its number
density at equilibrium would be of the form

my,T'
27

3
2

mx
[ T

) (3.0.2)

Nyeq = I
with of course g, its number of degrees of freedom.
Usually, just the appearance of it would suggest that in absence of other effects, the num-
ber density would become exponentially suppressed very fast, leaving us with a negligible
abundance. Since this is not the case, provided that we have observed that nearly 70% of
matter in the Universe is dark, there is going to be for sure an antagonist effest to reduce
the dilution of the number density. The answer will surely lie in the Universe’s expansion,
which will progressively pull particles apart, thus eventually completely shutting down
their interaction. This is the process leading to the freeze-out, as we have already had the
opportunity to get in touch with. In fact for sufficiently small temperatures, the annihi-

lation term < ov > becomes negligible compared to H = which is responsible

for particle dilution, thus bringing the freeze-out.

Let’s study Boltzmann equation now. In order to do that let’s lean on comoving quan-
tities in order to avoid the relations to Universe expansion. Introducing Y = “X. This
is something that we have already encountered previously and, as we have already ex-

plained, s represents the entropy density per comoving volume, so we know that scales
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like a=3, balancing the same n, scaling. Boltzmann equation transforms in the following
way

ay
dt
as one can easily see that, being sa® the total entropy in a comoving volume constant,

= — <ova > s(Y?—Y) (3.0.3)

dY dnya® 1 d(na’) 1<dnx
dt  dt sa®3  sa3 dt s dt

+ 3hn,). (3.0.4)

As it is naturally understood Y, is the comoving number density at thermal equilibrium.

Now reintroduce z = 2% and look at entropy conservation. It can be demonstrated that,

as we have already seen, s = %g*st?’, hence the conservation of entropy in a comoving
volume implies g,,7°a® = const. If we neglect the dependence on g, that can be assumed
to be constant if we consider its temperature dependence to be weak compared to the
other two factors, then conservation of entropy reads

Ta = const (3.0.5)
leading to

dl' da

— 4+ — =0 3.0.6

7+ (3.0.6)
hence implying that, through time derivation,

ar

— = —HT. 3.0.7

p (3.0.7)
Using m, = 2T we can see that

xdl +Tdr =0 (3.0.8)

and using all of the above in the Boltzmann equation, we can recast it in the following
form

dY —dY dedT dY z dy
R R T (3.09)
so finally the Boltzmann equation reads
dY S 2 2
% = — < OUrel > %[Y — }feq] (3010)

This gives us the opportunity of analyzing the Boltzmann equation in different regimes,
since this equation cannot be completely solved analytically. We will then match the
results at freeze-out

Since we are talking about WIMPs, we again stress the fact that they are non-relativistic
at decoupling, so Tro < m, hence giving zro > 1. If we analyze the temperature
dependence of both H and s we’ll clearly see that H oc 272 and s oc 273. We can express
this by simply putting H = H(x = 1)2=2 and s = s(x = 1)z~3. Boltzmann equation now
shows the form

Ay oy (3.0.11)

with

(3.0.12)
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being a constant.

There is no analytic solution to this kind of equation, but we can study Y behavior in order
to hope for a numerical one. Remember that for I' >> H we have a sufficient number
of collisions that keep DM and primordial bath particles in thermal equilibrium. The
opposite happens when I' << H. In this situation, the Universe expansion has brought
DM particles too far apart, so they cannot meet each other in order to annihilate. This
situation is responsible for the DM freeze-out and its fall out of thermal equilibrium. Let’s
restate this using Y. The two situations can be summarized in the equation

Yz <xyp) ~Ye(2) and  Y(x>xp) >~ Y (zs) (3.0.13)

with x; at freeze-out. In the cold dark matter case, Y decreases exponentially before
freeze-out. Then, after freeze-out, abundance is larger than what it would be if DM were
to be at equilibrium. More clearly

Yeo(xp) > You(z > x). (3.0.14)

This observation can lead us to an approximate solution for Y;,qe, in the Boltzmann
equation

1 1 A x
TV " Yioday ™ Tf (3.0.15)
oday
being Yf >> Y;oday-
With this, we can arrive at a formula for €2,:
oaaq YO a
Qh? = [otoday today (3.0.16)
h2

4 Numerical estimation

Now we need to estimate numerically Q,h* and compare it to the value we obtained from
the experiments. To achieve this, we take into consideration the same line of reasoning we
employed in a few sections above when comparing I' and H at freeze-out. In particular
let’s use for I':

T
['=n{! <ov>= gX(WS; )2 exp(—%) <ov> (4.0.1)
and the complete formula for H:

p
H? = "~ 4.0.2

with _
= g.(T)-=T* 4.0.3
p=9T)3; (4.0.3)
If we consider the situation at freeze-out with xpo = % and just compare the two

expressions for H and I', reshaping everything as a function of xro we obtain something
of the kind:
exp(—zro) _ 3V5 gy
5

1 - 5 1
T 1o 22 92 (rro)

mXMpL (404)
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that can be reacasted in

exp(—zro) _3vV5 gy

1 2 1
Lo 2m 9 (Tro)

mXMpL (405)

What we want to achieve is just a qualitative estimate of zpp, so by leaving only the
exponential term on the left side and taking the logarithm of both members, we come up
with a benchmark value [44] of

Tro ~ —In (ﬁMPL> — 0(10) (4.0.6)
272

Here there is a little detail to notice for the factor < ov,¢ >. There are some approxi-
mations we can make even though we do not know the specific form of this factor. Using
a wave expansion for the solution of the Schroedinger equation, one can see, after a few
manipulations, that even the scattering cross section can be approximated into a sum of
different factors in the small velocities regime. In fact the most important ones are the
so-called s — wave and p — wave which are respectively the first and the second factor in
the expression below, which are constants.

< OV >~ a+bv® + (4.0.7)

In the following, the result we obtain is calculated for s-wave processes, that involve only
the first factor in the approximation above.

With WIMPs being weakly interacting, we can use a cross section of the kind < ov >~ 7‘2—22
For a weak scale particle we can use a ~ 0.01 and m, ~ 100 GeV.

We employ the previoulsy obtained result Yy ~ #£2.

Moreover, thanks to recent experiments we can safely use

{,Oc’r‘it(tO) ~ 1,05 x 107°h% GeV em™3 (40.8)

5o ~ 2891,2 em ™3
Taking all of this into consideration and using zpo = 10 we arrive finally at the formula

0, - My S0 Y0 SOk~ 10726em? /s ~0, 1(0,01 mo

Y emt/s 2
Perit < ov > o ) <1OO GeV)

(4.0.9)

obtaining the right order of magnitude suggested by Plank and WMAP [44].

5 WIMPs

So what is it with WIMPs that makes them such a great candidate in the role of dark
matter particle? First of all it must be said that any given model must be confronted
with the solid value already obtained of Q,h? ~ 0,12. Looking for WIMPs, as the
name suggests, we must employ cross section typical of weak interactions that in general
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gravitate around a scale of 1pb as we have already seen. Then we suppose that this kind
of dark matter decouples in a regime where g, ~ ¢g,,. This is not a terrible approximation
if we consider high temperatures, which is the case in the early Universe. Now making
use of the value zrp ~ 25 we can obtain

106,75 .1, 0,7pb

QB2 ~ 0,12
X <g*(TFo) < OUpel >

M

(5.0.1)

thus revealing that particles with cross section typical of weak interaction(of the order
of the pico barn) can reach a value for the relic density very similar to the one we are
looking for. This is referred to as ” The WIMP miracle”, as the correct result for 2, h? is
reached for m, in the GeVs-to-Tev range.

The first WIMP consisted in a 4" generation Dirac neutrino which, for m, > MeV,
is non relativistic at decoupling [21], thus entering the case just studied. Here a little
clarification needs to be done on the form that the cross section assumes depending on
the particle that mediates the interaction. Since the particle considered, the interaction
would be mediated by the Z boson, which will provide the Q,h? plot the classic V-shape
that comes with it at the resonance for m, ~ % Then whether we find ourselves in the
regime m, < My or m, > My, the cross section will assume different shapes. In the first
case, the cross section will assume the characteristic form that we encountered studying

weak interactions 5

< OV >~ GEm2 ~ (%)210—26% (5.0.2)

with Gr Fermi’s constant. In the opposite case, the cross section will resemble more the
one of electromagnetic processes

o’ m em?

< OUpel >~ m—?j ~ (ﬁ)72107267 (503)
thus proving our previous claim that a mass between GeV and TeV will grant us the relic
density that we are seeking.
In all fairness this is not much of a miracle, because one can still achieve the correct relic
density with a really weak coupling v << 1 but keeping fixed =, thus allowing for a wider
variety of masses to reach the result we want.
In the following section, we are going to analyze WIMPs behavior in the early Universe
making use of a powerful tool in Boltzmann equations, which will grant us more precise
results.

6 DM searches

Right now there are three major sectors in which the research activities on dark matter
are concentrated: direct, indirect searches and colliders.

Direct searches investigate collisions between dark matter and experimental targets. It is
not a subtle strategy if one thinks about it and it guarantees a wide range of probable
WIMPs candidates. In fact, we proved in previous sections that for WIMPs, the relic
density is inversely proportional to the non-relativistic annihilation cross section

1

~ — 6.0.1
PDM o ( )
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Collider

l:{>

SM DM

Direct Detection

SM DM

<:I

Indirect Detection

Figure 2.1: This picture is explicative of the three different types of searches we can employ
for dark matter. From [38]

so that the event rate would be proportional to the product between this factor and the
scattering cross section[21]
0s

R~ pog ~ . (6.0.2)

This will allow a discrete rate even for WIMPs candidates with a small relic density. In
fact, there is a crossing symmetry relating scattering and annihilation cross section, so
that even if o4 is big, the same could be said for og. On the other side, as we will ap-
preciate more in the next section, direct searches are sensitive to uncertainties related to
local dark matter halos and are completely insensitive to leptophilic dark matter models
in which DM only couples to leptons. Moreover as one can understand, direct detection
methods fail whenever DM particles are so light that their signal would not reach the
experimental threshold or in the case of a too small og.

Indirect searches look for products of WIMPs annihilations or decay. In particular, dark
matter particles that couple with standard model particles, should be revealed through
these methods. Of course, when this condition fails to happen this strategy will lose all
of its appeals. Anyways these searches are expected to greatly improve in the next years
and, as we deepen our knowledge in this sector, we will reach higher sensitivities that will
lead us to a clearer picture regarding dark matter and its byproducts.

Finally, colliders are our personal and homemade research lab, where crashes between
standard model particles are observed and studied. In the case of a dark matter sector
non trivial coupling with SM particles, we would be able to reveal WIMPs through these
collisions by observing the missing transverse energy that characterizes them. However
hadron colliders are not that sensitive to leptophilic dark matter, but this does not un-
dermine the great importance that this instrument has and the innumerable ways it could
serve us, expecially combined with the other two. Let’s have a closer look at them all.
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7 Direct searches

The first way that comes to mind, when it comes to dark particles to be discovered, is of
course to wait for them to crash onto an experimental target and to observe the reaction
as a proof of their existence. This technique has its pros, as we can directly observe the
fruits of collisions against the detector and attribute them eventually to the presumed
dark particle. The point is we must consider the dark adjective to be totally characteriz-
ing of these particles, as we cannot observe them. Because of this, we study their reaction
with the detector. In case a dark particle would be colliding against our target, what we
would see is just the target that recoils against what is an invisible particle. We study the
recoil energy being deposited inside our target to extract information about the original
particle that caused the collision. First of all, we have to recognize that in this kind of
experiments, there is going to be a huge background that we need to come to terms with.
This is why the totality of experiments considered as direct searches have to be placed
underground, in order to protect them from the majority of cosmic rays. There is even
an idea of what kind of signal we should get. In fact, it should be just a single hit, and
the signals collected should be uniformly distributed in time. This is contrary to what
happens with neutrons, particles that tend to interact multiple times with the target [25].

We have introduced in the previous chapter what is roughly the velocity distribution of
dark matter in the halo surrounding the Milky Way, and again we reiterate the fact that
the local DM density is

ppym = 0,3 GeV/em? (7.0.1)

in the Standard Halo Model. When we consider DM experiments we must come to terms
with DM motion in the galaxy. Although there can’t be a preferred direction of motion
in the galaxy, we must consider that we, as observers, are continuously in a motion state
with respect to the Sun which, in turn, rotates around the center of the galaxy. This has
to be taken into account when projecting an experimental apparatus. What is expected
is a DM shower, which intensity will be subject to an annual modulation based on the
relative motion of the Earth with respect to DM reference frame.

We expect indeed a stronger DM flux incoming towards Earth in the period of May/June
and a progressive decrease after in which the flux will eventually touch the lowest point
in intensity in the period of November/December.

This is not the only effect that influences the incoming flux though. A competing one
would be what is called ” gravitational focusing” which is caused by the Sun’s gravitational
attraction on DM particles, which may pull them away from their direction of motion and
basically shift their path towards the Sun. Here, for example, the enhancement in DM
flux is perceived at its peak in March, when the Earth is behind the Sun, and at its lowest
in September, when the opposite situation arises. The play between the two antagonizing
effects is held by DM velocity, in that the slower DM is, the more grip gravitational
focusing will exert on it.

In terms of flux, a rough estimate starts when considering

(7.0.2)
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hence DM flux toward Earth will be

¢pm = NpMUpM = Pou Upm (7.0.3)
Mpm

which, in the case of WIMPs with mass my ap >~ 100GeV becomes
Gpar = 9 x 10*em 2571, (7.0.4)

Not a lot to work with, considering that we started with an extremely small number in
ppy which is less than 1072 times the density of water! This should make us realize how
difficult it is for us to detect these particles.

Now without further ado, let’s analyze the details about the experimental apparatus.
First, we study a single collision of dark matter against the target of mass My in an
elastic way.

By imposing the conservation of energy and momentum on the system, one can get to
the explicit equation for the recoil energy of the target nucleus

B, — ‘ﬂ2 . 2M2U2(1 — COS@) . miMnucleusUQ(l - COS@)
e 2Mnucleus B 2Mnucleus B (mx + Mnucleus)2

(7.0.5)

here we made use of ¢ as the WIMP’s momentum, v as its velocity and u as the reduced
mass of the nucleus-WIMP system.

WIMPs typical velocities are of the order of 300 km/s and for m, >> M, ceus We expect
the nucleus recoil to be Er ~ M yeieust® ~ 1 — 100 keV. The most general picture that
allows us to express the rate of WIMPs collisions with the target nucleus is

E v
max max 2p do-
R~ / / — ——vf(v)dvdER (7.0.6)
Emin Umin mX d|q1

with p being dark matter density, o elastic scattering cross section and f(v) WIMP’s
velocity distribution. We have already talked about the maximum velocity beinthzl)qe
escape one VUpq, =~ 650 km/s and with a quick calculus we can estimate Epg a0 = 2o

to be the maximum recoil energy, so

E max MTLUC eus
Ui = 1] —2 l (7.0.7)
2442

Mnucleus

and this means that the detector’s energy threshold is what actually discriminates what
we can from what we cannot see.
Now two paths open in front of us, depending on the different types of scattering taking
place. Dark matter can have indeed spin-dependent or spin-independent interaction with
the target. The first case is caused by scalar or vectorial couplings of DM with the nucleus
and it can be seen that [44]

do  2my 7 A VR

dEn —o2 2L+ (A= Z) 1] F(q). (7.0.8)
Z and A are respectively the atomic number and atomic mass of the nucleus and f, and
fn are WIMPs couplings to protons and neutrons. In the end, F(q) is a form factor that
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accounts for the finite size of the nucleus and is normalized such that F(0)*> = 1. The
scattering is coherent and the overall differential cross section is in the end proportional
to the nucleus atomic number squared.

The opposite case is represented by spin-dependent scattering which is caused by the axial
coupling of dark matter with the nucleus. In this case

do 16mpy

with A = L(a, < S, > +a, < S, >), aym) are couplings to proton(neutron) and < Sy, >
the average spin contribution of proton(neutron).

We can see a clear dependence on J(J + 1) where J is the total spin of the target. This
suggests that this will turn to be a smaller contribution with increasing target dimension.
The overall result is that the experimental sensitivity to spin-dependent scatterings will
be below that of spin-independent ones.

It is important to notice that the spin-dependent form factor is different from the spin-
independent one. Notice also that spin-dependent interaction is not coherent with the
nucleus anymore and does not scale as A2. This results in difficulties in analyzing exper-
imentally spin-dependent interactions.

There is a diverse array of direct detection experiments, and most of them make use of dif-
ferent target materials and techniques. DAMA /LIBRA experiments found in its dataset
an annual modulation compatible with the one expected from WIMPs [21]. CoGeNT
experiment revealed a modulation and an unexplained rate excess in its data which could
belong to WIMPs. These are all examples of experimental situations which could be
attributed to WIMPs collisions. It is of crucial importance to compare those results with
each other and with the upper bounds already in our possess. With the current experi-
ments we are investigating progressively lower cross section and the idea is to perfect our
experiments to keep going in this direction. Eventually, we will reach the neutrino floor
where the investigated cross section will be undistinguishable from the elastic neutrino
cross section. DARWIN experiment is currently working on this and the situation will be
clearer once we collect more data with more advanced experiments in the near future.

8 Indirect searches

Here we explore the alternative routes that we can take to unveil the mystery of dark
matter. It can be possible to identify dark matter by examining its annihilation products,
which we receive here on Earth and are able to detect with the help of our satellites.
Of course, dark matter annihilation rate is not what it used to be in the early universe,
but this does not mean that the annihilation rate has been nullified in the present time,
there can still be byproducts of DM self-interaction coming from places where its density
is higher, like for example the center of our galaxy.

In principle, there is plenty of particles in the Standard Model that could be residues of
DM annihilations. In the following, we are going to explore some of the most palatable
ways we can think about when it comes to indirect detection.
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8.1 Indirect detection through photons

Neutral particles in general possess the unique advantage of traveling towards us un-
touched. They propagate in the space without feeling the influence of magnetic fields and
without losing energy. This in turn benefits us of the certainty of their traveling direction
and of the energy of the reaction that produced them.

Now we are going to analyze the details of gamma rays originating from DM annihilations,
since they carry more information from the start with respect to charged products and,
in some cases, they can provide the ”smoking gun” for DM annihilations [44].

Since we can express the annihilation rate per DM particle as

ZWX < ow > (8.1.1)

since there can be multiple annihilation channels. r is the distance between the event and
the Galactic center, which in turn depends on [, the line of sight distance and v which is
the angle observed relative to the direction of the galactic center. If we multiply it by the
total number of particles in a volume dV = [?dldS), we get a factor of

plr(l, )] plr(l, )]
with the factor 2 from the two particles involved in the interaction. In the end, we get

the photon flux by multiplying this by the number of photons produced at given energy
Ly

dd, 1 < o0 > dN;
_— = — ds) dlplr(l 2 — - % 1.
05 = i 10 oS S (513)
¢ We can stack all the astrophysical uncertainties into the factor
J= i/d@/ dlplr (1, )2 (8.1.4)
B AQ l.o.s. g , o

J depends only on the dark matter distribution and it is normalized over an ob-
served solid angle so that a flat halo with a density equal to the one measured in the
solar circle, integrated along the line of sight to the galactic center, would give us
the value of one. It is important to notice that the larger is J, the better is for DM
annihilations. One would have to look for system capable to enhance this factor,
like dwarf galaxies which are DM dominated and present very few astrophysical un-
certainties compared, for example to the center of our galaxy, despite DM density
being higher in the latter case.

¢ Moving on to the particle physics sector, it can be contained in the factor %%.

X
Here usually we can pull the cross section out of the integral, ecxept for p-wave

processes, amongs all, in which the thermally averaged cross section demonstrate a
strong dependence on v.
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If we consider the annihilation yx — vX, where X = ~,7Z; H, we can see that in the
non-relativistic limit, the energy conservation condition is written as

2
mx

4m3 )

2my = E,+\/E,+m%k — E, ~mx(1 -

(8.1.5)

If we consider as final state v, we can clearly see that we obtain a monochromatic energy
spectrum, in fact, it would present a monochromatic energy line at the DM mass. In the
case of X = Z the line would still be monochromatic, but it would also be shifted towards
lower energies.

Such a monochromatic line would be, if observed, astonishing proof of DM existence.
Unfortunately, vy production is loop suppressed and with branching ratios 1073, 1074, so
it is unlikely to be observed.

There are also other possibilities for photon production. In particular, DM annihilations
could produce charged leptons or quarks which in turn could emit photons via final state
radiation, or in the shower of their decay products. For example pion decay 7° — vy
would consist in a DM proof since the photon energy spectrum would have a cut-off in
correspondence of m,. It cannot be attributed to DM only tough, since there are also
other astrophysical processes that can have the same cut-off which do not involve DM.
We can see, as a final note, that in general the final flux has a strong dependence on the
relative velocity of DM particles and on the annihilation cross section in SM particles.
The factor < ov > is the same in many models as the one that figures in the relic density
formula, so a juicy target would be the WIMP one in which < ov >= 3 x 10726 em?s~1.

8.2 Neutrino searches

The solar system is, as previously stated, in a continuous state of motion with respect to
the center of the galaxy and, consequently, to the dark matter reference frame. It can
happen, during this motion, that we, as a system, go through dark matter which can
scatter with baryonic particles. The scattering can be hard enough to steal a consistent
part of dark particles’ energy so that they are captured by the huge gravitational field
belonging to the Sun [21]. Now, talking about capture rate I'c, we can say that it should
be proportional to the scattering cross section and to the local DM number density, basing
ourselves on previous formulas

FC ~ Oosn (8.2.1)

Time goes by and the number of captured DM particles by the Sun increases N = ['¢t
and so does the annihilation rate being proportional to n?

[y ~ oan? (8.2.2)

so the number of WIMPs inside the Sun changes with time as

AN
S . —or 8.2.3
dt © A (8.2.3)

The capture rate should be constant in time as the process of capture should not affect
the DM density and distribution. Instead, the annihilation rate grows with time, until
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some kind of equilibrium is reached when 'y = FTC and

dn
o 0. (8.2.4)
It can be proved that this equilibrium is reached during the Sun lifetime.

Now the only product of annihilations that can escape from the Sun and reach the Earth
are neutrinos. Luckily for us, the ones produced in these types of annihilations are much
more energetic than the ones coming from other processes. The best limits in our hands
come from IceCube telescope. Moreover, if we consider a situation of equilibrium between
capture and annihilation inside the Sun, then the consequent neutrino flux will depend
only on the capture rate of WIMPs. This means that the rate will depend only on the
scattering cross section. We can see that direct detection experimental results will depend
on the same quantity so we can compare both of the measurements. This is a great way
to have two different strategies to work in a synergetic manner.

8.3 Anomalous cosmic rays

Charged particles like electrons, positrons, protons and antiprotons can very well be
byproducts of WIMPs annihilations. The difference with neutral particles is that in this
case, they interact with the galactic magnetic field, hence deviating from their original
path and losing energy during their trip toward Earth. Here they present a diffuse spec-
trum caused by the energy loss while propagating. Several experiments, like PAMELA,
are looking for charged particles that could represent a signature of DM presence, like, in
the PAMELA case, an abnormal presence of cosmic ray positron fraction above a certain
energy threshold, which could be explained by DM annihilations. All the experiments
conducted in this field reveal a local source of cosmic rays which can be attributed to
Dark Matter. The issue here is how to state that the sole cause of these phenomena
is dark matter with absolute certainty, given the fact that there are multiple plausible
explanations other than that, like, for example, emission from pulsars.

Positrons and antiprotons are useful to seek because they can be produced in DM an-
nihilation and, on top of it, there is not much antimatter in our Universe, so there is
only a handful of processes that can be responsible for their production, one of which is
WIMP annihilation. p and p have the advantage to propagate for longer distances inside
the galaxy over electrons and positrons, which can interact with photons losing energy
relatively quickly.

Nevertheless in the years, there has been a consistent development of technologies that
would help us to detect such particles. In particular, the birth of balloon experiments
has revealed itself as a striking instrument in the search for cosmic positrons, finding an
excess over secondary cosmic rays fluxes. This is the case with PAMELA (Payload for
Antimatter Matter Exploration and Light-nuclei Astrophysics) which is a satellite with
a magnetic spectrometer on itself that reported in 2008 an excess of positron fraction in
the 10 to 100 GeV energy range [21]. A rise in the e fraction can be observed over 10
GeV that cannot be explained by collisions of cosmic rays with interstellar medium. The
positrons produced in such reactions are expected to have a spectrum that falls quite
quickly with energy, so they cannot be the cause of the excess observed by PAMELA. In
fact, it is believed that the latter would be either DM annihilation or pulsar.
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There has been no observed excess in p, which excludes the hypothesis of supernova
remnants behind the positron excess, and nears our interpretation of dark matter to lep-
tophilic theories, in which DM only couples with leptons. Moreover, there was no endpoint
observed in e™ excess. This is also important because it would have been a hint about
DM mass. PAMELA observations combined with HESS, another affine experiment, lead
to mpas ~ few TeV. More at it, DM would be annihilating to 2"¢ or 3"¢ generation lep-
tons before the e™ emission. This happens through the bosonic mediator ¢, which then
decays to putpu~ or pions. The reason is that this chain of processes would explain the
soft decrease in energy observed in the electron plus positron spectrum by HESS around
energies from 1 to 10 TeVs. ¢ is a light particle, hence weakly coupled to baryonic matter.
This could very well be that ”dark photon” described in some of the most famous theories
of dark matter preaching a new and hidden gauge symmetry that completes the standard
model gauge group.

There are some problems linked to these theories to explain the data, like the fact that the
annihilation rate should be boosted by a factor of 10 to 103. A plausible solution would
be Sommerfeld enhancement in which the ¢ exchange generates a Yukawa potential which
traps the two annihilating particles that in turn form a bound state, hence enhancing the
cross section.

Another solution would be just to have a bigger annihilation cross section for WIMPs.
Unfortunately this, in turn, would produce a too-small relic abundance for WIMPs, but
could be a solution in the case of non-standard pre-BBN cosmology.

9 C(Collider searches

Colliders offer another main opportunity to search for dark matter. Several colliders aim
at revealing dark matter particles through proton, electron or positron collisions. The
Standard Model has been, through the years, highly investigated and we are actually in
possession of very precise mesurements concerning properties and decays of almost all SM
particles. Nevertheless, there remain still some underexplored areas in which dark matter
presence could be hidden. In particular Z boson, Higgs boson, top quark or hadrons could
still have some small decay rates into pairs of invisible new particles, and in particular
into DM candidates, in case their masses were smaller than half the decaying one’s.

A source of interest is definetely Higgs boson which can actually be considered a portal for
new physics. It has to be noted that Higgs invisible decays are really weakly constrained
and in some case, the branching ratio in invisible particles can reach peaks of 26%. This
is one of the main reasons extensive searches have been made to collect more data on
Higgs decays, it can still exist a coupling between Higgs and a new, maybe dark, particle,
hence the name: Higgs portal [2].

Several particle colliders are running and more are about to see the light in the near
future. An important example of the former category is LHC, in which protons collide at
the center of mass energies up to 13 TeV and it has still not reached its full potential. It
offers a high luminosity and can probe particles with mass up to a few TeVs.

On the other hand, we have lepton colliders, like LEP, that have lower luminosity and
center-of-mass energy but can provide more precise measurements.

The point with dark matter is that it should be neutral, uncolored and weakly interact-
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Figure 2.2: Scheme of a mono-X process studied at colliders. From [24]

ing. This means that it can have only very small couplings to QCD, which can be probed
thanks to the LHC’s high luminosity. Being weakly interacting and neutral, DM collider
searches are configured as looking for missing transverse energy in the collision examined.
The heavy particles produced in the collision can decay and produce DM particles, then
generate significant missing energy. Of course, the specifics of these searches are highly
model-dependent.

Other signatures can present very interesting results linked to DM existence. We can
indeed study, in the case of DM production, the particles that accompany DM. In this
category lye "mono-X searches”, where we actually indagate X particle produced in order
to extract information about a possible dark particle. The most common search in this
case are monojet searches at LHC, where the missing transverse energy recoils against a
high energy jet, which is produced as initial state radiation. The complementary search
at LEP is monophoton one, in which the missing energy is deduced by the presence of a
hard photon.

The limits obtained by studying monophoton and monojet events have been extracted
using effective couplings between SM and DM sectors [7]. Examples of this kind of op-
erators are in 2.2 where we can see dark matter and standard model particles together
in four points contact interactions, just like Fermi’s theory for electroweak interactions
before the introduction of W and Z bosons. These operators are valid until the energy
of the process lies well below the energy scale characterizing the SM-DM interaction, as
is true for all effective field theories.

Effective field theories might be a good instrument that allows us to gather all the fun-
damental aspects characterizing WIMPs interactions like degrees of freedom and WIMP
phenomenology avoiding all the complex detail of a full theory description. The weak
point in such a line of reasoning is that at a certain point, as we should know, effective
field theories break down, and that can happen if we consider energies corresponding to
the scale of DM-SM interaction mediators. Beyond this point, a full theory is necessary
in order to describe physics.

A possibility for DM is that the mediator is a standard model particle, or has the same
couplings of a standard model boson, like simplified models in which the interaction be-
tween DM and SM particle is mediated by a Z boson-like particle. The reason we do
not choose SM particles as mediators is that these models are limited by very strong
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constraints such as electroweak precision measurements and direct searches. Anyways in
the simplified models the interaction between SM and DM particles is determined by the
mass of the mediator, its coupling strength to DM gpas, to SM quarks g, and by DM
mass. Usually at LHC are conducted searches using these simplified models with a bosonic
mediator with vector or axial coupling and with DM coupling fixed to unity and coupling
to quark fixed at specific values [11] [12]. These specific parameters have been chosen so
that constraints coming from direct mediator searches are avoided. Let’s focus on a Z-like
mediator which interacts with DM and quarks only through axial vector couplings. Here
colliders can help a great deal in unveiling and study visible decays of the mediator. It
is important to notice that there would be, amongst all the possible interactions, the one
in which the mediator generated by quark-antiquark or gluon annihilation then decays
into di-jets. The decay in jet pairs produces a peculiar signal as there would be an excess
in the invariant mass of the two most energetic jets (di-jets) which would be atop the
QCD background. These types of searches do not depend strongly on the specific DM
models considered and the invariant mass of the two most energetic jets is used as the
main observable in the search. Mono-X and dijet searches are used in tandem with these
kinds of models as their role is complementary in DM searches. Mono-X searches are more
efficient in the region of the parameter space where DM mass is lower than twice the me-
diator mass, thus allowing the mediator to decay on shell to DM particles. Dijet searches
instead are powerful in the region with higher mediator masses and higher DM masses
with respect to mono-X searches 2.3. This is because in this region of the parameter space
where the mediator decays into DM are suppressed with respect to dijet decays. However,
the parameter space is highly dependent on the choice of quark couplings as one would
expect. Moreover, if we only consider simple DM models with just a dark matter and one
mediator couple to SM particles, only in this case mono-X searches can be considered DM
collider searches. If we expand our point of view to include more complex scenarios with
a multiplicity of different particles, then we cannot be so sure what we are searching for,
as it is increasingly harder to couple the missing energy to dark matter only. This is why,
although they can be considered interesting research fields, mono-X searches would hardly
lead to DM discovery, if not coupled with other findings in direct detection experiments.

10 Complementarity of WIMPs searches

The methods described in the sections above all provide different informations about
dark matter. They can all constrain different aspects concerning dark matter nature
and are able to clarify different properties of dark matter interactions. Moreover, they
are all susceptible to different kinds of uncertainties, like, amongst all, astrophysical and
instrumental. Although it is nearly impossible that we will reach a decisive conclusion on
dark matter case only leaning on one of these procedures, they can all work complementary
in leading us to unveil this mystery. We can draw a qualitative picture regarding the
different experimental strategies that could be summarized as follows:

e Direct detection: this is maybe the simplest and most brutal method we could
count on for DM discovery. Thanks to the description we have given above, we can
recognize that this method needs delicate care of the low energy background and it
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Figure 2.3: Sketch of the constraints on a simplified model of WIMP DM where a particle
with axial-vector couplings of 1.0 and 0.25 to DM and SM respectively is exchanged. The
constraints from mono-X (exclusion region in red) and dijet DM searches (exclusion region in
blue) are shown in the plane of dark matter mass vs. mediator mass. The couplings
represented in this sketch and their general features are inspired by LHC dijet and mono-X
results. From [24]

is not particularly sensitive to DM that couples to leptons only, but, eventually, it
can provide us with crucial information on DM particle mass and its elastic cross
section with protons and neutrons.

e Indirect detection is, contrary to direct searches, potentially sensitive to all kinds
of DM with all sorts of couplings to SM particles. These types of searches are
growing with time in sensitivity, but require a deep understanding of astrophysical
background.

e Colliders: like indirect searches are sensitive to a wide variety of DM models. Col-
liders offer the opportunity to study DM in a highly controlled environment and,
in the WIMP scenario, considering the typical WIMP masses and the weak force
interactions, we can definetely expect the DM WIMP to be produced at LHC. The
downside of collider searches is that even if a dark particle’s existence would be
probed, still it cannot be established if the newly found particle is stable or cosmo-
logically relevant.

Let’s study a toy model in which dark matter interacts with standard model particles
through four particles contact interactions [21] [24]. Consider a spin 3 fermion y that has
generation-independent interactions with quark ¢, gluons g and leptons [:

1 o = as _ apy a 1 o 1,
va“%x > @ sq + WXXG G+ R > i (10.0.1)
q l
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Figure 2.4: DM discovery prospects for direct detection, indirect detection and particle
colliders on the cross section o(xx — [, ¢, g) as a function of the WIMP mass. Here
oth =3 x 10726¢m3 /s is the reference value for the annihilation cross section and it is the
value required for a thermal WIMP to account for all of DM. From [24]

Even though there could also be other interactions, the few that we have chosen here are
able to express in just a couple of terms, some of DM properties that we have described in
the previous sections. For example quark interaction can be easily seen to originate spin-
dependent scatterings, while gluon one can create spin-independent scatterings. Moreover
M,,M; and M, define the strengths of the interactions and, together with the value m,,
completely define the theory. The knowledge of these parameters allows us to precisely
calculate rates of spin-dependent and spin-independent elastic scattering, DM annihilation
rates in quarks, leptons and gluons, together with the DM production rate at colliders.

The annihilation cross section at freeze-out is seen to be completely determinant for the
relic density that we observe, so in any of the experiments we perform, we are able to
access just a fraction of the complete observed dark matter density Qpys. If 0;(M;) is the
annihilation cross section for each individual channel for ¢ = ¢, g, [, then we can normalize
it to o that represents the value required for a thermal WIMP to account for all the DM

Ui(Mi> fz

= 10.0.2
O'th Qx/QDM ( )
with
g
fi= (10.0.3)
Ototal

representing the contribution of the singular channel and o410y = o(xx — anything). If
we make the assumption f; = 1, which means that just a single channel is responsible
for the total annihilation cross section, we can see that ¢ could be the target of our
experimental efforts. Indeed if we could get to the point of probing cross section o; ~ o',
we could discover the particle responsible for the totality of dark matter.

This example gives us the opportunity to explore the meaning of complementarity con-
cerning dark matter experiments. Of course, at first glance, we can appreciate the fact
that different experiments are sensitive to different couplings between DM and SM parti-
cles so that together they can give us a complete picture of DM interactions. Moreover,

it is apparent that the outcome that could be achieved through different experimental
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paths are also very dependent on DM mass. For example, we can see from the FIGURE
that direct searches for dark matter are very effective for masses of the order of 50 GeV
and that their power gradually decreases at lower masses, as an effect of detector issues
at lower energies.

It is precisely at low masses that colliders take the lead. In fact it can be seen from
the picture that in this area, controlled collisions offer the best solution out of the three
because they can produce light dark matter particles with really large momenta, so they
are the best probes in this type of scenario.

Finally, it is in the high mass range that indirect searches surpass the others in effective-
ness. In fact here both direct and colliders searches are out of their reach and indirect
detection searches can jump in and make up for their absence. This is a deeper way in
which we can really see the complementarity of these three experimental paths.




Chapter 3

Introduction to Z’ physics

In the second chapter, we have seen how effective field theory can be employed in the
study of dark matter properties. Models like these take advantage of the fact that heavy
degrees of freedom are integrated out, resulting in simpler physics. It is apparent that this
cannot be an answer to the problem we are dealing with, especially if we are considering
collider searches, where the energy scales we investigate are typically near the energy
cut-off of our effective field theory. It is in this moment that the alternative of simplified
models can be really taken into account. The literature on this is really vast and explored.
These models consist of theories in which the Standard Model is extended with a dark
matter sector and the mediator between the two is fully present in the particle spectrum
of the theory and not integrated out [46] .

We are prone to consider models in which fermionic DM interacts through a bosonic me-
diator. Of course, this is not the complete solution to the dark matter problem . In fact,
these kinds of models do not come free of problems. There are all sorts of unitarity and
anomalies issues that we have to deal with. But we will be more clear about this in the
next sections.

Moreover, the aim for the grand unification of SM gauge couplings motivate the presence
of additional U(1)" symmetries [1], which may appear as relics of larger GUT Lie groups
and which could in principle breaks down at energies on the reach of the LHC.

Indeed we start with a gauge group of the kind:

G =Gsy ®U(1) = SU3).® SU2)L ® U(l)y @ U(1). (0.0.1)

The new 7’ boson can be observed in its decay as resonance in di-lepton channel whenever
the energy scale at which the symmetry is broken is found at TeV scale. Several theories
predict the existence of this new boson, like Eg, SO(10) or left-right symmetric models
and these are all GUT realizations.

There are also other things to consider when speaking of simplified models. If the Z’
boson mass is generated through a Higgs-like mechanism, the new scalar responsible for
the symmetry breaking can play an important role in phenomenology and that will always
be omitted in effective field models. Moreover, the condition of anomaly cancellation may

o7
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require the presence of new fermions that in turn can be spotted in our searches.
There are several ways to embed dark matter in this scheme [4].

e We extend Standard Model with a new gauge group U(1)x. We charge only dark
matter fermions under it while all SM fermions remain singlets. Then we allow the
dark matter to couple only to the new Z’ boson and not with SM bosons. In turn,
7' will couple with SM fermions through kinetic mixing.

¢ We employ a new gauge group obtained through lepton number differences like
U1)p,—r, or U(1)g,—r, or U(1)g,—z.. Of course, these will be anomaly free.

e We use the difference between lepton and baryon numbers U(1)g_,. We will see
that these models allow the origin of neutrino masses after symmetry breaking.
These models are of course anomaly free because of the introduction of right-handed
neutrinos which are not contemplated in our version of the Standard Model.

We also embed a new complex scalar field which is heavier than our Higgs and that ac-
quires a Vacuum Expectation Value(VEV) in order to give mass to the Z’.

Some words on the latter models are needed, as they have been extensively studied in
the past and there are innumerable versions. In fact, as we said previously, they have the
specific advantage of embedding the right-handed neutrinos and promoting an already
present SM global symmetry to a local one.

SM has a big disadvantage in not being able to explain the neutrino masses. However
today we are practically sure that a non-trivial neutrino mass matrix must be there in
order to explain neutrino oscillations that have been observed in the course of history.
The problem with the Standard Model is that neutrinos do not have their corresponding
right-handed partners there, therefore they cannot acquire mass not even after electroweak
symmetry breaking. Neutrino oscillations are of course related to neutrino masses and
flavor mixing. A natural way to accommodate all of this could be a type-I seesaw mech-
anism making use of Majorana right-handed neutrinos. An additional B — L symmetry
could be the easiest way to explain neutrino masses through the seesaw mechanism. In
fact, in these kinds of models three right-handed neutrinos are introduced with B — L
charges equal to —1 and are responsible for anomaly cancellation.

A B — L Higgs boson which is a SM singlet is also added to the theory as we have
previously seen [45]. The new Higgs also acquires a B — L charge and gets, of course, a
VEV breaking the B — L symmetry. This in turn causes the creation of a B — L boson and
the fact that neutrino masses are naturally created through the seesaw mechanism. The
mass spectrum of the particles in these theories which consist of the B — L gauge boson,
the right-handed neutrinos and B — L Higgs are all dependent on the breaking scale of
the new B — L symmetry. If this scale happens to lay in the TeV range, it could very
well be probed in the near future thanks to LHC. These simple models suffer a flaw in the
sense that, even though we are able to explain neutrino masses, we still lack a dark matter
candidate. This can be solved through the very common introduction of an additional Z,
symmetry. We would assign an odd parity only for one right-handed neutrino, which will
play the role of a, thus stable, dark matter particle.

These are the simplest theories one can rely upon aiming to explain dark matter. We will
see in the following sections some typical and interesting cases.
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1 7' physics

Of course, there are physical features that are heavily model dependent and we would need
to specify the model we are adopting in order to explore the peculiarities that constitute
its roots. Fortunately for us, there are some basic features in common among all the
physical models that revolve around the Z’ boson, according to the classification given in
the previous paragraph. Just as a basic reminder, we are considering the following SM
extensions [4]:

U(1)x U()p_1, U(L)p1 (1.0.1)

Here we consider models with a Z’ spin-1 boson and a dark matter fermion y with a
non-trivial charge under the new group. As we have already begun to see, Z’ couplings
to SM fermions are of the kind:

Liermion = — 9213, 2™ (1.0.2)
with
f=0 U
Ju = LivuLi + livuls — LivuLs — Gyl U)Li-1, (1.0.3)
Ty = éQ%Q + %U_R'YuuR + %d_R%dR — Ly, L + Iyl U()p-r

Where naturally () and L are respectively quarks and lepton doublets, [; are lepton sin-
glets, dg and ug are right-handed quarks.

Now some consideration must be given before introducing dark matter sector. We need
dark matter to couple to the new Z’ gauge boson. To accomplish this, a Dirac fermion
is needed. Moreover, we have to satisfy the specific condition of having no anomalies in
our theories. We can avoid adding new conditions to the ones we already have satisfied
by employing vector-like charges of DM under the new gauge group. In fact, if we choose
¢y = Gyr We will obtain non-chiral fermions and the vector-like couplings to Z’ will avoid
additional anomalies arising. We remind the reader that the new fermion should be an
SM singlet. When all of this comes into play we end up with a dark sector lagrangian of
the type:

Lpm =ix Dx —myxx (1.0.4)

where the covariant derivative is naturally obtained as

D, =0, —igzqyZ,,. (1.0.5)

First, let’s introduce the lagrangian for the complex scalar that will give mass to the 2’
boson thanks to the symmetry breaking:

1 A
Lucatar = 5 (D) (DS)' + P25t + f(s*sﬁ + \usHTHS'S (1.0.6)
Now the covariant derivative has the same structure of 1.0.5, with the only exception of

introducing a charge gs for the scalar particle under the new gauge group.
We make use of the fact that Higgs boson will acquire a VEV < H >= \% and the complex
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scalar will also get a VEV < § >= % Moreover, the Higgs boson has in general mixing
with S

Agv? Agsuv
9 H HSVUS
MHS - ()\HSUUS )\SU% ) (107)

that can be diagonalized through a unitary transformation
S Ca  Sa\ (S
(H) - (—sa ca) (H) (1.08)

2)\]{5’01}5

where

(1.0.9)

te = —lSTS
C o Agv? — Agvd

and to, = tan(2a)
The most general kinetic energy term for the two gauge bosons associated with U(1)y
and U(1)" includes the kinetic mixing term [42]

Cy _~ ~ Czr 7 ~ C _~ ~
Lkin — _ZBMVBMV — TZHVZ//LV — EBMVZI/“’

(1.0.10)
This does not spoil the gauge invariance, since both field strengths are gauge invariants.
One can put the first two terms in canonical form ¢y = ¢z = 1 by rescaling the fields and
take ¢ = sz = sinfy.

The consequence of this term is that the kinetic term is not canonically normalized:

~

1

% > 1 Szt B v
Lywsge = =3B ) <st ) (1.0.11)
nv

So we need first to normalize this and then we will rotate to reach the mass eigenstates,
which we will get in a second.

We assume sinflz < 1, otherwise we will get a theory with a single propagating gauge
boson in the case of sin #,, = 1 or a kinetic term with the wrong sign in the case of sin 6, >
1. Now we get to diagonalize the kinetic term with an orthogonal transformation in the
two gauge fields. The problem here is that such transformation shifts the hypercharge
and, as a consequence, the electromagnetic current. In order to keep what we have already
found about the electromagnetic current, we operate the diagonalization by making use
of a non-orthogonal transformation:

(5) =6 (3) = (6 i) () (1012

This way we get a canonically normalized kinetic term.
A consequence of the rotation is that now the fermions couple with the Z’ gauge boson
through the coupling strength

1
- -/ Y
Ju — C—Z/ju—tzlju (1013)
with j» being the hypercharge current.

As an additional consequence, after the normalization, we can get to the mass matrix of
the three gauge bosons B, W[:’ and Z],. Of course, we can diagonalize this mass matrix
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through procedures that we already know and arrive at the eigenvalues, the masses of the
photon, the Zg;; and the new gauge boson Z’. In the following we give an approximated
value of the three masses, based on the assumptions vg > v and mz,mg > my.

The masses we find for the vector bosons are

m~y =0

2 2 2 2 6

9 v 9 9 v SS9 v
= —(g* + 1—— + O(—

my = 70" + A= e ) +0() (1.0.14)

2 2.9 2 4

9 97:45Vs | VT 2.9 v

, =222 2 g%t + O(—

We started from the mass matrix of the three bosons B, W,‘:’ and Z;/r Then we diago-
nalized it with a combination of two block diagonal rotations, one with mixing angle fy,
and the other with angle 03 in the lower right. In fact, we have

25z swv(g? + g'%)
czv? (g2 + g?)(1 = siyty) — 2954503
2571Csw V% 5 vt
ZoZTZOW T O(—
2 ,U%(g +97) + (vg)

tan(26s) =
(1.0.15)

Now if we assume that Higgs VEV and SM gauge couplings are fixed, we can use the
measurement with its associated error myz = 91.1876 4 0.0021 to get the constraint

9z'4s
Szt

vg > 1.3TeV at 95% C'L (1.0.16)

Then, thanks to the mass matrices we obtain after normalization and rotation, we can
obtain some sort of comparison between the new complex scalar and the new vector boson

mass in the form
mgs vV )\S

~ . 1.0.17
mgz gzqs/cz ( )
Now let’s write the couplings to fermions and scalars of the mass eigenstates:
Lfermion = 6jem"4
) e . S3 .
—Cw t 12 emZ w t ’ Z ’ /Z
cwSstze] + (c3 + swsstz )SwaJZ + CZIQZ Jz (1.0.18)
. e . c ,
_ch3tZ’6]emZ/ + (ch?)tZ’ - 33) ]ZZ/ + C_ggZ’jZ’Z/
wCw Z!
and
Lscalar > 3(92 + 9/2)(0041——] - SaS)ZHZ#
v
+ 5tz (9 + 97) (Call = 5a9) 22" (10.19)

497/q3ta vs 497/q3ta vs
dogBle ) (2 4 g7 - 2808 g 7

U 2,2 2 2
+—=s2t7/|Cq + +
g8 calg” +9 525%, U $28%, v
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Now it can be seen that in any kind of model, we take into account, there is only a
handful of parameters that are relevant in its physics description. In fact, the relevant
new parameters we have introduced in the lagrangian are

angz/amz/aszlam57)\HS (1020)

We assume that the charges under the new U(1)" gauge group are of order one.

We have seen that the vector and the scalar masses are related. There are models in
which the scalar is heavier than the vector gz << Ag < 47. Here there is a suppression
of the interactions of the new Z’ with the Standard Model particles. This can lead to
the reduction of the annihilation cross section to the point that only in some rare circum-
stances, like around the pole mz = 2m,, is possible to obtain an efficient annihilation in
the early universe. Of course, even the production cross section at the LHC is affected by
this choice of couplings.

The phenomenological aspects of the new Z’ boson are determined by its couplings to the
Standard Model particles and by mz.. Couplings to SM can arise through kinetic mixing
which is proportional to ¢/, through mixing to the Z boson with the term sz or through
the U(1)" charges of fermions with the term gz .

Finally one can see that S properties are independent of dark matter properties and one
can investigate new interesting aspects of interactions by examining the two mediators
couplings, like Z’-S-Z coupling.

2 Anomaly-free models

The literature on this argument is really vast. Anomaly-free models have been explored
in recent past, bringing us a new knowledge and new constraints in dark matter models.
Whenever we decide to extend the Standard Model by including a new Z’ vector boson,
this operation does not come free of issues, as we have to consider that generally we need
additional fermions to erase the anomalies. In fact, as can be seen in the Appendix,
the anomalies arise in triangle diagrams, so the condition we have to satisfy is that any
triangle diagram coming from a combination of SM gauge field, U(1)" gauge field and
graviton should be free of such anomalies [19].

We can summarize the anomaly cancellation conditions in the form of

e [SU(3)?] ® [U(1)'] which implies Tr[{r%,77}Y'] =0
[SU(2)%] ® [U(1)'] which implies Tr[{T*,T7}Y"] =0
[

[

U(1)}¥] @ [U(1)'] which implies Tr[Y?Y'] =0
U(1)y] @ [U(1)"?] which implies Tr[YY"?] =0
[U(1)3.] which implies Tr[Y"?] =0

e Gauge-gravity, which implies Tr[Y] = Tr[Y'| =0

We shall see that if we adopt models in which there is only one dark fermion y, in order to
satisfy these conditions one would be forced to couple the new Z’ to quarks and leptons,
thus making it possible to test the theory with LHC searches. Moreover, the new fermion
must have vector-like couplings to the Z’. This way the new vector boson theory would
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also be within reach of direct searches, making it possible to test the new theory with DM
scatterings.

We should see that if we assume a chiral DM fermion, with a purely axial x-Z’ coupling,
one would be forced to add additional fermions to the theory and the new vector boson
would still be coupled to quarks and leptons.

Anyways one could convert the previous conditions into equations by writing them in the
same order as before:

3(2Y, — Y, - Y]) =0

9Y! +3Y/ =0

2Y, — 16Y, — 4Y; + 6(Y] — 2Y))

6(Y,? =2V 2 + V%) —6(Y? = Y?) =

92V, = V2 = V2) + 32V = Y°) + Trpsu(Y"?) =
9(2Y) — Y] = Y]) +3(2Y) = Y)) + Trpsu(Y') =0

(2.0.1)

Here the fermionic U(1)" charges are Y/ and ¢ and [ represent the left-handed quark and
lepton doublets respectively. Moreover, we can recognize the right-handed fields in u,d and
e, while T'r g represents the trace over additional beyond Standard Model fermions. One
can clearly see that besides BSM particles, those equations depend only on the charges
of the new U(1)" group. There are models in which the new charges Y; are taken to
be for each fermion proportional to the weak hypercharge Y. Of course, these kinds of
models are automatically anomaly free provided that Trgsy (Y') = Trpsy(Y"™) = 0. The
problem here is that, since the couplings to leptons are non-trivial, these kinds of models
result heavily constrained by LHC dilepton searches, so one would need to build models
with vanishing lepton couplings.

We can notice a few points even in this preliminary analysis. Let’s look at the second
equation that imposes Y = —3Y,. If we want to avoid dilepton constraints, we should
put ¥/ = 0. This rebounds on quark charges leading to Y, = 0. When we consider a
single Higgs doublet, we obtain the additional condition

Y=Y -Y/ =Y -Y/ =YY/ (2.0.2)

with Y}, Higgs U (1)’ charge. Here one can see that if we require Y/ = 0 and Y, = 0 for the
same reasons, this implies that also Y and Y, are zero. This brings us to the realization
that the new vector boson coming from U(1)" symmetry, would not even be produced at
tree level if we want to avoid dilepton constraints.

Notice that if the new dark fermion y is also the only one we add to the Standard Model
the last two equations can bring us the information that

3
3(Y, — 4V + Y, — Vi =

X 2.0.3
which have, as the only rational solution,
Y’ x R (2.0.4)

so that the only solution we could employ to add a dark fermionic sector to the standard
model is the one where dark matter has only vector-like couplings.
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These conclusions were drawn under the assumption that the new charges were generation-
independent. This is the simplest hypothesis. However, many models present non uni-
versal charges. This choice can be relevant in an experimental environment since it can
lead to flavor-changing neutral-currents, some of the most important processes yet to be
observed. Hence the non-universality of charges could be very well tested in the near
future by the simple observation of these rare processes.

To summarize one can see that if we include only one dark fermion in our model, the latter
cannot be leptophobic(vanishing lepton couplings), unless it shows also vanishing quark
couplings. The new vector-like fermionic dark matter does not bring any new anomaly
equation, instead, they have been already solved by SM particles as can be seen in the
Appendix. The problem here is the non-vanishing couplings to lepton and quarks. Dilep-
ton constraints will heavily reduce the parameter space.

It also needs to be taken into account the fact that the DM couplings to the Standard
Model particles, where present, must be vectorial. This means that the cross section of
DM scattering with the nucleus will not be velocity suppressed. This will in turn enhance
the relic density for DM. In conclusion, this kind of model is almost entirely ruled out
just by LHC searches.

2.1 Axial dark matter

Now let’s say we examine the case of axial dark matter. In these models, dark matter has
only axial couplings to the Z’. This way we will be able to lose the constraints coming
from direct searches, paying the price of introducing more fermions into the model. Of
course, axial dark matter can come into play whenever we decide to build a model where
DM is a Majorana particle. In this case, the conditions 2.0.2 are still valid, so the first
four equations of 2.0.1 are satisfied. Let’s dive more into the equations for anomalies,
which are all satisfied but the two below

B(Yy = AY])*+ ) (V)] = Yh) =0

/ R / (2.1.1)
(Y, —4Y)) + ) (Y], —Yip) =0
J

Here Y}, represent the U (1) charges of left /right component of the new fermion species
J.
Of course, we recover what we have already seen previously if we impose Y, = 4Y, with
whatever number of new fermions that have vector-like couplings Y, = Y/ p. If we want
to have a non-trivial theory we must involve new fermions in order to cancel anomaly
equations, this is clear. So let’s consider a fermionic dark matter particle y chiral with
v = —Y, z and an additional fermion A singlet under SM and with left and right
charges Y ; and Y} p respectively. After a few mathematical procedures, we can find the

solutions
Yf,LL =-1 ) Y,&R =1
Yir=0 , Yig=-1 or Yjp=5/4 (2.1.2)
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These are the only solutions with rational U(1)" charges of the form p/q with |p,q| € Z
and p,q < 100 we can find in these kinds of models. Indeed there are other solutions,
but they imply charged SM leptons, which are not contemplated in our hypothesis. This
concludes the proof that there must be at least one additional fermion in order to solve
the anomaly equations that could be detected at LHC

2.2 Leptophobic models

By employing the same procedures used above, we consider the case of leptophobic models
in which the Z’ has vanishing SM lepton couplings. There is plenty of examples of previous
models with leptophobic dark matter. However, even in these experimental favored cases,
the anomaly equations cannot be looked past. In fact, they impose that a new DM
fermion should be accompanied by at least two other fermions that possess non-identical
charges. Moreover, at least one of the new fermions should be SM non-singlet. Indeed, at
least one of the new fermions introduced must be a doublet under SU(2) in order to have
non-trivial solutions to the equations. Furthermore, the new fermions should be subjected
to heavy LHC constraints, limiting in a big way their parameter spaces.

3 General solution of anomaly equations

Given the fact that we expect the new U(1)" group to be a byproduct of a greater, non-
abelian group that ensures the stability of the theory at high energies, we can always
restrict charges to be integers, provided the correct normalization of the gauge couplings.
This results in making the anomaly conservation equations as Diophantine ones[17][13].
In fact, suppose we introduce n fermions with non-trivial charges y1, ..., 7, under a new
gauge group U(1). As we said, the new charges can be integers. The two equations that
solve the anomaly conditions are

Yty =0 (3.0.1)

for [U(1)3], and

for the U(1) anomaly cancellation. Before getting started there are few observations that
will help us deal with this problem. Of course, if there is a pair of vector-like charges
Y; = —Yi, then those do not contribute and the number of fermions involved in the
equation reduces to n — 2. From now on then we will consider only fermions which satisfy
chirality conditions

Vi +yr #0 1<i,k<n (3.0.3)

We can notice that if we possess a set of charges which are solutions of the two equations
above, then we can build another one by just flipping the signs of the charges. Moreover,
also charge permutations inside the set we have obtained can bring another set of solutions,
more precisely we are able to access to n! — 1 sets of solutions just through permutations.
This leads us to choose the set of charges in the order of decreasing absolute value of
charges, starting with a positive one. We have a canonical set of solution {§ = y1, ..., yn }
only if

Y12yl =2yl 211 (3.0.4)
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Now we can also multiply the obtained set of charges by any integer and get another
solution. Thus we can consider only coprime sets of charges, in which the greatest common
divisor among all charges is 1.

We can also obtain a solution by the composition of two subsets which are already solutions
of the two equations. So finally we must consider only coprime and non-composite sets of
solutions for the two Diophantine equations. We can call such a solution as a primitive
solution

If we are able to pull out of the second equation the charge 1, and substitute in the first
one, we can get the final equation

Yt Y = Ya)’ (3.0.5)

Here we want to find the n charges solutions of this equation such that they depend on at
most n — 2 parameters. Then we need to prove that there is always a choice of parameters
such that we can build a primitive solution.

The observation that will lead us to the solution is that, given two sets of integers that
satisfy the two equations, {¥} = {z1,...,x,} and {Z} = {21, ..., 2, }, we can build another
solution by the linear combination of the two we already have, employing cubic polynomial
coefficients

{#Y e {2} = O w2)){@) - O _al=){} (3.0.6)
The new operation we have introduced, @, is called merger and satisfies the properties
{7y e {7} = A} o {7}
{-tte{Zt={7te{-F = {70 {7}
At the end of the merger, we do not know whether or not the final solution will be chiral.

In fact, it can be proven that if both {Z} and {Z7} are chiral, then the merged set could
be vector-like.

(3.0.7)

3.1 Solution for even n

Here the chiral solution is generated by the two vector-like sets

{’17+} — {ll,kl, ...,km, —ll, —]{31, 7km}
{27_} - {0,0,ll,...,lm,—ll,...,lm}

and the n — 2 parameters k;, [; with 1 < ¢ < m are integers. We can see that [; is the only
parameter common in the two sets. The two sets {¢/; } and {v_} are vector-like, so they
are automatic solutions of the anomaly equations.

We have seen that the merger operation requires cubic polynomial coefficients, these can
be found as

(3.1.1)

m—1

Sy = (ki — k)lF = (b + k)1,
=1 (3.1.2)

So=Kh+ Y k(- i) = B

=2
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so that at the end of it we obtain the set of charges

{2} ={lSs, k1S koS + lis—, o kSy + L1 S,

3.1.3
1Sy + nS_, —k1 Sy — 11S_, .., —kn Sy — LnS_} (8:1.3)

If we want to find only primitive solutions, then we can divide the set of charges by the
ged. We can see that each solution can be generated by several choices of parameters.
In order for the charges to be non zero we should avoid some of the possible parameter
values like 1y, k1 # 0, S, # 0, kS, # —11.5_ ete.

3.2 Solution for odd n

Here we still have the merger of two vector-like sets

{ﬁ+}:{0 kla-'- km+1a_k1>"'7_km+l}
{a_}y={l1, ..., ln, k1,0, =11, ..., —lp, — k1 }
with m = (n — 3)/2 > 1. So we still have n — 2 parameters ki, ..., kyy1, 1, .., L With Ky

the only parameter common to both sets.
We then obtain the merger set

(3.2.1)

{7} ={u yo{u }
= {llsf.klstlr -+ ZQS,, ceey km,15+ + lmS,

(3.2.2)
kSt + k1S_ k1 Sy, —k1Sy — LS — —, .,
_kmS+ - lms—; _km+15—0— - kIS—}
with
Sy = Z ka2 = 1) + k(K] — 1) = Ko sa b7
(3.2.3)

m—1

Zk’ i = liv1) + k(= k1) + ki

i=1

Like in the even n case, we can express the conditions for non-zero charges and chirality
to be ll, ]{?1, km—H 7& 0, S+ 7é 0, ]{31 7é lm, lz 7é li+1, .[(Z 7£ ki+1 etc.

The point in both cases is that, once we have obtained the set {Z} in any case, we should
be able to show that this is the most general solution for an even(odd) number of fermions.
In order to do that the simple strategy is to consider an arbitrary chiral set {¢} which is a
solution of the two Diophantine equations and to find n — 2 integers such that {Z} o« {¢}
up to an overall constant. It is possible to prove that we can always find those n — 2
integers that satisfy our request.

So to summarize what we have shown in this section, we can say that we started with the
problem of finding a solution to the anomaly equations. This turns out to be the solution
to two equations, one of which is a cubic Diophantine equation. We have shown that for
any number of fermions, whether even or odd, it is always possible to find such a solution
in terms of n — 2 parameters. More at it, it can also be proved that these are the most
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general solutions that one could find up to an overall rescaling. In order to do that we
have used the merger procedure starting from two vectorlike sets, which automatically
solve the anomaly equations.

In the following sections we are going to develop and analyze a bunch of models involving
the new Z’ vector boson and we are going to examine all the peculiar aspects that come
with them.

4 Dinamycal inverse seesaw mechanism

Here we examine a model in which we make use of B — L symmetry which is broken by
a small parameter [16]. The seesaw mechanism will help us explain the smallness of SM
neutrino masses after the spontaneous symmetry breaking of the B — L symmetry. As
we have previously seen, the anomaly cancellation condition implies the presence of new
fermions, which will account for a new dark sector, charged under B — L. We should see
some interesting aspects of this model, such as the fact that the Z’ boson interacts more
with the dark sector than with the Standard Model, thus loosening constraints on the
new dark matter relic density.

We start things off with the introduction of two right-handed neutrinos for each SM
neutrino. The two right-handed neutrinos will be called Ny and N, and will carry lepton
numbers 1 and —1 respectively. The mass lagrangian originating is

—L = LY,HNg + N;My Ny, + NSuNy, + h.c. (4.0.1)

Here we can recognize Y, to be the neutrino Yukawa matrix, H = iooH* and L the SM
lepton doublet. We can see that the term proportional to My will conserve the lepton
number, which is broken by two units by the term proportional to .
After the right-handed neutrinos are integrated out, we can recover the masses for the
active neutrinos as
2 —1 T\—1y/T
my, ~ v Y, My u(My)"Y, (4.0.2)

If we choose the right-handed neutrinos to be at TeV scale, we can still obtain a Yukawa
term close to unity by choosing p ~ O(keV). We seek a dynamical explanation for the
origin of the p term, which is the only term that breaks LN, thus it will always be small
at all energy scales if we choose it to be. In order to do that, we gauge the B — L
symmetry. This symmetry, when spontaneously broken, will generate LN breaking and
neutrino masses.

In order to cancel anomalies we have to analyze triangle vertices with three U(1)p_r
vertices and the one with gravity and U(1)p_p vertices. The equations we obtain are:

ZQiZO — ZQiL_ZQiR:O
DRI=0= > Qh-> Q=0

4.1 Fermionic sector

(4.0.3)

Let’s introduce our fermionic particles specifying their B — L charges. We have 3 Ny with
charge —1, three N}, with charges +1, one xg with charge 45, one x with charge +4 and
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one w with charge +4. This set of particles can be proved to solve the anomaly equations.
Moreover, we need to introduce two extra scalars in order to generate the masses of the
sterile fermions ( besides the right-handed neutrinos) and produce SM neutrino masses.
Because of this, we introduce the two scalar fields ¢; and ¢o with charges +1 and +2
respectively. Of course, SM leptons will have B — L charges —1 and SM quarks will have
charges 1/3. The most general lagrangian in the neutrino sector we can build with these
particles is

—L, = LY,HNg + NeMyNp 4+ ¢ NeYy N 4 G5NEYS Ny + ¢ixpYyxr + hee. (4.1.1)

The missing ¢7wY, xr has been absorbed in the term ¢7x.Y)xr through a rotation be-
tween w and x.
We can identify the mass matrix in

0 Y,H 0 0 0
YIHY Yygs My 0 0
M=| 0 ML Yip; O 0 (4.1.2)
0 0 0 0 Yo
T

0 0 0 YI¢ 0

which is written in the basis (v{, Ng, N, X%, Xxr). As we can see the parameter p can
be associated with the factor Y} ¢5. We can also see that ¢; acquires a VEV and, as a
consequence, the dark fermion y gets a mass and the massless fermion w is created in the
dark sector. It can be shown that the contribution of w to the N.¢¢, or the number of
relativistic degrees of freedom in the early universe, is negligible, so it will not have an
active impact as far as the results of our measurements are concerned.

We need a vy =< ¢ >~ keV << v in order to have a correct TeV inverse seesaw
mechanism. Of course, we are considering v =< H >= 246 GeV. More at it, the new Z’
boson mass will depend on both ¢; and ¢9, so we need absolutely vy =< ¢y >~ TeV if
we want the Z’ mass to be above the electroweak scale. We will show that it is indeed
possible to obtain a small v, even thou v, is on the T'eV scale through the coupling n¢?¢3.
Then, after all, Higgs-like particles acquire a VEV, we will find ourselves with a particle
content of a B — L gauge boson, 3 pseudo-Dirac neutrino pairs, a Dirac fermion at TeV
scale(our dark particle) and a massless fermion as well. The dark fermions interact with
the Standard Model through Z’ coupling. Another source of interaction is via ¢ and Higgs
mixing. They represent a viable WIMP candidate and interact more with the Z’ boson
because of their large charges.

4.2 Scalar sector

We write the scalar potential as

m?2 A m?2 % m3 * A * A *
V="H2gmg+ —H<HTH)2 + 71¢1¢1 + 72¢2¢2 + 71(¢1¢1)2 + 72(¢2¢2)2

2 2
A1g

* * )\1H * T )\QH * T 2 x *2 (421)
+7(¢1¢1)(¢2¢2) + T(¢1¢1)(H H) + T(¢2¢2)(H H) —n(¢195 + 61" ¢2)

Here we require m3 to be positive and large, so ¢, does not acquire VEV in a classic way
as H and ¢; do, but only through the term proportional to n and it will be induced by
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v and vy, so it can be small. We still can make the expansion ¢; = (v; + ¢; + ia;) and
minimize the potential in order to get

1 1
mi = —5(,\11{1}% + Ao 3 + 2Agv?) —5(/\11{1)% + 2Apyv)

1 1
mi = _5(2)\111% + Mv® — 4v/2nv, + A1203) =~ _5(2)\17)% + Mgv?) (4.2.2)
m2:(@_ﬂ)_)\v2_)‘2_h’v2~@
2 (%) 2 272 2 o (%)

so we can see that

Vot
ms

and, to obtain vy ~ O(keV'), we could have my ~ 10 TeV, vy ~ 10 TeV and n ~

107° GeV.

Now the scalar mass matrix is given by

(4.2.3)

Vo X

A v? A gv1v/2 0
Mg ~ )\1HU11)/2 )\11}% —\/57’]1)1 (424)
0 —V2nvy vt/ 2v,

The mixing angle between Re(H") and Re(¢)) is constrained to be below 30% by Higgs
data [47] . Also, the mixing between new scalars is supposed to be small, given that
n << mas,v1, so we can identify the masses of the physical particles

m; = A\gv?
m2 = \ov?
é1 191 (425)
2 mj
Mo =3
if we consider a; and as to be the mixing angles between h — ¢; and ¢ — ¢, respectively
A
tan(ay) ~ %%
1 vvl (4.2.6)
tan(as) ~ 2—.
U1

If we assume A\; and Ay to be O(1) and v; to be on the T'eV scale, then we can see that
aq is small but non-negligible. Moreover we shall notice that the mixing angle between
Higgs and a new scalar should only reduce Higgs couplings to SM particles. In fact, we
can see that Higgs couplings to SM fermions and bosons result to be

kr = ky = cos(ay) (4.2.7)

so we can get the constrain cos(ay) > 0.92. Moreover, we know that the massless fermion
does not couple to a scalar, so we can see that the consequences on Higgs couplings are the
only testable Higgs modifications in the model, given that all other particles are heavy.
Finally, we can see that ay is very small, being proportional to LN breaking VEV and
related to the neutrino masses, so its presence will pass undetected.
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4.3 Dark matter phenomenology

We have seen how, with this new mechanism, we can obtain two dark fermions, being
x and w that will constitute our dark sector. We have also seen how w presence has no
influence, being massless and it will just add to the relativistic degrees of freedom in the
early universe. It is y that we are after, being a viable dark matter candidate. In the
following, we will just try to speculate the possibility of x reproducing the correct dark
matter relic density.

Relic density

Being a WIMP in the early universe we can consider the dark fermion Z’ to be in thermal
equilibrium with the primordial plasma due to interactions mediated by Z’. The relevant
piece of lagrangian here would be

1
Lpy = —gpLXV"(5Pg + 4PL)XZ), + 3 ;z;z'ﬂ — My XX (4.3.1)

where we can get the Z' boson mass after the VEV generation as

MZ’ = gBLVU% +4U% ~ gBLU1
(4.3.2)

(%1

mX:YX2

We can extrapolate from this the scattering cross section of Yy — ff, where f is a

fermion, to be at leading order in v:

9 QJ%L + q]%R Q%Lmi n
8w (4m2 — M2,)? + 1%, M3,

< ov >pp~ ne(Qyr + Gyr) O(v?) (4.3.3)

Here, of course, n, is the eventual color factor in the final state, ¢¢ are the B — L charges
of the final fermions and ¢,z and ¢, are of course 5 and 4 respectively.
One can estimate also the decay width of the new Z’ into two fermions to be

(6qrLarrm7 + (47, + qFr)(Mz —m3)) |/ M3, — 4m}
r/f 2 d (4.3.4)

= NcJpL, 247 M2,

We can obviously see that, whenever M2, < mi there is also the possibility of yx — Z2'Z’.
Moreover the channel yy — ¢1 — Z’Z’ is subdominant. The same destiny is shared by
the channels yx — ¢1¢1 and xYx — Z'¢1. In fact, knowing that m, = %, me, = VA1v1
and myz = ggrvi, we can only get subdominant contributions to the relic density. The
annihilation channel yy — Z’h° is also doomed to fail us.
With this knowledge, we are able to estimate the relic density at the temperature in which
<ov>mn, ~ H tobe

5 2.5 x 10%m,,

T M2, /g < ov >

(4.3.5)

X

with ¢, being the relativistic degrees of freedom at time of freeze-out and Mp;, is the
Planck mass.
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Conclusions

We examined the model with the Inverse Seesaw mechanism as a way to generate a dark
sector and at the same time to explain the smallness of neutrino masses. Right-handed
neutrinos have been added to the standard model in order to erase the anomaly equations
and the global SM accidental symmetry B — L has been gauged. This model gives us
the possibility to lower the seesaw scale closer with respect to the electroweak scale, thus
avoiding the Higgs hierarchy problem. There is a small parameter p that breaks the B— L
symmetry, thus generating the neutrino masses. This very parameter is able to explain
the smallness of such masses, being small itself. This mechanism is also able to present
us with a viable dark matter candidate , which we named y and to derive a relic density
to be confronted with the present time constraints in our hands.

5 Gauge theory with leptoquarks

This one is interesting because here we still gauge B and L separately [18]. Baryon and
lepton numbers will then be broken at low energy scales. The peculiarity here is the
introduction of the so-called leptoquarks, particles that possess non-negligible baryon and
lepton numbers in order to cancel anomalies and generate masses for all fields. There is
also a dark matter candidate in a fermion which is stable due to the spontaneous breaking
of the symmetry. Flavor violation is not contemplated in such a model as AL = +2, +3
and AB = +3 interactions are generated in this theory. The main advantages in this
approach are the proven stability of the proton and the possibility to avoid the large desert
problem that we mentioned above talking about the Higgs hierarchy.

Let’s start with the extended version of the Standard Model including baryon and lepton
numbers as gauged symmetries

G=SU®B3)®SU@2),®Ul)y U)oU), (5.0.1)

With the introduction of the right-handed neutrinos, the particle content with their re-
spective charges under the gauge group are

11 21
Qr ~ (3,2,16,15,0)7113 ~ (3,1, 51, 5,0)
5.0.2
dn~ (31,5, 5,00~ (1,2,-3,0,1) (5.0.2)
vr~ (1,1,0,0,1),egr ~ (1,1,—1,0,1).
Now the baryonic anomalies can be listed as
[SU3)*) @ [U1)8], [SU(2)* @ [U1)s], [U1)T] @ [U(1)g] (5.0.3)
UMy @ [UM)E] [UQ)s], [U1)3] -
with the only non-zero values in the standard model being
ST ® [U(1)s] = ~[UR] © [U(1)s] = 5 (5.04)
For the purely leptonic anomalies we get
[SUE)" @ [U1)L] [SUQR)*] @ [U)L], [UD)y] @ [U(1)L] (5.0.5)

UMW)yl ® [UM)L], [, U L)),
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with the only non-zero values in the standard model being
3
(ST UM = -[U)] e [U1)] =3 (5.0.6)

plus the mixed anomalies

U5 @ U], [UD)L] @ [U1)s]
UMWyl UM)] @ [U(1)s]

which vanish in the Standard Model.

One of the solutions that come to mind when confronting this problem is Leptoquarks,
meaning, for example, particles like F, ~ (3,2,0,—1,—1) or kg ~ (3,1, —%, —1,-1). Al-
though it is difficult to satisfy both cosmological constraints and to find a model that
avoids the large desert problem, there still are some solutions free of anomalies that
we can take into consideration. Let’s introduce in the table below the fermionic content
of our theory, then we will explore the simplest of possibilities that accomplish our wishes.

(5.0.7)

Field SU(3) SU(2) U(l)y U(l)s U(1),
wooN 2 Y Bi=—gy L=y
Vi N 2 Vi Bo=+43% Ly=+5%
o N L Y, By=-—5y Ly=-—3%
ML N 1 Yy  Bi=+43% Li=-+3%
xe N L Y By=-—5y Ls=-3y%
XL N 1 Yy Bs=+5% Le=+5x

So we need to introduce a doublet under SU(2) to cancel the [SU(2)?]® [U(1) 5] anomaly.
Because of this, we need to give our new fermions, the same quantum number of a Stan-
dard Model family under SU(2). Of course, our new fermions will be vector-like under
SM, so they will have no influence on SM anomalies. Moreover, the [SU(2)?] @ [U(1)p]
condition, gives us the constraint

3
Bi—By=—~ (5.0.8)
and use By = —Bs. For the leptonic version of this, we get
L= —Ly— - (5.0.9)
2N
If N # 1 we see that the equation for [SU(3)?] ® [U(1)p] gives us the condition
2By — Bs) — (Bs — By) — (Bs — Bg) = 0 (5.0.10)

with the help of By = —B5 and B; = — Bg we get
2By — B3 — B; =0 (5.0.11)
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which is solved for
B, = By = B (5.0.12)

For the lepton numbers, the same reasoning brings us the solutions
L4 = —Lg and L5 = —L6 and Ll = L3 = L5 (5013)

For the hypercharge values we obtain solutions for the equation concerning [U(1)%] ®
[U(1)s]

1
Vi 4+ Y- 2Y? = 3 (5.0.14)
so we can find the sets of solutions
1 1 2 1 1 1
Y. Y, Y, +—. +1 +— +— +— +—. +—)t. .0.1
( 1 2 3)6{( 27 70)7< 67 37 3)7(07 27 2)} (50 5)

Anyone of the solutions proposed solves completely all anomaly equations. Moreover, we
have different models for different N. The simplest one requires N = 1. In these kinds
of models, the new fermions do not interact under color forces. The only solution we can
choose here is the one with

1

Y= 45
Y, = 41 (5.0.16)

Y; =0.

These fields are the leptoquarks. Their name has nothing to do with leptons or quarks,
it stands for their property of possessing both baryon and lepton numbers.

5.1 Lagrangian
The relevant piece of lagrangian here can be written as
—~L =h U Hng + hoV Hxg + haUrHny + haVrHyp,
+MVULURSpL + AtiRNLSBL + AsXrXLSBL (5.1.1)
+a1xi X SBL + agx_quRSfBL + h.c.
With
Spr ~ (1,1,0, -3, —-3). (5.1.2)

The mass terms for the fermions are generated through the \; terms and are vector-like.
The terms proportional to a; allow us to recover Majorana’s mass terms through the new
field S BL-

We can also create Majorana masses for neutrinos through the seesaw mechanism by just
introducing a new Higgs-like field beside the right-handed neutrinos

Sy~ (1,1,0,0,—2) (5.1.3)

and have the lagrangian term for this to be

. Ap —
—L, =Y, Hvp+ TRV;EVRSL + h.c. (5.1.4)
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5.2 Symmetry breaking

The U(1)p and U(1), are broken when Sp; acquires a VEV. Instead, when S gets his
VEV it only influences the breaking of U(1). If we make the classical expansions

1 .
SL = —<UL + hL) + LAL

V2 V2 (5.2.1)

1 )
Spr = —=(vpL + hpr) + —=ApL

V2 V2

so when the two fields acquire VEVs, two fields hy and hgy are born and mix with the
Higgs boson.

5.3 The fermionic sector

After symmetry breaking, we will be left with four neutral and four charged chiral
fermions. Notice that our leptoquarks do not couple with baryons or leptons in the
Standard Model because they already possess baryon number, so it is impossible to gen-
erate flavor violations in these two sectors. Moreover, the lightest of the fermions that
we are left with is a viable dark matter candidate, being stable. In fact, its stability is
guaranteed by the symmetry breaking.

Notice that we did not have to impose additional discrete symmetries by hand, on the
contrary, we are left, after symmetry breaking, with a discrete (, symmetry as a conse-
quence. All the new fields will be charged under the new symmetry with charge —1 and
the Standard Model particles will possess charge 41, this will guarantee the difficulty of
dark matter decaying into standard model particles, thus its stability.

The right relic density can be achieved in this model and the direct detection constraints
can be met under some circumstances. In fact, the dark matter fermion that we obtain
U, couples to the new gauge bosons Z] and Z) and to the two scalars h; and hpr. We
can obtain what we are after if we find ourselves close to one of these resonances.

5.4 Conclusions

This model proposed two new Z’ bosons coming from the two gauged symmetries U(1)p
and U(1), and, even though a little beyond the first sections of this chapter, the main
physical points are shared and here there is also the presentation of some interesting par-
ticles, the leptoquarks, which bring lepton and baryon number together. Moreover, an
explanation for the neutrino masses has been given as well with the seesaw mechanism
and the introduction of the right-handed neutrinos. The main advantages of this model
are the fact that proton decay is not happening, given that the renormalizable opera-
tors that cause it do not occur thanks to the formulation of our theory. Moreover, the
large desert problem has also been solved, given that the two new symmetries are broken
at low energies.

It also has to be stressed the fact that the fermion introduced does not bring any source
of flavor violation in the standard model and that the lightest of these can be a viable
Dark Matter candidate meeting the direct detection constraints and satisfying the correct
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relic density.

6 Two portal dark matter

Here we bring to the knowledge a model in which a dark matter candidate is linked to the
standard model through two channels: Higgs and a new vector [22]. The peculiarity here
is that the dark sector is charged under U(1)" and the SM has a leptophobic interaction
with the dark vector boson. Moreover, the contribution to the DM-nucleon elastic scat-
tering starts at one loop, so we are well inside the direct detection constraints provided
by LUX and XENON100. More at it the relic density constaraints provided by Planck
and WMAP are met. Let’s dive straight into it

6.1 The model

Dark matter here has interactions with the Standard Model through two different portals:
Higgs and vector. It can be shown that in this way there is no tree level DM scattering off
nuclei because the interested Feynman diagrams begin at one loop level. This is why the
theory can meet all direct detection constraints. This is on the same line as the velocity-
suppressed models. Assume that besides a scalar field that mixes with SM Higgs(Higgs
portal), we also have a vector portal interaction, as the dark sector is charged under a
new U(1)" symmetry. Moreover, only SM quarks are charged under the new U(1)’, but
no leptons. This way we have a leptophobic model, which is more in line with the collider
constraints. There are three pieces of our complete lagrangian:

L= Lgy + Lpy + Ly (611)

Of course, the covariant derivative is modified to include the new boson term. We have
already seen this previously, but we will repeat it for simplicity:
SM ISM _ nSM _ 17 71
D" — Dy =Dy —ig EZ“ (6.1.2)
where z is the dark charge of the quarks upon which the covariant derivative acts.
The dark matter lagrangian, coupled with a new complex scalar field ¢ is given by

1 v — /. * * 1 k
Loas = =7 Fp F™ + X" Dy)x + (D)) (D"6)" = m3(69") = 7A(66)  (6.13)
Of course, both fields are charged under the new U(1)" as we can see.
For the dark sector we emply the covariant derivative
-

D, =d,— zg’§ZL (6.1.4)
As we have already hinted in the previous part, none of the leptons couples with the new
Z'. Z'is leptophobic, so the interaction lagrangian has a particle content concerning only

scalar-Higgs and Z’-quarks interactions
Zdg =

Z S Zu _
Lint = —M(¢¢*)(HHT) + g’%ZLQLW“QL + 9 S Zury ur + g = 2y g (6.1.5)
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Figure 3.1

Here H is the SM Higgs, (), is the left-handed quark doublet, while ur and dg are the
right-handed quark singlets. Here the couplings zq,, 2., and zg, are considered to be
linked only to the third family of quarks, ¢ and b, as the couplings to light quarks are
considered negligible in this type of theory. It is this that allows one-loop contributions
to rise and the dark matter scattering off a nucleus to be suppressed.

The anomaly conditions are all met, considering only the third family of quarks to be
charged under the new U(1)’". Speaking of the ¢ and b quarks here we need to exploit the
anomaly equations to find the appropriate charge values to assign. In fact, we get

QL — -2
2y = +2 (6.1.6)
Zdp = +2

which, substituted in the lagrangian above, gives us the interaction
o * T 17!l T, 5 17l T 5
Ling = =X (00")(HH') + g Z, 19"yt + ¢'Z, 07"y (6.1.7)

Here we can see the two portals in the fact that the new scalar interacts with Higgs
quadratically and the vector boson interacts with the third family of quarks.

The scalar ¢ interacts with the new gauge boson Z’, which in turn interacts with dark
matter. The thing to notice here is that there are two mediators between the dark sector
and the SM, which are the new scalar ¢ and the new gauge boson. In the figure below
there is a simplified scheme of the interactions occurring

Again we stress that the Higgs potential is
Vitiggs = —pm(HH') = Ay (HH')? (6.1.8)

and that it acquires a VEV

H= % (U i h) (6.1.9)
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The new scalar acquires a VEV too

1 -
=v + —=h 6.1.10
o=v+ 7 (6.1.10)
At the moment ¢ get a VEV, the new U(1)" is broken and the gauge boson Z" acquires a
mass and it turns out that
g (6.1.11)
mor = ——. o N
z NG
The new scalar presence affects also the Higgs mass, in fact, the two scalars masses are
obtained by diagonalization of the mass matrix

_( 22g0? V2 !
M= (\/§>\1UU/ %)\U’Q — %)\11}2 (6.1.12)
Here the minimization of potential has brought us the values
m; = —AUQ _ A1,02
M%{ — _)\H,U2 _ )\1?}/2. (6].].3)

Of course, what we have to do now, in order to obtain the physical masses, is to diagonalize
the mass matrix. We make use of a rotation with mixing-angle

1
tan(0) = — (6.1.14)
1+ /1492
where o2
mss,
h R

and my;, is the off-diagonal element of the mass matrix.
So we recover the masses of the two scalars

m? +m?2,  m?—m?
m? — - i i ] BT+
, 2, 2 (6.1.16)
9 my + ms, my —msg, 5
=y 2 Lty

Of course, we know from our measurements that m; = 125 GeV. We can also obtain the
couplings as a function of the masses we just obtained

m3, sin?(0) 4+ m2 cos?(0)

Ay =
n 202
m?, cos?(0) +m2sin?(9)  0v?
A= " L ——A 1.
/2 2N (6.1.17)
2 _ 2
A\ = W;h Qm/h/ sin(20)
VY

The vacuum stability condition imposes that Ag > 0, A > A\jv? and v*(Ag\ — 2)?) >
U2>\1)\H.
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/
X , t, b X AANAN X , h,h
Z Z
2vavs X AL
L
X t,b x A Zf X L !

Figure 3.2

6.2 Invisible Higgs decays

It is important to recognize that there are additional decay channels for SM Higgs. Indeed

in the case of mz < my,/2 there is the possibility of h — Z’'Z’ and its estimated decay

rate 1s s )

g sin”(0 4m7,

vRgsin’(0) ) oL (6.2.1)
16m,, my

I'(h—2'Z") =

Furthermore if mj, < % there is also the open channel A — h'h" with

2 4 2/
T(h — W) = 1zsc7rmh(1 _ 2

1

2 6.2.2
) (622)
where ¢ is a constant that can be estimated.
The Higgs total decay rate must be modified in

Ftot

Higgs

= cos*(0) D7t g6 + O(my, — 2mz )D(h — Z'Z") + O (my, — 2my )T (h — W'h') (6.2.3)
where O is the step function. Of course, the two channels we have mentioned contribute
to the invisible Higgs decays. The theory leverages the fact that there is still room for
invisible Higgs decays besides neutrinos. In fact, recent estimates at LHC have

BRiy, < 0.35 (6.2.4)

so it is important to have a model in which all invisible decays contribute to the branching
ratio in the measure that the limit we just wrote is not surpassed.

6.3 Relic density

The model we investigated showed a dark matter particle able to account for the cold
dark matter in the Universe. This is an example of WIMP dark matter of course, so the
relic density that we observe today is an effect of the freeze-out mechanism that started
from the moment the Hubble radius began to be comparable to the decaying rate. To
get the relic density today we would have to solve numerically the Boltzmann equation,
just like we stated in the previous chapter. In particular we would have to implement
the s-channel processes xyx — bb,tt, Z'h, Z'h and the t and u channels of the process
xx — 2'7".
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The analysis has been carried and one can show that there are regions of the parameter
space that allow for the correct relic density today, considering as independent free vari-
ables m,,, my, ¢, v" and 6. It appears that there are regions in the parameter space that
reproduce correctly the relic density at present time and with DM elastic cross section
well below the constraints imposed by LUX and XENON100. It has been observed that
said regions are the ones with a small 6, in particular for sinf = 0.01. It can be deduced
that for dark masses in the range from a few GeV up to 1 TeV this model is able to
escape from the direct detection constraints.

6.4 Conclusions

We have presented here a model that exihbits a viable DM candidate and that is able to
evade the direct detection constraints. The peculiarity of this model is that there are two
portals of communications between the SM and the dark sectors, which are the Higgs and
the vector portal. The couplings between the new Z’ boson and the light quarks have
been assumed negligible, this results in an absence of tree-level interaction, making the
DM scattering off a nucleus a one-loop level process.

we have found that this model is able to reproduce the correct relic density of the present-
time dark matter for various regions of the parameter space.

One last aspect needs attention. In this model the coupling between dark matter and Z’
boson is vectorial and the coupling between Z’ and the third quark family is purely axial.
Moreover thanks to the new scalar mediator and to the non-universality of Z’ coupling
to quark families, it is possible to have a spin-independent elastic cross section of dark
matter off of nuclei. This is a very important feature that was not present in previous
models that employed axial couplings of the Z’ to quarks and it can be a tool concerning
direct detection searches.




Chapter 4

Unitarity

The concept of unitarity is a powerful tool to implement when looking for bounds in a not
completely well-navigated theory. Indeed in the past, we have made use of this theorem
to gauge masses and energy scales and, for example, put upper bounds on expected
particles, like the Higgs boson, that were forced to respect this rule. We will encounter
some example later on in this chapter.

Unitarity constraints come from the conservation of probability. For a state |W¥;t) at time
t, we can translate the conservation of probability in the obligation for the norm of this
system to be the same at every instant:

(U5 t|W; t) = (W;0[0;0). (0.0.1)
Actually, if we expand the state |¥;¢) in
U5 t) = e | W; 0) (0.0.2)

we can see that the previous equation implies that the Hamiltonian matrix is hermitian
HT = H. If we write the matrix S as

S = e ! (0.0.3)
this means that S has to satisfy the requirement
STS =1 (0.0.4)

so we deduce that the S matrix is unitary. This, even though apparently simple, bears
heavy consequences on cross sections and scattering amplitudes for any physical model,
and it all comes together into the generalized optical theorem, a milestone in scattering
theory.
Let’s see that, if we can expand

S=1+:T (0.0.5)

we can also write the unitarity constraint in terms of 7" matrix in
1=281S =1 —4TT(1+iT) (0.0.6)

81
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and
i(TH—T) = T'T. (0.0.7)

Let’s look into the 7' matrix and let’s review its ties with the scattering matrix element
M(i — f) = M;; from a random initial state to a random final. The relation is

(i T|f) = (2m)*6" (ps — pr) My (0.0.8)

Here instead of going for the usual way of derving the generalized optical theorem, we
proceed by analyzing the unitarity constraint in terms of the scattering matrix element.
Let’s just consider a scattering matrix element M;s(s,cosf) where s is the Mandelstam
variable identifying the center of mass energy squared and 6 is the scattering angle. Now
let’s have a partial wave expansion. This procedure can be performed in d dimensions and
employs the property of the scattering system of being Lorentz symmetric. We decompose
the T matrix into a complete set of intermediate states which transform as irreducible
representation under the group SO(1,d—1) or, in our case, SO(1,3). In a2 — 2 scattering
it is sufficient to characterize the whole system by the two numbers F and .J which are
respectively energy and the angular momentum in the center of mass frame. It could
be noticed actually that the energy dependent factor is not relevant to the scope of our
analysis, so we will avoid it. Anyways the partial wave expansion of the 7" matrix has, of
course, a reflection on the scattering matrix element, as they are related by the equation
we have just seen. Indeed let’s write the J™ element of the helicity scattering matrix as

1 1
Mi; = 32—7Tﬂzf/ d cos Qdiﬂ,(Q)Mif(s,cos 0) (0.0.9)
~1

Here d/{u’ is the J*" Wigner function and p and j’ are the total spins of the initial and final
states respectively [41]. Finally, 8;; is a kinematical factor that can be approximated to
unity as high energy scales, which is exactly the study ground for our dark matter models.
Notice that the right-hand side of the equation has to be multiplied by a factor of \/Li each,
if the initial or the final state particles are identical. Now here is the time when we apply
our unitarity constraint to M7, i as

Z| g1 =M+ MG > | M) (0.0.10)

[#i

here the sum over f runs of course over all the final states. This result is true for every
J and s.

Now this relation has to be satisfied and a violation at tree-level would imply two things:
either higher order terms can come into play restoring unitarity or that our theory is
not complete and we need new terms that come and rescue us. This is such an easy
equation to get and at the same time such a powerful tool that can help us whenever
we are dealing with obscure theories about which we are not aware of every detail. The
simplified dark matter models belong to this category as we do not know with certainty
the whole particle repertoire and we might have missed something truly important in our
neediness to have the simplest theory to explain the phenomena. Since it is a law that
every scattering system has to respect, this has general importance. In the past physicists
have used this tool to discriminate masses of particles or study energy ranges at which
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theory would break down as a consequence of a downfall of unitarity. There are various
examples of this. A famous one is dated 1977 when Lee, Quigg and Thacker employed the
unitarity constraint to draw a conclusion on the Higgs boson mass [43]. That was such an
interesting article as they employed techniques in the studies of the two by two scattering
process involving weak interactions that we can still take as a model of reasoning today
in our quest for dark matter origin as we did. Let’s look more specifically at the math
involved in the process coming from the relation we have just derived. The condition
obtained can be written in the form

0<Im(M])<1 |Re(M;])| < (0.0.11)

DO | —

and we now know how to operate starting from these two: we are going to restrict the
parameter space by eliminating those regions that do not respect unitarity by violating
these two relations. Let’s carry on with our analysis by studying a system in which both
initial and final states have spin zero. In fact, with this particular configuration, we know
the Wigner function to be equal to the Legendre polynomials

dJy = Py(cos0) (0.0.12)

In the following, we shall analyze just the contribution coming from the J = 0 partial
wave, as it is the most important and the one that will give the most stringent constraints.
An interesting detail of the Wigner function is that in general d?m’ is different from zero
only if u = p/ = 0 and this is why we can write the helicity scattering matrix element as

1

1
My = 6_45”6“05“/0/ dcosOM;g(s,cosb) (0.0.13)
-1

and this is the equation we will employ really soon in our study of dark matter models
with a Z' mediator. But before ending this section it could be interesting to mention a
remarkable application of what we have just seen. Indeed if we go back to the study of
weak interaction we will soon stumble upon scattering processes involving four gauge W
bosons. The interesting note here comes from the particular shape of the massive boson
propagator which is of the kind

< WHE)WY(=k) >= ) (0.0.14)
The longitudinal part of the propagator, combined with the longitudinal components of
the external vector boson legs, can give a contribution to the overall amplitude which
is proportional to /s . It is not difficult to imagine that at high energy scales, when
\/s — 00, this contribution will break the perturbative unitarity and consequently our
theory. In order to correct this, it can be proved that there is plenty of diagrams involving
the same external configuration but a Higgs boson exchange that are able to balance the
contribution coming from the W boson exchange. Indeed the underlying idea is that the
two different types of Feynman diagrams possess the same high-energy behavior and the
presence of both is requested in order to make the electroweak theory respect the uni-
tarity bounds that we have seen. This is a simple yet powerful idea that we will employ
in our study of dark matter. Anyways the application of the unitary bound of equation
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0.0.11 returns an upper bound on Higgs boson mass that can be no greater of 1 TeV.
The finding of a Higgs boson with a mass greater than this critical value would signify all
of the consequences we already know well. We are going to see more applications of the
unitarity to dark matter systems right in the following section.

1 Perturbative unitarity in DM model with 7’ medi-
ator

Let’s see what happens when we describe dark matter by a Dirac fermion v with a mass
mpy and represent the Z’ boson with a particle of mass myz in a lagrangian

L=~ Y Z"flgf v+ 9/l = Z"Vl9bart + 9ba 1 (1.0.1)
f=q,lv

This is a simple and general description of dark matter. We have included vector and
axial couplings to the new boson, so we are in the most general frame. The point is that
just the presence of the new vector boson could, in principle, violate unitarity at high
energies. The expression of the Z’ propagator is the same as the W one:

< ZM™M(k)Z" (k) >=

1 Ktk
— (9" — (1.0.2)

k? —m2, m%,

As previously stated the dangerous part, concerning unitarity, is the longitudinal one. In
fact, it grows with direct proportionality to the four momentum carried by the propagator.
This is manifestly a hint that, on high energy scales, this very feature of the new boson
would be responsible for the breaking down of our theory. In general the longitudinal
part of a vector boson will be dominant at high energies, so we will focus our attention
on it during our analysis. Let’s have a clear example of the characteristic behavior of
the vector boson, which will also be helpful in our future analysis. Let’s consider dark
matter annihilations, the peculiar behavior of the Z’ at high energies will translate into
just the term k*, which we can contract with the DM current. In formulas, we have a
term describing the annihilations that has the form

K 0(p2) (900 + Gpar 1y Jul(pr) (1.0.3)

which corresponds to Figure 4.1

Now we can use the fact that K = p; 4+ py to write

kPO (p2)[9ha e + Ipa Y Julpr) = 0(p2)[apn (1t H2) + 9pa(27® — 7% p)]u(p
= =297, mpr0(p2)y u(pr)
(1.0.4)

The final result suggests that the propagator has the same behavior as a pseudoscalar
with mass mz and coupling 2g% M%Zf‘f. The same is true for quarks and their couplings

m

that are 29}4 me/. We can guess, rightfully so, that unitarity will constraint the fraction
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k1
\ k1 + ko
—_—
ZI
7

Figure 4.1: Example of tree-level scattering of two dark matter particles into a bosonic
propagator carrying four-momentum k = ki + ks

Figure 4.2: Example of a dark matter scattering with a Z’ boson propagator

gf o besides the simple couplings ¢"4. Now that we have everything in our hands,
let’s ﬁnally look at the way unitarity constraint impacts our theory by applying 0.0.11
to the self-scattering of any two fermions f with a non-trivial axial coupling. Let’s look
at a scattering process involving two fermions f as initial states and two as final states
ff — ff with a Z’ boson exchange in Figure 4.2. Here

)6 (p2)((9f Y + 97 77°))ulpr)

(1.0.5)
At high energies K% >> m?%, and the longitudinal part of the propagator dominates, so

1
_ Vv A v
MFW%M%%+WWfW%ﬁ;jg+W“+m

_ KrEY
Mis = alk) (97 v + 97 7”0 lke) 15 (——=5)0(p2) (95 v + 9727 ulpr). - (1.0.6)

Now we can apply what we have learned a couple of equations above and write

My = g m(hy)y (k) g () ) (107)
Now we notice that k? = s and that at high energies
u(k1)y’v(ke) = 0(pa)y u(pr) = Vs (1.0.8)
[50]. So now we have
M;; = 4gf mf 1 (1.0.9)
And we can calculate . ) " 1
0= o dcos@4gf mf m) (1.0.10)

Let’s now include the multiplicity factors coming from the exchange of the initial particles,
the exchange of the final particles and the exchange of the identical final and initial states,




86 Chapter 4. Unitarity

Figure 4.3: t scattering process example. Here the mass insertion in the fermionic line allows
the non-trivial result.

which amount to a factor of 8 to get

T
< —. 1.0.11
<35 ( )
So at the end of our reasoning we obtain, by taking the square root of this relation:

< T™Mmg
m — .

(1.0.12)

That’s the end of our calculation. Here is how powerful this tool is: we can obtain an
upper bound on the fermion mass just by imposing the unitarity constraint. This is a
simple example, but we can employ it with every dark matter model
It is clear that the bound on the fermion mass could have not been obtained only with a
non-trivial vector coupling.
Let’s take the discussion one step further and analyze what happens if we find ourselves
in a scattering process with the new Z’ boson as an external leg. If we focus on the
scattering process 1) — Z; Z! in which, of course, we pay attention to the longitudinal
7' component. As we already know from quantum field theory courses, at high momenta,
k* >> m?2,, the Z' polarization vector can be approximated by its four-momentum

LH

(k) = —. (1.0.13)

From now on we will use this high-energy behavior in our description. This is why we
expect this process to have an energy dependence that grows proportionally to —%—, thus

destroying unitarity at high energies. Here the trick is in the fact that there are two
diagrams, t and u, which, with their opposite sign contribution, cancel and get rid of this
unwanted behavior. So the s dependence is gone, but with it, the entire contribution
of the two diagrams. In order to find a non-zero result we are forced to draw a mass
insertion along the fermionic line as we can see in Figure 4.3 . This will also regulate the
helicity of the whole diagram. In doing that we are also getting rid of the four moment
carried by the fermion and this will lead to an overall /s dependence. Anyways at high
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energies we can still employ the same tricks as before and cancel the g},,, contribution,
so the scattering amplitude expression we will get, for the ¢t process, is something like
ki Ky

A 5 o
t—m2,, [9DM Y ]u<p1)mZ, .

mp

0(p2)[95207%7”] (1.0.14)

Here we have used the Mandelstam variables in the center of mass frame

s = (p1+1p2)* = (k1 + ks)?
t=(pr—k1)* = (p2 — ko)? (1.0.15)
u=(p1—k2)* = (p2 — k).

and the u process has the same expression, only with the u variable in place of ¢ in the
denominator of the fermion propagator. The point here is we will get the same contri-
bution from the two diagrams, with the same signs, so we will just employ a multiplicity
factor of 2 later on in the calculation.

What happens at high energies in the center of mass frame is that both ¢ and u are
proportional to s and an angular contribution. We will just isolate the s contribution at
the denominator of the fermion propagator as it is the dominant contribution which will
set the dependence of the whole diagram. Then we exploit the growth of both the vector
bosons four momenta as /s to cancel the denominator one and use the same technique
of the previous example to get a scattering matrix amplitude proportional to

m
(ggM)Q\/E%. (1.0.16)
Z/

So all in all we will get, after M calculation, an upper bound of the kind
(1.0.17)

Of course there is the problem: when we consider higher energies the theory breaks down.
This is an index of the fact that we must consider new physics to come and rescue us as
the situation we are in right now with the elements at our disposal does not let us cure
unitarity problems by ourselves. This is where the Higgs boson contribution comes in our
help. Indeed there is an s diagram Higgs boson exchange that has the same contribution
as the one we have just written down. The problem reflects on the Higgs boson mass as
it puts an upper limit on it obviously of the form

szz/

. (1.0.18
(9pa)*mpy )

ms <
Here is the unitarity in all its might: we can get to an upper bound on the Higgs boson

mass by just applying the general methods we have studied in the previous section. That’s
a sign of a powerful tool.

2 Additional Higgs field

Let’s proceed in our journey and consider the dark matter lagrangian combined with
another piece containing an additional Higgs [41] field, a complex scalar that will give
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mass to our new Z' by symmetry breaking. In the previous section we have seen the
need for a new complex scalar coming from the anomaly equation solutions. We have
seen how it is almost mandatory to include a new scalar field just to obtain a non-trivial
solution of the anomaly equations. So it is coming from numerous sources the request
for a new Higgs field. We fulfill the request by including a new piece to our lagrangian
which will describe a complex scalar field with the same properties of the Higgs field, but
a singlet under SU(2). Of course, we need the field to be complex in order to get a U(1)’
non-trivial charge.

Our lagrangian, to summarize, will be described by

where the third term describes the interaction between the Standard Model and the new
gauge boson and the fourth contains the improved Higgs sector.

Let’s see what happens to our dark sector. To start we first mention that it is important
to have Z' vectorial couplings vanish in at least one sector. We have talked about it
in abundance when treating direct detection constraints so we will not linger on this
discussion. Instead, we are just going to assume it right now. For the dark sector one
way to obtain vanishing vectorial couplings is to consider a Majorana fermion as the dark
matter particle. This will lead to a natural axial coupling between dark matter and the
new vector boson. In particular, we are going to consider a fermion whose structure is

_ (X
Y = (ex*) (2.0.2)
where naturally y is a Weyl spinor. So the property we are making use of here is that
under the new U(1)" gauge group the dark matter carries a charge gpy and the whole
lagrangian is invariant under the gauge transformation

¢ — exp(ig'qpu(z)y’) (2.0.3)

with ¢’ being the coupling constant of the new gauge group U(1)".

Now about the kinetic term of the new fermion, we can expand the expression for the
improved covariant derivative we have talked about in the previous chapter, which will
bring the terms

_ ) _ 1 _
V(i A—dapuy’ 2 = %1/J A — = gp 0 20y (2.0.4)

Lk’in = 9

N | —

and g8,, = ¢'qpy. Now we know that in order to obtain a Majorana mass term it would
be impossible just to write it straight from the get-go as the conservation of U(1)" charge
would be compromised. Nevertheless, we can obtain a mass term dynamically. This
happens simply by spontaneous symmetry breaking. If we choose the new Higgs, which
we will refer to as S, with a charge qs = —2qpys, this will lead us naturally to a mass
term of the form

1 _
Lmass = _EyDM¢(PLS + PRs*)¢ (205)

It is a Yukawa mass term and of course, Pr and Pj, are respectively the left and right
propagators. This will allow us to generate a mass for dark matter starting from the U (1)’




2. Additional Higgs field 89

SSB.
The two new pieces of lagrangian can be written in the following way:
1
Lpm = —¢ Ay — QDMZW@/W Yt — —yDM¢(PLS + PrS™)Y (2.0.6)
and
Lg = [(d" + igsZ" ST [(d" + igs Z],S)] + p2STS — A, (STS)>. (2.0.7)

We can easily see how the new Higgs singlet acquires a VEV and gives mass to both dark
matter and the Z’ boson. If we define

1
S=—(s+w 2.0.8
s+ w 2.08)
where w is the VEV, we can see that, through g, = ¢’q, = —2g5,,, we will come to the

equation

=—w A — —gDMZ“’z/w Yt = 1F“”’F’ DOV oy — L2 s
2 WE (2.0.9)

1 13 As
+§m2Z,Z“’ZL + §d”sdﬂs + 2(gpu)* 2 Z) (5% + 2sw) + 5 = (s4w)* — Z(S +w)*
and F), =d,Z, — d,Z,.
Moreover, we know that

1
Mpm = EZ/DMU} (2.0.10)

and
My ~ 29w (2.0.11)

A little thing to notice is that if we decide to charge SM Higgs under U(1)’, this will
generate an additional contribution to Z’ mass. The problem here is that we dispose
of the electroweak precision data, a sharp instrument in our hands, which requires this
contribution to be very small. So just because of that, we are going to ignore it in the
remainder of the discussion as we can safely neglect it right now.

Notice also that we can also safely obtain real masses by requiring ypys and w to be real.
This can be achieved through a simple phase redefinition in which S and ¢ absorb the
complex phases.

Now let’s make use of the bound we have obtained and see that the new Higgs boson
mass must satisfy the requirement

7Tm221

(9par)?mpn

(2.0.12)

mg <

Also, there are other processes that need to be implemented in order to check unitarity.
For example the scattering of the kind ss — ss are such that can influence the scattering

amplitude. We are about to examine the scattering of the states \‘*’/—% and /\gL of course

in the high energy limit /s >> my, >> my. It is the J = 0 partial wave we are after
and more specifically M.
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Figure 4.4: A four s vertex.

SS SS
Here the Lagrangian element that contributes the most is
A
L= _—"2g% 2.1.1
s (21.1)

Of course, we could also consider loops, but their contribution is not as important at
the four-vertex one Figure 4.4. That being said, we need to convert this expression into
quantities we could measure or, in some way, that we could have a grasp on. Let’s remind
ourselves of the formulas

A (2.1.2)

Let’s use these to rewrite the lagrangian term as

mg (géM ) 2

L=—
2m?,

(2.1.3)

The point here is also to consider, in order to calculate the scattering amplitude of this
process, the multiplicity factor. In this particular case, we must employ a factor of 4! and
write

m; (QSM)z

My = —12 (2.1.4)
2m2Z,
and finally
1 1
0 _
My = - /_1dcosﬁMif. (2.1.5)
Let’s carry out the integration here and obtain eventually
3 2( A 2
M0, — 3 mal9pu)” (2.1.6)

’ 8r  mZ,

This is the result we obtain for this process at high energies. Now we have to consider
other processes too. We will see in the following subsection
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Figure 4.5: Two Z) scattering process at tree level.

AYA AYA
2.2 4Z - ZZ
We can see an example of such a process in Figure 4.5. This time we use the results of
[43]. In fact, we can apply what is there just by translating it in the case of a new U(1)’
symmetry. We can review the reasoning made there just to give a frame of what we are
about to see in terms of the result of the scattering amplitude. First of all, among all
the graphs, we concentrate only on those that potentially constitute a threat to unitarity,
and this appears to be obvious, but saves a lot of time in calculation. Then one should
know that there are many possible cancellations among tree-level diagrams so that even
though we detect a suspicious behavior at high energies in one graph, it is not trivial
that that is going to be the overall dependence of the scattering amplitude, instead, it is
possible that that contribution will be erased by an analog in the opposite sign. Indeed
we can classify the momentum dependence of tree-level graphs by powers of miz/ with k
being the four-momentum of the gauge bosons in the center of mass frame. In a tree-level
graph with four-boson as external legs, we will have a contribution that will be at worst
proportional to (mLZ/)4' As a consequence, in the J partial wave expansion, each graph
will contribute with a factor

k k

44 B(—)? . 221
N B )+ C (2:2.1)

aJ:A(

We can classify the coefficients as A, B and C' forces. Every force will be attractive or
repulsive depending on the sign of the coefficients. At high energies in the partial wave
expansion, all the divergent behaviors are confined in the J = 0,1,2 partial waves, so
we will just examine them. Moreover one can see that there are cancellations between
Feynman diagrams in each case of the A forces, and the B forces as well. What happens
is that, due to these gauge cancellations, we must consider only the C forces and, in
this particular example, the only diagrams that offer a non-trivial contribution at high
energies are the s, t and u tree level diagrams.

In this case, the relevant piece of Lagrangian we are considering is

L =4(gp,)* 2" Z! sw (2.2.2)

and we are going to employ this to create tree-level diagrams whose contribution is of the

type
mg(ggM)2 ( s t u )

My = =2 -~ —atiC t——
2 5 —m? mZ  u—m?

(2.2.3)

if we consider the cancellations we were talking about previously.
Then we consider the contribution at /s — oo we will see that, by just applying the
formula of the previous section,
3 m2 A 2
M0, — 3 M 9bn)” (2.2.4)

! 8t  m%,
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7!

Figure 4.6: Here it is reported a 2% — 217, process at tree-level.

V2 V2

where we have considered the coefficient and the multiplicities following the same line
of reasoning of the previous section. This result was derived on the basis of what we
have learned in [43], following the same type of argument as the two situations can be
overlapped and the tree-level graphs contributing to the amplitude are the same, with the
Standard Model Higgs replaced by the dark Higgs boson. We have just applied the same
principle of the crossing symmetries.

ss _ Z17;
2.3 ¢?+ 7
For this process, we take also inspiration from [43], as the relevant contribution comes
from the tree-level S boson exchange between initial and final states Figure 4.6. The
relevant piece of lagrangian is

As
L = 4(gpy)* 2" 7! sw — Z(S4 + 45w + 65%w? + 4sw® + w?) (2.3.1)

and just starting from here we can envision, just like the previous subsection, the con-
tribution coming from the s exchange in tree level diagram describing just the s process.
Let’s create the scattering amplitude

n
Mig = =2(gpar)*m3 —1mg :le :fz (2.3.2)
we make use of the fact that at high energies
h-@:% (2.3.3)
to rewrite PR
My = — Wb e 5 (2.3.4)

m%,  s—m?
Now in order to find Mi[} we employ the formula we already know and add the contribution

of the two final particles exchange and the two initial particles exchange for an overall

factor of 4 in order to get
A \2.2
Ao — _ba)"ms (2.3.5)

! 8rm?,

AXA, ss
2.4 %L+;§

This process has the same result as the previous one as the elements of the Lagrangian
we are considering are exactly the same as before, we have just exchanged initial and final
states.
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2.5 Scattering matrix

Finally, we can gather all the results we have obtained in the scattering matrix that takes
the form, at high energies,

A \2, 2
m 1
lim MY = —%(3 > (2.5.1)
/5300 8rmz, \1 3
Now the real part of the largest eigenvalue is required to be smaller than % by partial
wave unitarity. The largest eigenvalue corresponds to the eigenvector % and thus

we obtain as a result

my < \/%Amz' = Virw (2.5.2)
9IDMm

This bound combined with 1.0.12 gives us an enhanced constraint on Higgs boson mass

of the kind
A

VT— > max[m, vV2mpy| (2.5.3)
9pm

3 Complete vector portal theories

Here we skip the part where we analyze the effects of the inclusion of the two new dark
sectors in the standard model and we jump directly to the most general solution for
dark matter description. Indeed we generalize the argument we were making in the
previous section by drawing a UV complete model in which we do not limit ourselves
with the numbers of new species introduced. This perspective has the attractive feature
of describing the most general model we can think of which includes dark matter and
in which its existence is explained dynamically as the product of a symmetry play that
we are about to see. Moreover, we are not imposing any kinds of limitations on our
theory, instead, we include a generic number of new particles so that our model has
the connotation of universality we are aiming for. Moreover, we also bring back to our
knowledge what we have learned in the previous chapter in matter of anomalies as we try
to build a model which is not just consistent as far as unitarity is concerned, but it has no
irregularities in matter of anomalies. We are trying to take the best of both worlds. As
far as unitarity goes we are about to use the same techniques we have seen in the previous
section, just focused on a more general context, so that what we have experienced will
come in our help and will not be neglected. We will see that even in this context unitarity
will provide us with important constraints that will have a massive impact and deep
consequences as we are about to experience. So let’s dive straight into it and introduce,
besides our Standard Model description of the elementary particles, an arbitrary number
of fermions x; and scalars ¢; [14]. Moreover, we denote the dark hypercharges of the two
different fields as d,, and dy,. Notice that from here on we are going to use a notation in
which all SM fermions are left handed Weyl spinors. Indeed we present quark fields as u;
and d; as a part of a doublet @); charged under the weak isospin and their counterparts u$
and df as singlets under the same gauge group. The same is true for lepton doublets L;
and singlets ef where the index ¢ runs over the three SM generations. Speaking of the SM
particles, we also charge them under the new gauge group U(1)" with dark hypercharges
with the same notation as before, for example, dg and dy etc. As we have done in the
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previous chapter we consider only flavor universal dark charges in order to avoid flavor-
changing neutral currents that could be dangerous based on our experimental results.
Eventually, as it happens in many theories that share the universal frame with this one,
the lightest fermion will serve the scope of representing our dark matter candidate y; = x.
We choose proper DM charges in order to avoid renormalizable couplings like L; Hy and
respect the stability property dark matter seems to enjoy. Moreover, we can employ, as we
have already seen something similar in the model analyzed previously, a Zy symmetry in
which we only charge the DM fermion with an odd charge and prevent it from unwanted
decays. We remind ourselves of our discussion on anomalies and dark hypercharges of the
previous chapter enough to say that we are choosing them respecting the constraints

dQ +dg = —(dQ + du)

3.0.1
dQ +dyg =dp +d, ( )

in order to ensure gauge invariance for Yukawa terms. This bears as a consequence that
the SM Higgs boson has a non-trivial dark hypercharge dg = dg + dq and it is neutral
only if the fermions are vector-like under U(1)". Here we also neglect the kinetic mixing
term we introduced at the beginning of the previous chapter as it is not relevant to our
discussion. Indeed a kinetic mixing term would come out of a loop process, as we have
already seen, while we have already got interaction at tree level between SM and DM
semming from the U(1)" gauge group, so it would not be relevant. Moreover, we also
neglect fourth-order mixing between scalars and SM Higgs. In fact terms of the type
H'H ¢Zq§j have been seen not to have a meaningful impact.

4 Lagrangian

After the brief introduction, now we are ready to see more in detail the mathematical
formulation of the new model. Indeed we start by introducing the new boson to the
Standard Model of particles.

So we introduce a new vector boson in our theory called V* which will mediate U(1)
interactions. This reflects in the covariant derivative expression for any particle with a
non-trivial charge under U(1)" that becomes

D* = Db, — igadpqV* (4.0.1)

with g4 being the dark coupling of the new symmetry, DY, represents the remaining of
the covariant derivative which, for the Standard Model particles can be found in its whole
expression in Appendix A, while for the dark fermionic sector coincides with 9, as these
are singlets under the Standard Model. Finally, d, is the dark charge associated with the
particle we are taking under exam. We can summarize the dark charges of the particles
involved in our model in
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Field I, 1§ v, w, dp uf d§ o7 ¢° x ¢
e
Yoo 13 5 5 3 3 3 3 00
@ -1 -1 0 2 — 2 —2 1 0 0 0

dy dy di d, dg do dy di dg dg dy dy

J

This has of course deep implications on the standard model lagrangian and the addition
brings us a final lagrangian of the type

L= Lsy + Lpy + Lisy, + Ls. (4.0.2)

Moreover in studying the U(1)" gauge boson V,, we can see the mass mixing term coming
from the Lagrangian element

D, H? € —gwgdde%ZfMV“. (4.0.3)

Here it is important to keep an eye on all the couplings as g, = /g% + g3, ga is the U(1)’
gauge coupling and the SM Higgs VEV is < H >T= (0 wvy). Now we can see that we
can go to the mass basis and look at the mass eigenstates with the rotation

(5= o ) @) 104

We have used Z5* as the linear combination of the SU(2), and U(1)y gauge bosons. In
Appendix B there is the procedure on how to obtain the mixing angle 6 that we limit
ourselves to write here

4gwgddH,U%I

tan 20 = —
4g3(dyvy +03) — giv

(4.0.5)

and v} = >, d3v;. Let’s just mention that electroweak precision tests require 6 < 1075
This will be helpful in future calculations.

Now that we have all in our hands, let’s see sector after sector how the Standard Model
lagrangian is influenced by the brand new boson introduction and what are the conse-
quences as far as dark matter is concerned.

4.1 The dark sector

Let’s say we introduce a new fermion to the Standard Model, a Majorana one,

wz(X) (4.1.1)

ex”
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Now here we are making our steps in the Weyl basis where

) i
2ol (1
(3 o
neGY) () o

So if we want to consider just the left-handed part, that would be

v =(3) and = (0,x) (4.1.6)

so now we are ready to write down the kinetic part of the dark sector.
This part is thought to be invariant under the gauge transformation

¥ — exp[igadxo(z)° | (4.1.7)
So
L = duli D) = (0, A4~ igad ™" Vo) (3 ) (4.1.8)
this means that we get the terms
Lih = ix'otdy,x + gadyx'axV,, (4.1.9)

Now let’s set up a lagrangian for the mass of the dark fermion. Since this is a Majorana
fermion and we need only the left-handed part, we need to make sure that it is invariant
under the gauge transformation as well. A Majorana mass term would spoil the gauge
invariance, this is why we are going to introduce the dark scalar field S which will have
as a property

ds = —2d, (4.1.10)

so that the invariance is re-established. We are going to call under the unique name of S
the sum of the scalar fields, SM Higgs excluded, that are interacting with the dark sector
and whose vev is going to play a part in the generating of Z’ mass and dark fermion mass

as well
S=> ¢ (4.1.11)
j

So we are going to set the term for the mass matrix in the dark sector as

Lm(lSS

1
Dy = ~5¥pMSXX + h.c (4.1.12)
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4.2 Dark scalar sector

We have already introduced the scalar field S as the sum of all the ¢;, we shall see now
what is the lagrangian associated with this field

Ls =) [(@" —igads, V"] [(d, —igads, V)b + D hg, &)y — Y N, (0]e) (4.2.1)
j j

J

each scalar singlet will acquire a vev ¢; = vy, + 3—% so we can see that this will originate
the masses for the dark fermion and for the new vector boson

4.3 Visible sector interactions

The term LY,, is generated by keeping in mind the new term in the Higgs covariant
derivative and adding a term for the interaction between the new vector boson and the
SM fermions. So

D,H = (DSM + z'%”zﬂ — igady V) H (4.3.1)

where of course g, = \/g% + g3 and

Ly = [(DMH)T(@"%“ZMH —igadV,H) + hd — Y gaV*[ds i, /i) (4.3.2)

f=q,l,v

5 After symmetry breaking

We have to keep in mind that all the scalar fields acquire VEVs. We have seen that

0 oF
H = ( ) and = v, + L 5.0.1
vy + \% ; bj V2 ( )
with
2 2
M [y
vy = 5N and U;J_ = N, (5.0.2)

Since we are going to work with the sum of scalar fields we can define

w= Z% 5= Z ¢ (5.0.3)

let’s see what this implies for each sector
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5.1 Dark fermionic sector

After symmetry breaking, we can find

Ly = ixTord,x + gad X omxV, (5.1.1)
and
Lmass 1 1 + h (5 1 2)
=—= WYX — —= s .c 1.
DM 2yDM XX 2\/§yDM XX
so we can see that
Mpy = YpuMW (5.1.3)

5.2 Dark scalar sector

We can gather the information from the previous sections into

1 - - 1 1 -9 .
> S Didyd; + 5(2 2g5d3 v )V, V" + §g§VMV“(Z d &; +2V2d vy,
! ’ ’ (5.2.1)

2
3B+ VB, - 220+ Vo)

The important thing to grasp here is the part proportional to V,VV# which constitutes the
first half of the new boson mass

5.3 Visible sector interactions

Here after symmetry breaking the term arise

2
r gw g d h
Do == 3 0aV*deTinfi) + 7 (Zu = 220200, o + =)
f=a,lv Ju
gud B ok (5.3.1)
H
== > 9V drfifil + <Z 2wk + 2
f=qiv Juw 2
Here we can see that finally, we have
2
m = S

5.3.2
e = 243y + Y2 052

J
there is also a mass mixing term that will be helpful for later

Mzz = —gagulduvi (5.3.3)
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5.4 Complete lagrangian

L . 1 1
L = ix'ord,x + gad, X o XV, — QYPMIXX ~ 5 S UDMSXX

1~ - 1 1 ~2 ~
D 30y + 532005, 03 VIV + SgiVVI (Y dg 6 + 2V/25 65v,)
J J J

2
+ Z M;j <¢~J + \/§U¢j)2 AZJ (ng + \/§U¢j)4
J

gddH h 2
V vg + —=

(5.4.1)

= > gaV'ldyfrufi) + <Z — 222

I=alv

Let’s rotate it by

( K 89> (5.4.2)

(ng ) - (_CZ@ iﬁ) (?) (5.4.3)

by means of

So to get

L ) . 1 1
L =ix'ord,x — gadyx'0"x50Z, + gadiX'o#Xxco Z), — Syppwxx — S5YPMX

2
1 -~ .
+D 5 bidud;

J
+1(22 22 02 V(221 7, — 2s9cg 22! + 22" 7))
2L 9ale;Ve; ) 5 K 00 Iz 0 Iz

1 -9 - ,
+§g§(z 4 0; +2V2d}, Ojvy, ) (552" 2, — 259c0 2V 2, + o 2V 7))
g (5.4.4)

2
n Z :ugj (¢~] + \/§U¢j)2 )\Zg (ng + \/§,U¢j>4
J

+ > galdfrrfilseZt = Y galdg frfilea 2"

f=q,l,v f=q,lv

2
G gady h \s
+==((cog+2 s9)° 2, 4" (v + —
4 (( 0 G 9) Iz )( H \/5)
H

9adg ' gad gadm / h \s
ZZ“+20 +2 Sp — 2 co) 2" 7)) (v + —=
Juw ) ( ’ Guw )( ’ Guw 9) M)( & \/ﬁ)

Now that the lagrangian is complete and under our control, we can progress from here by
studying all the relevant scatterings. In particular, we are going to list and examine here
the most relevant, then the others will be consultable in Appendix B.

gw
-2
+=— 4 ((89
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Figure 4.7: S-type process. Z boson Figure 4.8: S-type process. Z’ boson
propagator propagator
6 xx—Zh

Right here we can already see that these kinds of models are susceptibles to the same
problems we encountered at the beginning of the chapter, as the longitudinal modes of the
vector boson always grow with energies, bringing the danger of breaking unitarity. Here
we analyze Majorana DM annihilation xyx — Zh and look for unitarity breakdown. The
reason why we are studying this particular process is that this might be the leading one
for relic abundance calculation and indirect detection. The interesting part of Lagrangian
is

Lyx—zn = gads X 0#X (=592, + coZ),)+

\/59121, QQddH didH !
1 'UHh[(Cg + g—wSQ)QZMZM + (56 - G 09)2Z;/¢ZM] (601)

2gqd 2gq4d /

+2(cop + ggd HS@)(SQ — ggd HC@)ZMZ#

We can already see that the Z’ exchange is the leading one for small # and we can appre-
ciate the two processes in Figure 4.7 and 4.8.

It is clear that the sole Z’ exchange will lead to unitarity breakdown. Indeed we can
see that o,,_z, with only a Z’ exchange approaches a constant value at high energies,
thus revealing issues with the theory. Fortunately here comes the diagram with the Z
exchange that, if considered, can restore proper high-energy behavior and get rid of all our
problems. The neediness to consider the Z exchange diagram comes from the fact that at
small # the two different contributions have potentially the same size as the Z’ diagram
also disappears for # — 0. Indeed we can see that the term containing ZZ’h comes from
the mixing term in the Lagrangian and tan 26 ~ dy. Now in the following of this section,
we will demonstrate how it is possible such a cancellation between to apparently unrelated
diagrams. First, let’s review the interesting quantities we are going to work with as far
as unitarity is concerned. Another way of applying the partial waves expansion is to the
scattering amplitude of a process. Indeed if we consider two generic states ¢ for initial
and f for the final, we can always write its scattering amplitude in terms of partial waves
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like .
Mip =167y (2J + 1)aj; Py(cos 0) (6.0.2)

J=0
This is just another way to put what we already know in the matter of wave analysis of

a process, but it is better to have all the notable quantities clearly right in front of us
before getting to work. The unitarity bounds are the same as before as

Re(al;) < (6.0.3)

N | —

is what is required at high energies. Again this is just a rewriting of what we already
know in a different fashion, nothing special or different. Let’s cut to the chase and write
the full expression for the two M, including the propagators and the external legs

2

z _ [ 2gqd 2g4d
M zon :gddeT(m)U“U(pOCe 5 vp(co : HS@)(SG ~ = HC@)X
Guw G (6.0.4)
L (g gy
s —m?%, In m%, !

and at the high energies we know we can make use of €(k;)” = 7:—;
Instead for the other diagram the full expression is

V242
v

MXZ>?—>ZLh = gddeT(m)U_“U(Pl)(_S@) 9

2gddH 2 1 kuk’,,
0 AW AT
G 36) S—mzz,( Guv + m2Z/ )6( 1)

" (6.0.5)

(co +

We want to study the behavior at high energies considering internal and external longi-
tudinal modes of the vector bosons. So first we examine the expression of MXZ; 7, and
see the way it transforms at high energies. We can just isolate the longitudinal part of

the propagator and use the expression for the polarization vector of the Z boson to get

2gddH )21 kﬂk,/ k'lll
S —_——_—
G o) m%, myz

V242

MXZ;HZLh = gadyv' (p2)ou(p1)(—s0) vn(co (6.0.6)
Now contract k, with o# and use the identity already proven to obtain a factor of —2m,,

and contract k, with k{ to obtain, at high energies, a factor of § so

2 - 29qdy o —2m
MXZ;%ZLh = Tgigddva(pQ)Juu(pl)(_SG)UH(CG - . 59)° m%X (6.0.7)
Use the fact that dgy = —d, with the parametrization chosen
2 - 29ady oM
Mf)?ﬁZLh - TQigddHUT(pQ)U“U(pl)(_SG)UH(CG + . se)zm—?z (6.0.8)

Now we have already seen that at high energies v'(ps)o#u(p;) — +/s. This combined with
a multiplicity factor of 2 that comes from the exchange of initial identical particles gives
us, for the Z exchange,

vgm 2gqd
M3z = V20 gadn— g s0v/5(co + 9; H 59)2. (6.0.9)
Z w
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By following the exact same steps we can conclude that for the diagram containing the
7 exchange vector boson

z 9 vgm 29qdn  \ ,294dg
M zn = ﬂgwgddeQZ/mXZCe\/g(Ce 0 se)( P S0) (6.0.10)

So when we approach the sum of the two diagrams we obtain something proportional to

S 29ad co ,2gadp
M — — 6.0.11
= Zph X [mgz (co + 0" 50) + mQZ,( . s0)]V/'s ( )

In Appendix A we are going to see precisely how the cancellation works and explain all
the details required. Let’s just say here that this is possible by writing all the masses
involved in the calculation together with the various sy and ¢y in terms of the couplings.
So that being said we have proved that at high energies the really dangerous terms cancel
each other perfectly. This is how unitarity is achieved and why the inclusion of the Z
exchange diagram is so crucial for the theory that it absolutely cannot be neglected. This
has another consequence though, and it is what we are interested in: the unitarity bounds
coming from the application of the rules we have depicted previously in the chapter. We
can work out an inverse formula for the expression of a?j. In particular, since we are
interested in the J = 0 partial wave [9]

1

1
ay; dcos OM;;(s,cosb) (6.0.12)

CAREST
that differs from what we have previously calculated from a factor of %
So how do we calculate aq for this kind of process is the crucial question. First, we need to

consider the expression for the amplitude of the processes considering just the transverse
part of the propagators at high energies:

/ _ V292 204d 20qdy 1
MxeL—>ZLh = —gddeT(pz)U“U(M)Ce 2g vr (co+ ggd HS@)(SG— g; HC@)EE(k’l)u (6.0.13)
and
_ V242 2g4d 1
MG 7 = =00t (pa)ou(pr) (—s0) 5 2 vmleo + = s elha)e (6.0.14)

If we sum the two contributions we will obtain something of the form
1 - 1 9121;

Mxx—>ZLh - _gddxv (pQ)U“u(pl)ng\/ﬁ?’UHX ( )

6.0.15

2gqd 2gqd 29q4d

lco(so — 22 cp) — sy(cp + 2% 5)](co + L2 s9)e(hy ),

w gw w

If we solve the inside of the square brackets we get out of the whole expression, while
employing e(ky), = G

mz

2g4dy ) 2gadn 1

(6.0.16)
Guw Guw Mz

_ 1 2
Mxx—>ZLh = gddeT(p2)U“U(p1)(k1)ug\/é%uvH(Ce + S¢
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now see that

1 ™
/ dcosﬁz/ sin 0d6. (6.0.17)
- 0

1

Moreover in the center of mass frame, at high energies, we can express
(k1), = g(l, cos 6,0, sin 0) (6.0.18)
and o# = (L, —¢") with ¢" being Pauli matrices. By explicitly contracting o# and (k1),

we can see that only the factor proportional to sin has a non-vanishing result out of the
integration proportional to 7 and when all is set and done we get

1 1 92 QQddH QQddH 1 \/g
0 w
zph = = TYad -V2—- +sg—)———— 6.0.19
aXX Zrh 647T7ng X\/ES\/_ 2 UH(CG % Guw ) GJw Mz 2 ( )
or, simplifying everything
V2 g 2g9qd g
s zph = 128 my 9adxdu (co + s )- (6.0.20)

Gu

Now let’s apply the bound we have already derived in the small mixing angle limit and
obtain

galdydp|? < 4V2 (6.0.21)
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—_—
k
X X
Figure 4.9: S-type process. Vector Figure 4.10: S-type process. Dark
boson propagator(either Z or Z’) scalar propagator

7T XX — XX

Here we can see from the lagrangian that there are three terms contributing to this
process, one with a Z boson exchange, one with a Z’ exchange and one with a scalar field
¢ exchange, we can see these respectively in Figure 4.9 and 4.10. Obviously, we can obtain
a cumulative scattering amplitude by summing out all the contributions from scalar fields
exchange that will be equal, but for now, we examine just one diagram with one scalar ¢
and then we will sum all the contributions. So the scattering amplitudes are respectively

_ 1 k.k,. . _
MXZX—>XX = —493diXT0“Xs§S —— (=g + T’;L—QZ]XTUVX
7 22t 7. 2 1 kuko, s -
My = —Agadi X'o X m2 (=9 + m_QZI]X o'X (7.0.1)
1
M%_ = —ypuxX'x—x"x
XX—XX DM 2
S My,

where all the factors of 4 are multiplicity factors considering the exhange between the two
initial particles, the two final and initial and final states exchange.

We see that there is no danger at high energies as
k#XTif‘X — —2mXXTa7‘X (7.0.2)

Here we have only considered s types diagrams because the ¢ and u ones go to 0 thanks
to the same algebra.
At high energies

yiony ~ vy = /s (7.0.3)
thus completely resolving any possible issue stemming from the longitudinal polarization
of the vector boson.
Let’s see the contribution coming from the longitudinal part of the vector boson propa-
gators:

Z1+7! 1. 82 c2 _
Motk = —16mig§df<XT0“X§[m—g + ﬁ]xf X (7.0.4)
Z !

We examine the case in which there is only one dark scalar field, the generalization to n
scalar fields comes only with a sum over all the quantities describing them. Here we have
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that dy, = —2d, and m, = ypuyvg, so this contribution at high energies goes like
Z1+2 -1 ..
Mix=yx = _Q?J%MXTU"XEXTUVX (7.0.5)

which now can be summed to the identical ¢; contribution. They both are constants at
high energies and will result in

Z+Z +¢;
Mx;—»o% = _33/123M (7-0-6)

Now from the transverse degrees of freedom for what concerns the aq calculation, the
longitudinal ones are belittled by the inverse proportionality to the vector boson masses
squared. We can sum the two contributions of interests and see that

Zr+Z G o+ -
Myy—sx = ggdiXTU“X%XTUVX (7.0.7)

Now this amplitude dominates even on the one coming from the ¢ exchange, it can be
seen from electroweak precision data, and at high energies becomes

M = —2g3%d2 (7.0.8)
So now 1
ag = —E(By%M + 2g§di) (7.0.9)

in which the first contribution dominates.
Being the bound

1
|[Re(ao)| < 3 (7.0.10)
we can see that we come up with
1., 1
— < — .0.11
327T3yDM =5 (7.0.11)

SO

Ypu < 4\@ (7.0.12)
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X Z'

A
G

N

N

b% )

Figure 4.11: S-type
process. Vector boson X
propagator(either Z or Z’)

@

Figure 4.12: T-type Figure 4.13: U-type

process. Fermion process. Fermion
propagator propagator
8 xx—Z2'¢
So here we see the contributions
7z - 39 2 t o (k1 + ko) u(ky 4 k2)y, ksy
MXX—)Z’(b - _4\/§gdd¢jv¢j8969dxx UMXS — m2Z [_guu + m2Z ]mZ/ (801)
) _ 1 (k1 + ko) (k1 + ka)y ks
Z _ 3712 3 7 vy Rap
My zip = _4\/§gdd¢jv¢jcedxXTU“XS —m2, (=9 + m2, ]mZ’ (8.0.2)
_ 1 1 ks
MY, s = 2V 2ypargady X ol xc + a 8.0.3
e P N Fy =y T T ) —mgmy 309

where in the last scattering amplitude we have kept track of the T and U type dia-
grams(They can be seen in Figure 4.11, 4.12 and 4.13 ).

Let’s rearrange the last scattering amplitude in

(f1— k3) +my N (fr— Ja) +my, ks,

(kl — k3)2 — mi (k’l — k’4)2 — mi]mzz

Mz = 2V 2ypargad, X o xeo| (8.0.4)

this way we can see that even the longitudinal polarizations hold a component that is not
proportional to /s.

Speaking of, we see that if we sum up the contribution coming from the longitudinal
degrees of freedom of the first two scattering amplitudes they bring the result, at high
energies,
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/ 2 2 S + m2 _ m2
M Fo=-=8 2g5d5 vy cody—|—5 8.0.5
xx—2Z'¢ mx\/_gd ¢JU¢;69 XS [mQZ + mQZ/]mZ’ 92 ]\/g ( )
that becomes
Zy+ 2! 1
A@;ﬂg:_@mﬂﬁw@ggz¢§ (8.0.6)

Although this contribution grows at high energies, it is perfectly balanced and destroyed
by the same exact contribution coming from the y exchange diagram which has an opposite
sign.

For the transverse degrees of freedom at high energies we have:

Zr+2} _k
ngileqs = 4\/§ggd2jv¢j09dXXTa“Xmi; (8.0.7)

Moreover, we also need to consider the contribution coming from the dark matter ex-
change, precisely the part proportional to m, which is summarized in the formula

1 1 ] ks,

MX .
U — ko) =12 (ks — k) — 2

x—=2Z'¢ = 2\/§yDMgddxXTU_MXCme[

(8.0.8)

We can analyze the two contributions separately. Now first let’s rewrite the particle
momenta

K = \/75(1,1,0,0)

Ky = ?(1,—1,0,0)

(8.0.9)
Ky = ?(1,008%0,811&7)
ki = \/75(1, —cos 7,0, —sin~y)
and
s
T =—=(1—cosv)
2 (8.0.10)

U= —%(1 + cos )

Now as happened for the yx — Z¢ case, the biggest contribution to ay from both these
terms comes with <
Xchﬂxkgu — 3 siny (8.0.11)

Now thanks to this we can see that the T exchange term reduces to

sin y 1

Mz = ~2V2yprgadycom, | (8.0.12)

1 —cosy mg




108 Chapter 4. Unitarity

and the U term to

sin 7y 1

M zs = ~2v2ypargad, comy | (8.0.13)

1+cosy mg

Now in order to obtain ay we shall sum these up with the transverse one and we will end
up, in the small angle limit with

1 1

.2
dy (8.0.14
1—cos'y+1+cosy>]sm vy )

ag = % 2\/_ [ Sdijv(ﬁjdx —yDMgddeX(

SO

22 1 5, 1
ay = 6_4mz [gdd¢]v¢jdx2 2ypam gad,my| (8.0.15)

Now we exploit the fact that dy = —2d, to impose the bound

1
ﬂ[ggdij%j%i — 2ypmgadgmy] < 16my (8.0.16)

which will be simplified once we remind ourselves that myz = ﬂgdd¢v¢ and that m, =

YDM V¢

933, — 4yDa) < 32 (8.0.17)
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Figure 4.14: S-type
process. Scalar propagator

Figure 4.15: T-type Figure 4.16: U-type
process. Scalar propagator process. Scalar propagator

9 7777

Here we can write the terms corresponding to this interaction. First we consider one dark
scalar field exchange, here we have three diagrams contributing corresponding: S, 7" and
U as they are the Mandelstam variables. We can see the Feynman diagrams in Figures
4.14, 4.15 and 4.16

MGz = _4[gc21d3>j \/i%jcg]ZX

1 1 1 9.0.1
(61 . 62>(€3 . 64) + T——%(El . 63)(62 : 64) + U — mij (61 : 64)(63 . 62) ( )

to this, one must sum the terms corresponding to the Higgs boson exchange

2
S—m¢j

2 d 1
My g1y = =412 2oy (39 — 295 )2 (61 - €)(es - ea)+
Jw S —mj
(9.0.2)
e @)e - e) + (e e e)
€1-€3)(€x- € €1-€4)(€3-€9)].
T_m2 1°€3)(€2 €4 U—m2 1°€4)(€3" €2
The polarization vectors can be written as
k’u 2my ku 2mg
e =L+ K e = 2+ —— ki
my T —2m7, my T —2m7,
o 5 b 5 (9.0.3)
eu _ 3 mzg k“ 6” _ 4 mao k“
3 mg: T — 2m2Z, ! 4 mg: T— 2m2Z, 2

this ensures that k ey = 0.
Let’s write the Mandelstam variables in a generic scattering process:

S = (k' + k)2 = (kY + K)? = 2m%, + 2k; - ko = 2m%, + 2ks - ky
T = (K — k) = (K — k)? = 2m%, — 2k - ks = 2m%, — 2ky - ky (9.0.4)
U= (k' —k)? = (kY — k)? =2m% — 2ky - ky = 2m%, — 2ky - ks
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so there are also the relations

k1~k2:k3~k4:§—m2z,

kl : kg = k’g : k’4 = m2Z, — (905)

k1~k4:k2-k3:m22/—

| Seo| N

Let’s see what happens inside the brackets, in particular, we examine the case in which
there is a ¢ scalar exchange, the case with Higgs will be identical apart from a change of
notation

Mg/zqz% = _4[93d<2;5j \/§U¢j03]2

1 (K1 - ko) (k3 - ka) 2
[S—mij( mb, +m%/(T_QmQZI)(kl‘k’2+k‘3'k’4)(k1'k4+k3-k2)>+

1 (K1 - k3) (kg - ky) 2
T— méj ( m, + m%, (T — 2m%,) (ka - Fou o Jeg - ) (e - g - - k4)>+

1 (k1 - ka)(ko - ks3) 2
T G e S LA RL R G RUL)]

(9.0.6)

Let’s look separately at the contributions to that scattering amplitude and start with the
leading terms:

1 (1{51 . ]{32)(1{33 . ]{34) 1 1 (]{31 . ]Cg)(k?g . k?4> 4 1 (l{il : k4>(/€2 : ]{33)

9.0.7
S —mj, ms, T—m3 my, U—m miy, (9.0.7)
and transform it into
N (el I et N et 1 008
my L S —m T —m3, U—mg, o
and expand what is inside the brackets so that it becomes, as an example,
S 2 \2 S? 4 2 2 2
= — M7y =4+ m> — Sm / m S m
and the previous expression becomes
1 (S+T+U _ mj
3(> —m3)| 9.0.10
m;[ o e ) (5.010)
and we know that
S+T+U = 4m3, (9.0.11)
so that we obtain
l[f% 2m3, | (9.0.12)
— —2my, 0.
m3, L 4 Z




9. 77" - 7'7 111

Now for the other terms we have

1 2
S—m? (mZZ,(T “omg,y k1 ke ke k) (ke -kt ks k2))+
1 2
T — mi]’ (WQZ/ (T — 2m2Z/) <kl ke kQ)(kl st ke k4)>+ (9013)
1 2
o (o b o R )

that becomes

1 2 9 5
S (m%/(T iy (S — 2 ) (2m U))+
1 2 9 9
T T gy 2@ = 1))+ (9.0.14)
1 2
- 2 2 ! 2 2/ -
U— mij (mQZ, (T —2m%,) (S = 2m3)(2m U)>
so this becomes
1 2
-US
m2, (T —m?) ((s “omz) )+
1 2
—T2m3,
m, (T —m3) ((T —2m%,) Mz )>+ (9.0.15)
1 2
-US
miy, (T —m3 ) <(U - 2m2Z,)( )>
so what survives is
2 2 2
— 5\ U — = —Am2, +T) = 0.1
m%(T—mij)( v S) m%,(T—mij)( Mzt ) m2, (9.0.16)

So if we consider both of them we will gather a factor of

2
3m¢

(9.0.17)
4m,

Now as we enter the small angle approximation we can get rid of the scattering amplitude
coming from the Higgs boson exchange as it is proportional to dy and consequently to

tan 260 that, as stated, will reach 0. We will only keep the term originating from the dark
scalar exchange as

L 9 2 3m; 1 3mg
= [RRND Pl = 9.0.18
a0 = — g5 935,V 200 mi, 321 2 (9.0.18)
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10 Z'¢— Z'¢

For this process, we have again three contributions like the previous ones

1 kv 4 ko) (k4 k2)u 4,
MZZ/¢_>Z/¢ = —4[\/§g§d35jv¢j]28303 [m[—ﬁl * €3 + ( ! 2)7;;2 ! 2) €/f€3]+
Z z
1 (ky — k) (k1 — k3)y 4 )
T —m2 [—€1- €3+ ;;12 el e+
z z
1 (k1 — ka)u(br — K)oy 40
T m2z[ €1+ €3+ ) e es]
(10.0.1)
/ 1 ky + ko) (ki +k2)y 4
MZZ/¢_>Z/¢ = —4[\/§ggdi]v¢3]2c§ [m[—ﬁl * €3 + ( ! 23;}; ! 2) €§L€3]+
Z/ Z/
1 ky —ks)u(kr —k3)y o,
W[—Gl - €3 + ( ! 33;;5 L 3) €§L€3]+ (1002)
z' z!
1 (kl - k4)u(kl - k4)ll n v
U-— mQZ,[ areT m%, el
finally the vertex contribution
Mg 716 = 4g93d2 cie - €3 (10.0.3)

they all can be seen in Figures 4.17,4.18,4.19 and 4.20 here we can use

el = il szl2 kL
my T —2m7, (10.0.4)
KL 2my o
& = b kY

mz: T — 2m22,

and

S = (K + k) = (k5 + k§)? = my +md + 2k, - ks = m3, + mj + 2k - ky
T = (k| —k5)? = (K — k)? = 2m%, — 2ky - ks = 2m3 — 2ky - ks (10.0.5)
U= (K — k) = (kb — k§)* =m3, + mj — 2ky - ky = m% +m3 — 2k - ks

Now we can analyze the full contribution coming from the longitudinal part of the bosonic
propagator. Indeed we can see that, aligned with what we have already seen, the moment
we consider the longitudinal part of the bosonic propagator in the first two amplitudes,
and in particular the leading terms, it will appear an anomalous behavior at high energies
that will be completely destroyed by the vertex contribution.
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Scalar propagator Scalar propagator
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Figure 4.19:
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Scalar propagator Vertex diagram.
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We can analyze this by writing the sum of the leading contributions of the first two
scattering amplitudes

ZL+7! 1
MZ’L¢:ZL/¢ = _4[\/§9§d2jv¢j]2m_2z/cg[
(y By K o) < b+ - o) D 9
P R g (S —m) T mZ, (S —m3,) 10.0.6
2 & (10.0.6)
(ky-ky — ks - ky)(ky - ks — ks - ks)| ¢ + ]
P R 2 (T —mY) T mE,(T —m3,)
S &
(ky - ky — kg ky)(ky - ks — kg - k3| + ]

2 2 2 2
mz(U —mz)  mz,(U —mz)
Here we can use the series expansion that brings, for example,

1 1 m>
5oz =5t ) (10.0.7)
Z

together with the equations that relate the scalar product of momenta to Mandelstam’s
variables.

Moreover, we can exploit the fact that

S+T+U =2m3, + 2m}, (10.0.8)

We also make use of the fact that

2622 ,02,[8—3 + c—g] =1 (10.0.9)
21 my - m%,

and keep in mind that in the small angle approximation we have my = \/§gdd¢v¢ so the
whole contribution, in the small angle approximation. This calculation has been made by
employing Mathematica.

The vertex contribution is

]{31 . ]{33 2m2 , =T
Moz gz = 4g3ds, cher - €3 = 4g§d?¢jm_2 = dg3d3, 2Z - (10.0.10)
z z
so summing the two we obtain
1 m m%,T?
M = —gid? —[—3m%, — = — 2 10.0.11
67 b7 9ale; mQZ/[ mz 5 U(T + U)] ( )
Now including the subleading contributions this becomes
Long 2 12 1 2 mi
M¢Z’~>¢Z’ = —gdd¢jm—2[—mz, - 7] (10012)
ZI
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Now in order to calculate ag we put all contributions together

1 " . 22 1 2 mi
ag = 64—7( ; dt9 Sln@(gdd¢jm—2Z/[mZ/ + 7]) (10013)
and this gives
1 ) mi
= + — 10.0.14
W = Gz M+ ) ( )
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11 66— 2'7

This process employs the same math as the previous, except for the polarization vectors
employed. Here we have

kg 2mZ/
mz T —m3 —m]
]{‘Z szl

my T —m% — mi

w ju
3 kY

(11.0.1)

=T

ky

S = (K +Kk)* = (K5 + k)* = 2mJ + 2k - ko = 2m%, + 2k3 - ky
T = (k' — k) = (K — ki)? = my +md — 2k, - ks = m%, +mj —2ky - kg (11.0.2)
U= (k' —k)? = (K — k5)? =m% +mi — 2ky - ky = m3, +m3 — 2ky - ks.

The amplitudes here are the same of the previous one except for the polarization vectors
that have to be adjusted to the new scenario

1 kv 4 ka) (k4 k2)u 4y,
M¢Z¢—>Z’Z' = _4[\/§gﬁd3¢jv¢j]%gc§[s . [—€3 - €4+ G 2>:1<2 ! 2) eher]+
z A
1 (k1 — k3)u(kr — k3)y 4,
1 (k1 — ka)pu(kr — ka)y 0y
U——mQZ[_E?’ et ;;LQZ esey]
(11.0.3)
’ 1 ky + ko) u(kr + ko)o 4,
M¢Z¢_)Z/Z/ = —4[@93(13,]_7}%]26? [m[—ﬁg - €4 + ( ! 22;;5 ! 2) €§€4]—|—
z' z'
1 (k1 — k3)u(kr — k3)u
——|—€3 - N 11.0.4
T om0t n, seilt (11.04)
1 (k1 — ka) (b — ka)y 4
m[—63 - €4 + 77/::,2Z, 6?64]
finally the vertex contribution
Mg 7020 = 4g3d3 ches - €4 (11.0.5)

Again let’s take the leading contribution from the longitudinal part of the propagator




12. Scattering matrix 117

Zi+7! 1
M¢¢L—>Z’LZ’ = _4[\/§9§d<2pjv¢j]2m2 Cg[

Z/
(y - Ey + Koy - k) (Rt - K+ Koy )0 4 9
B T T ARNITA T
) , (11.0.6)
S¢ Co

(ky - ks — kg - kig) (k- oy — hos - o)

(ky - ks = K ha) (k- by — k- ) [

by making use of
1 1 m2
— =14+ -2 11.0.7
together with the equations that relate the scalar product of momenta to Mandelstam’s
variables:

Now the exact counterpart from the vertex contribution is

kﬁ3 . k?4 S 2m2 /
Mgz = Ag3ds, ches - €4 = Agads, ——— = 4gid;, T Z (11.0.8)
so summing the two we obtain
M 2 1 [m_i ot my, +mimz, —mzpU N my, +mimy, —mgT
AN a™; m2,' 2 z T U
4mgm3, + 8mim3, + 4m(},]
TU
(11.0.9)
Now let’s consider the subleading terms too to gain the expression
Long 2 72 1 mi 2 11 O 10
My 7 = gddqﬁjm_Q[T + my] (11.0.10)
Z/
All in all, summing all the contributions that we have gathered we obtain
m2
1 [52+m%
ag = 5 z/ (11.0.11)

2
64 vy

12 Scattering matrix

After all the calculations we end up with the bosonic scattering matrix with the basis

(%, 22 79) o
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2m2,
3 1+ 2] 0
o = — m 1+ 2% 3 0 (12.0.1)
64mv; ™ -
0 0 —[1+ —#]
[

13 Benchmark model

Now we set up a benchmark model on the basis of our analysis on unitarity and the one,
carried out but now reported here on anomalies. First of all, we add to the SM lagrangian
with the notation we have conventionally adopted, three fermion singlets all with d,, = 1.
There is a number of ways we can originate their mass, but as we have already seen in pre-
vious articles, the best one and the most natural and dynamic is through a Majorana mass
term coming from a Yukawa interaction with the dark scalars of the theory. Then as we
know it is the lightest one among those to rise as a dark matter candidate. SM particles can
be chosen to have dark charges {dg, d,, dq,dr,dc,dy} = {0,1,—1,0,—1, —1} thus making
the term Lhy renormalizable. This will require us to employ a Z; symmetry to keep the
dark matter stable. We study only the mass region in which mz > m, > 100 GeV and
can assume that DM particles only annihilate to SM final particles. The point is here
that annihilations to SM fermions are p-wave for a massive Majorana dark matter. This
means that the channel Zh can be the leading one in production.

Moreover one can calculate that the Z’ exchange diagram has an s-wave cross section.
This does not have to confuse us as we have proved that the Z exchange diagram must
be absolutely considered to restore unitarity. What happens is a beautiful destructive
interference between the two diagrams that leaves the overall cross section p-wave sup-
pressed. This is another perk of our model. One more at it, it can be seen that the only
7' diagram would lead to an inferior relic abundance with respect to the combination of
both diagrams. This is another clue that we have to use both processes. Another subtle
advantage of the p-wave suppression of DM annihilation to Zh is that this detail makes
the whole indirective search argument as ineffective.

If we set m, = 300 GeV we can also clear the parameter space in the (my, g4) plane of
the unallowed regions. The first thing to do is to cancel the regions where gauge coupling
is non-perturbative of course. Then erase the regions where unitarity is broken. The
following step is to clear the plane from the region where the mediator width has a size
comparable to its mass.

Now reflect on the fact that we have chosen all couplings to SM and DM as universal
because of all of the reasons we have outlined previously in the third chapter. This leads
to the awareness that the searches for dark matter at LHC will involve a diverse array
of complementary decay channels. We know that dilepton constraints are the strongest
ones except for the case of a huge mediator mass (mz > 4 TeV') where EWPT bounds
dominate. So outside this region, we can see that because of the diversity and multiplicity
of decay channels, Z’ can offer a wide resonance even in the case of perturbative coupling.
In the region with I'y over 30% of Z’ mass dilepton constraints are not effective, so it is
necessary to consider other channels like Zh.

We are also in possession of direct detection constraints coming from PandaX-II and
PICO that offer similar constraints.
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It is important to notice that the region where DM is originated by the standard freeze-
out procedure is excluded, but there is a number of alternatives we can explore that are
motivated by non-standard cosmology. Another option would be to enhance the dark
sector to implement additional annihilation channels.
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Chapter 5

Conclusions

As we reach the end of our journey through the mysteries of dark matter it can be helpful
to look back at the different stages of our quest as they unfold in front of us revealing the
path we have traveled. In the first chapter, we have got to know dark matter since the
theorization and we have been able to study deep in detail its influence through different
scales. Straight from the get-go I personally reckon this chapter to be crucial in getting
the reader acquainted with the style of approach to this as elusive and intriguing enigma.
In fact in the second part of the chapter, guilty of our ignorance, we stumbled towards
comprehension by cornering dark matter and trying to identify what it cannot be. Playing
like toddlers, we indeed made some progress towards awareness reaching concrete bounds
on properties of dark matter like its mass or stability that definitely helped shape, in a
decisive way, our perceptions on this incredibly complex subject.

As a natural consequence of our train of thoughts, we sought a way of conceiving a theory
of dark matter that could check all the boxes listed previously. We were capable to discern
between hot and cold dark matter and, for the latter, introducing the Boltzmann equation
in order to find a relic density that could fit the experimental data. As our first crack
at dark matter particle composition, we introduced the framework of Weakly Interacting
Massive Particles or WIMPs as they can ”miraculously” oblige us with the relic density
calculation. Again as a result of our questioning a way to bring to light the truth, we
glanced at the modern experimental programs that would help us solve the arcane. Indeed
we have touched on the three main experimental areas investigated in present times. The
reader has seen how complex and diverse is the experimental scene, but at the same time
how these different experimental programs can work together as a sort of symbiosis. In
fact, the conclusive part of the chapter shows the synergy of the different procedures that
strive towards a breakthrough on the subject and the complementarity of the searches as
they can actually serve the scope only when all together consulted in the analysis of a
particular model.

The next stage consisted in trying to grasp, at particle level, the actual composition of
dark matter. In actuality, the beginning of the chapter is a summary of properties shared
by all the models unified by the same motif, which is the presence of a new vector boson
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that we have called Z’, which constitutes the bridge between Standard Model and dark
sector. Indeed here the reader can get acquainted with the mathematics behind all the
models that share this peculiar feature. In fact, we have outlined all the common traits
of these models and there has been a thorough explanation of how they can be built
bearing in mind our intention of building one ourselves. With the Z’ physics behind,
the major part of this chapter revolves around the concept of anomaly-free dark matter
models. Indeed the theme of the chapter here was the search for a general algorithm to
generate a solution to the anomaly equations. This is a powerful concept that has been
vastly explored in the chapter and constitutes one of the requirements for a model to be
consistent. With that being clear, we proceeded on our quest by studying three simplified
models of dark matter, each of which possesses a single peculiar characteristic that would
help blend the central theme with different and modern questions of particle physics.

Finally, the fourth chapter is the very heart of this master thesis. Unitarity takes over
the scene here as we have carefully laid the ground for this as simple as crucial property
of the scattering matrix. After an initial dissertation on this peculiar feature followed the
section in which we derived important inequalities that all scattering matrices have to
satisfy and that originate from unitarity. It is amazing to think that by just using this
simple and generic tool, we have been able to draw conclusions on our dark matter model
and reach bounds that had not been explored before.

As an appetizer, a toy model has been studied with just one dark matter particle, one
new vector boson Z’ plus a dark scalar enabling us to create mass for the dark sector.
Indeed unitarity has been very helpful here in letting us reach bounds first for the new
dark scalar mass and then constrain the mass of the vector boson Z’.

The following section is the original part and consists of the setup of a new model, the
most general one, with which we do not apply limitations on the particle content of the
theory. The lagrangian we have built keeps track of all the possible particles that can
be embedded in such an extension of the Standard Model. After the rules of the game
were completely set we were free to scrutinize the totality of the processes of scattering
that could stem from the particles involved in the model. This study has led to important
conclusions on the model we have built. Indeed what we have created is, first and foremost,
consistent as far as unitarity goes. This has to be intended in the sense that whatever
scattering process one considers, the model shows no breaks when high energies come to
play. What can be observed is that in each process considered the different Feynman
diagrams, although singularly divergent at high energies, interfere destructively with one
another leading to the perfect destruction of all the divergencies. This manifests the
importance to consider all the pieces of the puzzle, especially in light of relic density
calculation as we have had the pleasure to appreciate in processes such as xyx — Zh. The
natural conclusion to the analysis was, of course, the derivation of unitarity bounds from
all of the processes considered. The novelty brought here is that the model considered has
been developed from scratch and there are no previous records of the results found during
the process of analysis. Indeed, just to make some example, processes like 2’7" — Z'7’
offer some interesting constraints on the new vector boson mass. Moreover if one considers
the scattering Z'¢ — Z'¢ will realize the constraint present in the combination of the new
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vector boson and dark scalar masses.

Taking everything into account we can confidently state that we have reached the main
purpose of this master thesis, which was to thoroughly study and analyze dark matter
theories with a new vector portal. During our journey we have dug into the subject as
deeply as we could and, in the end, we have formulated a model that could be consistent
with unitarity claims and looked at all scattering processes that could stem from it.
During our investigations we also stumbled upon new limits and constraints on dark
matter features, so we are fairly satisfied with that. We humbly thank the reader that
has been sticking with us until now and hope that this thesis has shed some light on such
an intriguing mystery that is dark matter.
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Appendix A

Details on the calculation

In this section, we are going to explain the details of chapter 4, in particular, to explain
what we have used to draw the conclusions and see why the high energy behavior of our
theory is safe when we employ the Z exchange diagram together with the Z’ one. We go
straight for what we aim for and start talking about the flavor basis mass matrix. Here

we have three masses to consider

2
2 Jw 2
2 20 12,2 2 0.0.1
myz, = 2g5(dpvy + vp) (0.0.1)
Mzz = —Jagulduvi

where myz is the mass term originating from the mixing term between Z and Z’ coming
from the covariant derivative. Now we can see that the mass matrix term is

T G T G 0.02)

2
mygz: ng c b

Now, this mass matrix can be diagonalized through an orthogonal matrix. Thus we pass
to the mass basis by diagonalization employing

( “ 59). (0.0.3)

—Sg (g

And obtain )
M2 = (mZ y ) (0.0.4)

m 0 m%
In order to obtain a diagonal matrix the rule imposes that

2c

tan 20 = 0.0.5
an T ( )
thus obtaining what we saw in Chapter 4. We can work out the formulas
2
S20 = ¢ (0.0.6)
(b—a)? + 4c?
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and
b—a

(b—a)?+ 4c?

Cop =
and finally get
my = acy — 2csgcy + bs;
and
my, = asp + 2csgcp + beg.

Now we have to prove that for

S0 2gddH Co didH
M — —
xx—Zph X [mQZ (co + o sp) + mQZ’( " co — 59)]V/'s

the term inside the squared brackets vanishes or rearranging

2gadp 2 29ad

s9) + comiy(
w w

sgm(cy + cg—59) =0

Let’s substitute the expression for m% and m%, and see that

4 4 2¢? 2 2 2 2 be
—c(sg+cy)+(b—a+ 7)3909(09 — 8p) + sspcy(2c — E) =0

Now we use first )
S

4 4 20

CO =+ 89 = — 7

and then the expressions that we wrote for so9 and cop to obtain
2c? be

—c((b—a)* +4c*) +2c* +c(b—a)(b—a+ 7) + (2¢ — 3)202

(0.0.7)

(0.0.8)

(0.0.9)

(0.0.10)

(0.0.11)

(0.0.12)

(0.0.13)

(0.0.14)

This vanishes after the arithmetics are done. So this proves that the two diagrams per-
fectly interfere destructively. This is how unitarity is restored and the bad high energy

trend is erased.
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Figure A.1: S-type process. Vector boson propagator

Here in the following, we are going to analyze completely all the possible scattering
processes drawn from the Lagrangian from sec. 5 of the fourth chapter. The following
process can be summarized by the diagram in the figure.

In the picture, we can see two fermionic lines that represent the initial and final states,
connected by a bosonic propagator whose role will be played either by Z or by Z'.




128 Appendix A. Details on the calculation

1 xx— fufe

Here there are two contributions too, corresponding to the Z and Z’ exchanges. The
scattering amplitudes are

1 k.
M7 g g = addrsgx o X —— (=g + 3 v fi
S mZ mZ

. a1 Eab, (1.0.1)
MXX_>foL = Jadxdycyx UuXS —mZ, (=9 + m_gz/]fL’Yqu
we do not see anomalous behaviors at high energies because
Xtatxk, — —2m oty 102)

fTL’Y'qukﬁ — _meL.fL/nyLk‘u

so this is alright because xfo#y — /s and f;7*f, — /s at high energy. Now summing
the contributions from the transverse degrees of freedom we obtain

Zr+2! _ 1=
MXXT_HFLTfL = _gjdxdeTO'“ngL'Yqu (103)
that becomes s
T+2Z 9
wfofy = ~9atxds (1.0.4)
SO
1 o 1
=~ i df sin 0gid,d; = _m_ﬂgfldxdf (1.0.5)
so for the unitarity bound
8
9d < - (1.0.6)

dx df
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X

@

Figure A.3: T-type process

Figure A.4: U-type process

Now the next three sections share the same diagrams

Figure A.2 is a diagram that really all the processes share and represents an exchange of
a vector boson which will be either Z or Z’ connecting the initial fermionic state with the
final one in which a vector boson and a scalar will be present.

The diagrams in Figure A.3 and Figure A.4 will not be a part of the process xyx — Z’h and
will represent respectively the T"and U type diagrams where the propagator is exclusively
fermionic and more precisely dark matter.
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2 xx — Z¢

Here we can see that there are three diagrams contributing to the process and are of the
same type of the previous scattering. This is why we are going to jump straight into
scattering amplitudes right from the bat. First, we will consider the case with one dark
scalar field, which will be simpler as far as calculations go. Processes with more fields ¢
will be a generalization of the ones we will look at. So as we have said, let’s look at the
scattering amplitudes for the three processes

1 k. k,. kY
M xXx—Z¢ — 2gddxX O-NXSG.gdZ\/_d¢ Ug; 80 —m2 [ Guv + #]mgz
A Z
z 1 kuk, . ks
MY\~ 76 = 29adyX a#XCeng\/—% Ve, 80C0 3 5 =9 + - ]mz (2.0.1)
Z Z
_ 1 k
X T 31

where we have considered for simplicity only one scalar field that we have named ¢,.
As we have stated previously, for more than one dark scalar field involved in the theory
we just generalize the amplitudes by summing on j which will now become a variable
representing the number of scalar fields. Anyways first we have to examine how these
amplitudes behave at high energies, this is why for the first two we will consider only
the longitudinal degrees of freedom, which will be growing proportional with energy. We
should remember that

x'olxk, — —2m x oy (2.0.2)

and sum the first two amplitudes at high energies, which will become

2 2 v

Zi+Z}, C p
M55 = 2mygady X U“XSgng\/_dQ %[ mg ]m—ky (2.0.3)
A Z
now s
Kk, = 5 (2.0.4)

and we know that y'o#y — /s so now at high energies we have

Z1+2Z), 52 09 1
MXXL—>Z¢> mxgdd Sgng\/_d2 U¢][—0 + m—]m—\/g (205)
z "z
Now one can see that at high energies this grows and threatens to break unitarity. If we
go on with our calculation here for a scalar field

mX = yDMU¢>j (206)
and one can show that 2 )
c
2g3d3,03 [ =% ‘; +-—2]=1 (2.0.7)
my My

SO
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Zp+Z;,

1
M, k= yDMgddXsm/im—Z\/E. (2.0.8)

Let’s focus on the diagram mediated by x and see that at high energies
xtotxk, — s (2.0.9)

so the whole diagram gives a contribution

1
M\ ozp = _gddXS9m_\/§yDM\/§ (2.0.10)
z

which nullifies exactly the previous one so that out theory is safe at high energies.

Now that we have proved that everything is fine at high energies, it’s time to extract a
contribution to a¢ from these graphs and see what comes out of the unitarity bound. For
this scope, we can see that the dominant contribution comes from the transverse degrees
of freedom of the first two diagrams, plus we need to consider the contribution coming
from the 7" and U exchanges diagrams. We follow the exact same steps for the process
xx — Z'¢ and arrive at a value of ag, which, unfortunately for us, will go to 0 in the
small angle approximation, as it will be proportional to sg.




132 Appendix A. Details on the calculation

3 xx—>2h
Here the reasoning is completely the same as the process xx — Zh so here we have
2 v
zZ! — Q_QddH QQddH 1 k ]CV k
MXXL%Z’Lh = gddXXTo'#XCQ wUH(Cg-i- 7 89)(89— 7 C@)S — mzz/(—g#y—l-TZ—QZ/)m;

(3.0.1)

Z - \/591211 29adn o 1 kuky | kg
M = gadix T x(—sp) vy (c + o Sp) P (=9 + o, >m2/ (3.0.2)

so we already know that at high energies the sum of the longitudinal contributions goes
straight to 0. Then we know already what is the next step of the plan and write the sum
of the transverse polarizations of the the vector bosons propagators here that is, at high
energies,

2
Zo+Zl i - 1 =g 294dp | 29ady 1
M 7 n = 9adyX U“inmg\/é?vl{(ce + 59 " ) o (3.0.3)
so by writing again
Vs .

ks, = 7(1, cos ), 0,sin ) (3.0.4)

we can find out that

V2 guvp 2gad
0 _ w 2

Uyx—Zph = 1—28m—Z/9ddde(Ca + S0 " ). (3.0.5)

this goes to 0 in the regime of small angle as tan 26 o dy
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2(Z

Figure A.5: S-type process of four bosons
scattering. The propagator is a scalar particle
Z(z") Z(2")

Figure A.7: U-type process

2(2) )

Figure A.6: T-type process

The processes concerning four vector bosons are the same as far as Feynman diagrams
go. They all bring three diagrams as S, T and U type processes are involved. Another
common property is given by the fact that the propagator is scalar, as we can see in Figure
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4 Z7Z — 77

We have two contributions as well here:

M3, 1y g0 = —4gad2 V2vy, P sy

1 1 1 4.0.1
[S——mi<€1 - €9)(€3 - €4) + T——Wlé(q - €3)(€g - €4) + U——mé(el €4)(€3 - €2)]. ( )
J J J
and
2 d d
Mg’Z’—}Z’Z’ = —4[9—1”\/51}]{]2(09 + 2gd H89)3<89 — 29d HC@)X
4 Yu G
(4.0.2)
(e ea)ler ) + (e e)e - e) + s ler - e)(es - 2)
G _ mi €1 - €2) €3 €4 T _ m}% €1 - €3)\ €2 €4 U — m’% €1 - €4)\ €3 - €E2)|.
We can use the polarization vectors
Kl 2m Ky 2m
= L T = 2 4 .
mz T —2m3 mz T —my —m3y, (4.0.3)
15 2 ki 2my o
d= b Tl = 5

myz T —2m? myg T —m% —m%,

We can follow the same procedure as the previous paragraph here.
S = (k' 4+ k)2 = (kY + k)% = 2m% + 2Ky - ko = m% +m% + 2ks - ky
T = (k' — k) = (kY — k)? = 2m% — 2ky - ks = m% +m%, — 2ky - ky (4.0.4)
U= (k' — k)2 = (kY — k) =m3 +m% — 2k - ky = 2m% — 2ky - ks

and of course

S+T+U =3m%+m%. (4.0.5)
Moreover
S

kl kg = 5 — m2Z
S—m2 —m2/
kg - ky = g =
T
kl k’g—mQZ—E

(4.0.6)
k2k4:m22+7;7/2z/_T
k1k4:m22+ﬂ;2Z/_U

vl

kg-k3:m2z—
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Now with all that behind and clear, we proceed to examine the content of the brackets.
Again just focusing on the part regarding the ¢ exchange, the Higgs one will be the same

1 ((kl . kg)(kg : k4)

M /
z272—77" X [S — mij m%le +
2
mymo (T — 2m2) (K1 - ko) (k1 - ka) + (ko - k) (ks - ka)]
z
2 mzr 1
el 2 (ko) (s - kes) + (K1 - k) (ks - ka)] )+
(T'—mz —m%,) ' m mzmy
z z Z ’
1 (ky - k3) (ks - ky) 2
T —mij ( m3my + mzmz (T — QmZZ,)[( v k) (ko ) + (R - ) (R - K]
2 mz 1
2 2 3 \h2 " 2 1°h3 4 * g 1 R3
+(T " —— )[m (ko - ko) (k k)+mZmZ(k ky)(ky - k3)] )+
z A Z ’
1 (ky - kq) (ks - k3) 2
T S et R (U R CRO R
2 mg 1
e Ly
(4.0.7)
The leading terms are
1 (ky - ko) (ks - ky) 1 (k1 - k3)(ka - kq) 1 (ky - ky) (ks - k3) 108
S —m? mm +T—m2 mm +U—m2 m3m (4.08)
¢j A é5 z"z ®j z"z
which become
1 1 mé 2 2 2
e oy 5(1 + ?)(S —2m3)(S —my —my )+
Z !
1 mg 2 2 2 4.0.9
=L+ =) @2 = T)(m3 +m3, — T)+ (4.0.9)
1 m?
=1+ =) @m, = U)(m} +m, U)]
so summing all up it gives the contribution
1
Z !

Now concerning the subleading terms we consider only the first term in the denominator
series expansion, as it is the only one that gives a constant contribution:
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: [S —1m2

2 ((/ﬁ . k2)<k1 . k4) (k’z k3 k3 k4 >+

mymy (T — 2m%)
1
2
T — my,
1

)

U——%<(k1-k2>(k1-k4> (k2 - is) (ks - ) )]
)+
)

<ZLLZ/ (v - ko) (o - k) +
_I_

((k1~k1)(k2-k4) 4 (ks - eg) (- k) ) +

_|_

) ) (4.0.11)

(T —m?% — mZ,)[S mj,

1
T _ mi' (mZ (K2 - ko) (ky - k3) +

1 myg 1
U m¢ (m (kl kZ)(kQ ‘ k3) + mzmyg (kl ):|+

1

mzmzg

(K1 - kea) (ks -

4
ka)
(Ky - Fa) (K - ks

AU A

now this can be converted to

; [S —1m2

4mZmZ/ (T — 2m2Z) b;

1
T—mij
1
U—m
2 ]_ mzg
LT —m% —m2,) [S m¢ <m (=5U) +

mgz

1
2T
T—mé (mZ( mZ)+ mzimzg:

|
|
g (4.0.12)
|
|

SO
(4.0.13)

so summing the two we gain

2
3m¢

MLead -+ MSub X (4014)

4m%mzl

Now we ought to calculate ag. As we already know, for the Higgs exchange case, the
proportionality to dy brings it to 0. This goes also for the dark scalar exchange case,
which is proportional to s — 6 and so doomed to annihilate.
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5 ZZ —7'7

The procedure is the exact same as the previous section.

ngzlﬁzlzl = _2[g§d3)j\/§v¢j]2sgch
1 1 1
[S —m2 (e1 - ea)(es - €a) + T_—%(El ce3)(€2-€a) + U—m (€1 - €4)(€s 62)]
J J J
and
2 d d
My g = _2[%\/§UH]2(CO a2 zgf; H )2
1 1 1
[S —m? (er - ea) €5 - ea) + T—m} (€1 - €3)(e2 - €4) + U—m2 (€1 €a)(€s - €2)].
We can use the polarization vectors
kY 2m kY 2m
po_ M 4 kM no_ M2 Z LM
Ty T—m%—m2 ° 2= g T—m%—m% *
k“ 2 / ku 2 ,
d= ok =ty
mg T —m3 —m7, myg T —m3 —m7,

S = (k' 4+ E)? = (KY + k2)? = 2m% + 2Ky - ky = 2m%, + 2ks - ky

T
U= (k' —k)? = (kY —k)? =m% +m% — 2k - ky = my +m% — 2ky - ks

and of course
S+ T+ U =2my + 2m7%.

Moreover

S
kl-k:2:k3-k4:§—m2z

m% +mz —T
2

m% +m%, —U
2

ky- ks =ky ky=

by k= ko Ky =

(5.0.1)

(5.0.2)

(5.0.3)

(5.0.4)

(5.0.5)

(5.0.6)
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The factor inside the brackets will be

1 (ky - ko) (ks - k)
M 171
22222 [S —mj, ( m3m?,
2 (k- ko) (k1 - ka) + (k1 - ko) (Ko - k3)
+T —m2 — m?2 [ m2 +
Z Z! A
(K1 - ka) (ks - k) + (ko - k) (ks - k?4)]
mQZ,
1 (k1 - k3)(ka - ky) 2 (ko - ko) (ky - k3) + (k1 - k1) (ko - ky)
T — m?2 ( m2m?2 +T—m2—m2[ m2 +
®; ALYA Z 7z Z
(ky - ka)(ky - k3) + (ks - k3) (ko - ky)
]
m2,
1 (ky - ka) (ko - k3) 2 (k- ko) (ky - ka) + (k1 - ko) (Ko - k3)
U—m? ( m2m? +T—m2—m2[ m2 +
®; ALY A Z A Z
(Ky - Ky) (ks - k) + (ko - k3) (ks - k4)]
m2,
(5.0.7)
The leading terms are
1 (ky - ko) (ks - ky) 1 (k1 - k3)(ka - ky) 1 (ky - ky) (ks - k3) 508
S —m?2 m2m? T —m?2 m2m?2 U —m?2 m2m2 (5.0.8)
b, AL ®; zMz ®; AL
which become
LL g T 6 om2yis —am2) + L T s, T
a5 o — - - m - ! — — 7T
dmm?, LS S 7 27T /s 5 0.9
. " (5.0.9)
ﬁ(l + ﬁ)(mQZ +my — U)Q]
that summed give
;[BmZ —4(m% +m%)] (5.0.10)
Imgm3, e~ Wz Tzl .

The subleading ones are




5. ZZ —7'7

139

1 (kv - ko) (k1 - ka) + (K1 - ko) (ko - k3)
T—mZZ—mZZ/[S—méj( m% *
(]fl . k4)(l€3 : k4> + (kg . /{33)(/{33 . k4))+

1 (Ko - ko) (k1 - k3) + (k1 - k1) (ko - ks)
T —m3, ( m?% *
(Fa - k) (Ka - kg) + (ks - k3)(Ks - k4))+

1 (k1 - ko) (k1 - ka) + (K1 - ka) (Ko - ks)
U—mg, ( m2 *

(k1 - ka) (ks - kq) + (ko - ks3) (ks - k:;;))}

m%,

Let’s try to see how they sum

My o 2 [ 1 (—2SU n _QSU)+

AT —mg —nZ,) :

S—mi \ my my,
1 —4T (m? —4Tm2,
( (mz) N 7 ) N

T—m m?% m3,
1 (—QSU n —2SU>}
U—mj \ m m3,
So summing them we obtain

2 2
Msub - m22+ T;,LZ’

mZmZ/

and )
3my,

MLead+Sub (8 DI

(5.0.11)

(5.0.12)

(5.0.13)

(5.0.14)

Unfortunately for us we reach the same conclusions of the sections before as little changes

as far as multiplication factors go.
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6 727 —-7'7

We have
My iy = —4[g§d§>j \/§v¢j]23903><
1 1
[—2<€1 : 62)(63 : 64) + —2(61 : 63)(62 . 64) + 2 (61 . 64)(63 : 62) .
and
2 d d
My 71,70z = =42V 2o (e + 25 50) (50 — 29; " eg)

1 1 1
[ﬁ(el ceg)(€3-€4) + (€1 €3)(€e2 - €4) + 5(e1-€eq)(e3-e2)].

—mj, T —mj U—mj

We can use the polarization vectors

H© 4
EM . /{31 i 2mZ/ k” 6'“ . ]{32 i 2mZ/ /{M
mg: — 2y, mz —my — My
M H
b ks 2m g b o ki 2my o
3 T 2 2 1 4 T 2 2 2
my — 2y, myz —my — My

We can follow the same procedure of the previous paragraph here.
S = (K + k) = (K + K))? = 2m% + 2k1 - ko = m% + m7, + 2ks - ky
T = (k' —ky)? = (kY — K))? = 2m% — 2k; - ks = m5 + m% — 2ky - ky
U= (K —k)? = (kY —E)? =m3 +m% — 2k, - ky = 2m% — 2ko - ks
and of course
S+T+U=m%+3m%.

Moreover

S

k’l-k‘2:§—m22,
S—mQ—m2/
kg ky = g Z

T
kl'kgzmQZ/—E

m% +m% — T

kg'k4: 2
m% +m2, — U
ky kg = —2 5

v
3

k’g'kgzm%/—

(6.0.1)

(6.0.2)

(6.0.3)

(6.0.4)

(6.0.5)

(6.0.6)
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Now with all that behind and clear, we proceed to examine the content of the brackets.
Again just focusing on the part regarding the ¢ exchange, the Higgs one will be the same

1 <(/€1 . kg)(kg . k4)+

Mziz1 217 X [ 2 3
S - m¢j msz/

2
mzmzg (T — 2m22/)

(k1 - ko) (K1 - ka) + (Ko - k) (K - Ka)]

2 myz
R (e e s R Rl CRN GRS
1 (k1 k3)(ka - ky) 2
T_mij( o, +mzm2/(T—2m22)[( 1K) (k- k) + (ks - ks) (Ko - k)
2 my
Tty (e o) O hs) )b k)] )+
1 (ky - ka) (ko - k3) 2
U—mi]( mzm?’z, * mZmZ/(T—Qm%) ((ky - ko) (Ry - ko) + (Rz - Fis) (s - K]
2 mz
+(T —my —m3,) [mgz/ (k- kg (k- ) =+ mymy: (- ) (ks k4)])]
(6.0.7)
The leading terms are
1 (k1 - ko) (ks - ky) 1 (k1 - k3) (ko - k) 1 (ky - kq) (ks - k3)
S s +T— 5 3 +U— 5 3 (6.0.8)
my, mzmsz my, mzmsy, my, mzmsy,
which become
1 1 mzﬁ 2 2 2
Z/
1 mi 2 2 2 (6 0 9)
T(l"‘?)(QmZ_T)(mZ"‘mZ' —T)+ o
1 m3
(Lt ) @m = U)(my + m, = U)
so summing all up it gives the contribution
1 2 2 2

4mzmzl

Now concerning the subleading terms we consider only the first term in the denominator
series expansion, as it is the only one that gives a constant contribution:
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2 1
mzmz (T —2m?2,) [S —m
1

y )

e (CRACRN R CRAI]
)+

)

_|_

) ((k1~k2)(k:1~k:4) (Ko - k3) (k3 - ky) >+

((k1~k1)(k2-k4) 4 (ks - eg) (- k) ) +

_|_

) ) . (6.0.11)

(T —m% —m?%) [S m¢ <mZ, (ko - ko) (kz - o) + myzmz:

1
T — mi, (mz, (ke - ko) (ke - o) +

U 1m¢ (m (k- ko) (Rp - Ka) + m;nZ/ (k- ke >]+

(K1 - kea) (ks -

4
ka)
(Ky - Fa) (K - ks

AU A

now this can be converted to

2
4mZmZ/(T — QTTLQZ/) [S —m
1

|
|
1 (6.0.12)
|
|

SO
(6.0.13)

so summing the two we gain

2
3m¢

MLead -+ Mgub X (6014)

4mzm%/

Although this differs from 0 it is of little effect as the proportionality to 6 of both the
scattering amplitudes dim to 0 the result.
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Figure A.10: U-type process

Figure A.9: T-type process

AVAS

N

N

Figure A.11: Vertex interaction

Now the five diagrams that follow do have all the same structure. Indeed we start with the
usual three diagrams representing S, T" and U processes in which the propagator can be
only a vector boson, Z or Z’ depending on the case. Then there will be a third additional
diagram that will picture a vertex interaction of the four particles with no propagator.
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7T Jp— 7'

Here we are going to examine the scattering of bosons and scalar fields. For the quantities
regarding the scalar field here, we are supposing the existence of only one field, after all
the calculations are done it will be easy to generalize to n scalar fields by only summing
on the quantities presenting the subscript j.

We go ahead of ourselves as we have seen this game already:

1 ke + ko) (g + k2)y 0 )
MZy 74 = 4[\/5920[33]_%].]25%09 [8—2[—61 €3+ (ky 2)“(2 ) e+
—my myz
1 (k1 — k) (k1 — k3)y 4
T—m? [—e1- €3+ ?;;22 eves]+  (7.0.1)
1 (kl - k4)u(k1 - k4)l/ n v
m[ €1 €3 + m2Z €1 63]
z' \/‘ 2 12 2.3 1 (kl + k2)u(k1 +k2>v M v
MZ(b—)Z’(f) = 4[ 2gdd¢jv¢j] 8900 S—Q[_el * 63 + P 61 63]+
- le le
1 (kb — ks)u(ky — ks)y 40,
T——TnQZ,[_El + €3 + ?”ZQZ, 6‘{63]"‘ (702)
1 (k1 — ka)u(br — ka)y 4,
U——TTLQZ,[_El - €3 -+ 7’:’;22, 6‘1‘63]]
MZ¢—>Z’¢ = —4936@],890961 + €3 (703)
where we can see that
Kt 2
o e (7.0.4)
eh = e 1

myg T — (m%+m%)

Now considering the longitudinal polarization degrees of freedom of the first to diagrams.
In particular the leading contributions lead us to the result by addition

Zi+2! 1
My = AV 203506, |

8269 S@C%

my (S —m7)  my (S —m3)

]

(By - oy + o - ) (R - Feg + koo - K]

e, w (7.0.5)
ki ki — ks - k1) (k- ks — ks - ks)] ]
U= ks R (b = ke k) s +
3 3
J— . . —_— . 5909 Sece
(]{71 1{31 k4 k?l)(k?l kS k4 k3)[m2Z(U_m2Z) mQZ/(U_mZZI>]]
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we see that there is an anomalous behavior at high energies. If we consider the vertex
scattering amplitude at high energies though we have

ky - ks

mzmzg

MZ¢—>Z’¢> = —49366)],8909 (706)
so for the rules we have already studied, they have the same exact behavior and opposite
signs and the two contributions annihilate.

Concerning the subleading contributions one can calculate them and use the equation

S+ T +U=2mj+my+mj, (7.0.7)

to prove that they are washed away at high energies.
Now we are ready to examine the contributions coming from the transverse degrees of
freedom of the first two scattering amplitudes, those will be dominant for ag:

/ 111
M5t or, = —AIV263d2 vy, socoer alg + 7+ 5k (7.0.8)

We can contract the two four-momentum and obtain

T 1 1 1

T+ 7
Mg s = 4[\/5936123-“%]23909% sttty (7.0.9)
and
1 T )
o = oo i dd sin(6) M (s, cos(9)) (7.0.10)

but already here we can see that this quantity is proportional to sy so in the end, in the
small angle approximation, it will go to 0.

We can see that the same destiny is shared by the subleading contributions of the longi-
tudinal degrees of freedom, as they all acquire a multiplication factor of sycy and they all
go to zero in the small angle approximation
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8 Zb— 7

Here we have

1 Fi 4 k) (ks + Ka)y s
MZZ¢—>Z¢ - _4[\/§Q§diﬂ¢j]z$3 m[—ﬁl €3+ (F, 2)7;;(2 ) eres]+
Z Z
1 ko — ka)u(ky — ks)y 4,
Tomgl et - )m( Ll (s04)
1 ki — k4) ki — ki) v
U_—mgz[—el et :él ) 6‘1‘63]]

, 1 ko 4 ko) (ky 4+ K)o
MZZ¢HZ¢ = _4[\/§9c21d3>jv¢j]2sgcg m[—ﬁ €3+ (ks 23:; ) eres)+
4 zZ'
1 (kv —ks)u(kr —ks)w 4 )
T——TnQZ/[_El + €3 + ’I’)leZZ, 6?63]"‘ (802)
1 (k1 — ka) (k1 — ka)y 4
U——WLQZ,[_Gl ‘€3 + TfLQZ/ 6’{63]]

and then we have a vertex contribution

Mzg,z6 = 4g3d5 sge1 - €3 (8.0.3)
where €; and €3 can be
T
mz A2y (8.0.4)
=y I

mz T—2m2Z

here the analysis is carried out in the exact same way we have seen in the previous section.
This means that if we consider the contributions coming from the first two amplitudes
, specifically, those corresponding with the leading terms on the longitudinal dof of the
vector boson propagators, and we sum them, we are going to find an anomalous behavior
at high energies that matches perfectly the one from the vertex scattering amplitude, so
the two annihilate and we do not have any sort of concern at high energies.

Moreover, the subleading terms have no impact whatsoever, that is also the case.

Now onto the transverse degrees of freedom, we can sum them and obtain a contribution
similar to the one of the previous paragraph.

Unfortunately here the contribution is also proportional to sy so in the small angle ap-
proximation will go to 0 really fast like the one before.

Here we have omitted the contribution coming from the subleading terms of the polariza-
tion vector. Indeed, as the previous case showed they too are proportional to sy and the
contribution goes to 0 as well in the small angle.
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9 Zh— Z'h

2
Guw 9adn gady
MZZ¢—>Z’¢ = _4[1\/§UH]2(00 +2 p s0)”(so — 2 p Cy) X

w w

1 kv + ko) (k1 + ko),
[—€; - €5 + (k- ko) (ky + o) el'es]+
S —m?, m2
1 (ky — g (k1 — ) (9.0.1)
T 2Z[—61-63+ ;';22 “el e+
1 ke — k) (k1 — k)w o
olea e (R =l g
/ ad gad
MZyzrs = [gw V20 (cp + 225 55 (55 — 2257 )3 ¢
1 fy + ko) (e + ko) o )
T
S —m3, m,
(9.0.2)
1 (kl - k?’)u(kl - k3)l’ K v
T——mQZ,[_el “e3 m, eres)+
1 ky — kq),u(ky — ka)y 40,
T arat u ﬂ’;ﬁzl ) 6‘1‘63]]
d 1
Mo zro = 8(22 . Gus (0 1 9990 o 5, — 0980 Ly (9.0.3)
w G 4
e+ — Ly 2mz e
Yomy T —(my+m%)
y o (9.0.4)
e = — ky

myg T — (m%+m%,)

Now considering the longitudinal polarization degrees of freedom of the first two diagrams.
In particular, the leading contributions lead us to the result by addition

Z+7) g2 9adg gddH 1
MG Ty = AT VRl (e + 25 o) (59 — 25 ) |

( + didH S 2 (36 _ QQZCLH 00)2

(ki ko + ko k) (ko - by + ko - k3)| ]

m%(S —m m2Z,(S —m?%,)

)

2) 9.0.5
(C +29ddH80>2 (86—292?”1{09)2 ( - )

7y

(kl'kl—kg'kl)(kl'kg—kg'kg)[ ]

%, (T — m3,)
( —+ ng HS@) (8,9 — 29‘;?011 C9)2

m3(U—m3) " wd(U —m})

m%(T —m

(ky -y — kg - Tey) (K - ke — ko - Jes)[

J
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Again we use expansions of the kind

1 1 m2
——==(1+-Z 9.0.6
S=mz st %) (906)
together with the equations that relate scalar product of momenta to Mandelstam’s vari-
ables:

: 2 d d 1
MZZ;:g%d) - —4[%\/51)]{]2(09 + 2gd HS@)(SQ - 2gd HC@) [

Guw Gw Amgmy
(co + 2941 )2 m2 (59 — 2949 ()2 m2
2 2 2 2 w Z w z'
(S +mi = ma)(S+my —m)l—— e (g )+ —— g (1 =)
(co + 29498 55)2 m>2 (sp — 29422 cp)2 m>2
2 2 2 2 w Z w A
(T +myz —mz) (=T +my —my)| mQZgT ( +T>+ m2Z,gT ( T )
(co + 29498 5,2 m2 (sp — 2942 cy)2 m2
U 2 . 2 U 2, - 2 Juw _Z Juw 1 z!
(9.0.7)
This becomes
: 2 d d 1
MZZ,L(;;ZZL,¢ = —4[%\/5111{]2(69 + 29dg HS@)(S@ — 29dg HC@) -
w w YARYAS
(C@ + 2M89)2 (89 — QMCQ)Q 2d2
- - (S —T + U+ 2m% + 2m3, —4mi)+(1+49d2H)]
mZ mZ’ gw
(9.0.8)
now we can exploit the fact that
S+T+U=my3+my +2m; (9.0.9)

and see that this reduces to

2
Zi+z, [ 2 gadp gadp 1
My Tk, = —4[1\/51)}1] (co+2 o s0)(sg — 2 0 c9)4mzmz/

(co + 29498 5)2 (54 — 29491 ()2 g2d2
[ = 2T B s — 2 + (14 455
(9.0.10)

We also make use of the fact that

givy (025 000)" | (0 =225kl ©011)
2 m?2 m2 N o
A 7
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and the contribution inside the brackets becomes

Z1+Z7, d ! 1
Myl = ~ale + 25 oo = 280 o) o (90.12)

(=27 + 3m3 + 3m%, — 2m3)|

Now the vertex contribution is

gady m%+m%, —T
M g = 99d -2 9.0.13
26216 = Gu(Co + 0 s0)(so o Co) STy— ( )
so summing the two we obtain
MEZ s = —ga(eo + 2910 g5) 5y — 2910 o)
Z9Zip = Jw Jw dmzmy (9.0.14)
(m% +my — Qmi)]
Moreover the subleading contribution is completely irrelevant at high energies
Now for the transversal degrees of freedom they amount to
2
Zp+7, G gad gadn gad3, 1 1 1
Mz, ys = 4[ V20 (co+2 " S9)(S9—2 " co)(1+472 i )61-63[S+T+U] (9.0.15)
that becomes
Zr+24, e NG Gady 9adm
MZ¢—>Z¢ —4[ ’UH] (CQ+2 )(89—2 Cg)X
, Ju Ju (9.0.16)
(1+4gddH)(mZ+mZ, T)[l 1 1]
gg) QmZmZ/ S T U
the only term that survives is the oe proportional to T’
Zr+7, 9, 9adn gadpy gad% 1
M = — w\/_v co+2 sg—27——cg)(1+4 . (9.0.17
Zozh = —12[Z5V2uy]?(co " s0) (S0 " 0)( i szmZ,) ( )

Now in order to calculate ay we put all contributions together and go in the small angle
approximation. Unfortunately for us, all the contributions are proportional to dy and,
by noticing that tan 20 o dy, we can see that they all go to 0 in this regime
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10 Z'h— Z'h

For this process we have again three contributions like the previous ones

2 d d
Mg = — UV Bon(eg + 27 sy (s — 2% ey )
1 k1 + ko) (k1 + ko),
[—€1 - €3+ by & ka)ulks + ko) eres]+
§-mz " (10.0.1)
L e Uy = Fa)ulb — k3)”e“e”]+ -
T —m? boee m?% 1=3
1 (ky — kg)u(ky — ka)w o,
gopzlaet 1 e 1 eles]
/ 2 d
M¢ZZ/4>¢2/ = —4[%\/51]}[(89 — 2gd HC9>2]2
1 ky+ ko) (kr + Eo)y o
Iy [—€p - €5+ (k1 2)“5 ! 2) eles]+
~ iz (10.0.2)
1 [_6 e + (k]_ - kS)u(kl - k3)V€H€y]+
T—mi't 7 m%, s
1 (k1 — ka) (k1 — ka)y V]
U_m2Z/[ €1 €3+ m2, eley]
finally the vertex contribution
2
d
Myisgrs = 4%"(36 — oI V2 ey (10.0.3)

w
This one follows the exact same dynamic of the previous one apart form the multiplicity

factors. Indeed the final result relies on tan 26 as well as the previous one and this means
that is bound to go to 0 in the small angle approximation as well.

11 Zo— fifi

Here we can see two contributions rising, corresponding to the two vector boson exchanges:

1 k,k Pl -
Z = 3 2 3 pv 1 v
Mg sfor, = 2gd\/§d¢jv¢j898 ) (=9 + m_QZ]dfm_ZfL’Y Jr (11.0.1)
and
’ 1 k kl/ p/‘« _
MZZ¢—>foL = 292\/§d?¢jv¢j 89038 2 [_g/u/ + #2 ]dfm_lfL’Y fL (11.0.2)
A z! Z

We can see that if we sum up the contributions from the longitudinal degrees of freedom
we end up with an expression proportional to v/s. Unfortunately at tree-level there is no
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term that can annihilate that, so processes at one loop level must come and help us correct
this behavior. The simplest term that would come to mind is a vertex one, just like we
have seen in all previous scattering processes. Indeed if we were in possession of such a
term, it would constitute the perfect fit to eliminate longitudinal modes contribution. The
reason why this term is not present in our theory is that if we could add that term by hand
that would have repercussions on the fermion masses which were accurately measured in
the past.

After that is worked out we can analyze what happens to the transverse degrees of freedom
as their sum is constant at high energies and corresponds to

Zr+Z} 1 p‘i‘ _
Mtin = _Qggﬁdij%segdfm—zfmuﬁ (11.0.3)

so that at high energies it becomes

ZTJrZ/ 3 2 1
Mz, = gd\/§d¢jv¢j59dfm_z (11.0.4)
and '
_ 372
= T6n ﬁgddqﬁj%ys@df (11.0.5)

that goes to 0 in the small angle approximation
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Figure A.12: S diagram. Z/Z' propagator

The next three processes can be all summed up in the diagram above.

Indeed they are all S type processes with a vector boson propagator. Of course, both Z
and Z' are going to dress the part resulting in different scattering amplitudes. The initial
state is composed of a vector boson and a scalar colliding and the final one is a fermionic
line of Standard Model particles.




12 Zh — foL
We have
Z gw gddH 1 k
Mg, = =27 (027 =50) *2v/ 25901 gad mz[ Gt mZ] Ly
and

92

), gady gadm
MZZh—>foL ZZ(CG 2 w 89)(89 —2 Juw Ca)x
1 k kll p/J' v
2\/§Cg’UHgddf—2[_guu + M_Q] : fL’Y fL
S —my meg, Mz

so we can already see that the longitudinal modes will sum up to 0.
Then the transverse ones will contribute to ag and will sum up to

MZ

SO

that becomes

and has the bound

or

gadm 1 ph -
Thsfufy = Ju(co+2 SH)QﬂUHgﬁdde;—mlszwa

\/§ 9gadm 1

=— 2 *drdy—

a0 = g 9u(co + —so)ongadsdn -
2 1
2d edy—
ap = 16m ngHgd f HmZ

\/igfung(?ldde S 87TTTLZ

gingddde < 87rd¢v¢

(12.0.1)

(12.0.2)

(12.0.3)

(12.0.4)

(12.0.5)

(12.0.6)

(12.0.7)
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13 7'h— foL

Here the two contributions are

gw 9gd d gddH

MZZ'h—UchL —4=- 4 (co +2 g s)(sp — 2 g Cp) X
pu“’ . e (13.0.1)

V20 gud 17" frso ey g + "]

myz s — my m?
and
7 Gan 9adr 12 /5 W D1 ki,

Mzinsp = 4Z(39 —2 T Cb") 2uggady fry che e mZ/[ G + m—gz/] (13.0.2)

so we know that the longitudinal part of the propagators is not a problem.
Now onto the transverse modes

gadm 1, g4du

Zr+2}
Z’Th:fILfL = ga(s9 — 2 . Ce)\/_vﬂgddffwaLj;? . (13.0.3)
that results in . iy . 4
9d 9aQH
= -2 2 df—2 13.0.4
o= —5— —— (59 . 2 o)V 20194 Som o ( )
in the small angle limit this returns
1
ao _ V2 Sdildef (13.0.5)
T 8T my
that yelds the bound
4
gddede < —WmZ/ (1306)

V2

or

ggd?{’Ude S 47Td¢1)¢ (1307)
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14 Z'¢ — frfr

The argument is the same here of the previous section

1 k.k -
z 5.3 2 2 % 1 v
Mz, s = 2gd\/§d¢jv¢j39c@s o) =9 + m? ]dfmZ/ fiy' I (14.0.1)
and
) 1 kuk,. oy -
MZZ¢—>f’LfL = 293\/§déjv¢j5963—8 — 2 (=G + “2 ]df_ml Sy’ fr (14.0.2)
VA VA zZ!

Again we need here contributions at loop-level to destroy the part proportional to the
longitudinal degrees of freedom of the boson propagators that grow as +/s.

When all of that is set and done we can examine the contribution to ay coming from the
transverse part of the propagator

Zr+7! 1 p'u _
MZZ—)f{fL = —293\/§d35jv¢j09gdfm_1Z/fL7qu (1403)
that becomes )
Zr+2},
My gl = 200V/2d5,vs, S (14.0.4)
SO 7
2 35 1 1,
%0 = —8—7ngd¢jv¢j69dfm—Z/ = _S_ngd¢>df09 (14.0.5)
so by the formula
1
| Reao| < 5 (14.0.6)
we obtain
gadgdy < Am (14.0.7)

in the small angle approximation
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22 \k‘ fZ(Z’)
L 1 A
lLL“—LI Af‘

VAVA) VAVA)

¢ ¢

Figure A.13: S-type process Figure A.14: T-type process
AVAS

Figure A.15: U-type process

In the last processes we really have two types of diagrams that can be regrouped in one
single picture. The difference lies in the propagator, which is going to be either Z or Z’.
When that is set we are going to look at S, 7" and U types processes in which initial and
final states are both composed of a vector boson(Z/Z’) and a scalar (¢/h).
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15 Z¢ — Zh

here we pick up the terms

MZZ¢>—>Zh = 89621d2 Vg, sﬁgi”( 59)2 v ¥
1 kv + ko), (b + ko),
[S Flma- et - 2>”(2 1R gy
1 (ky — ks (ky — K)o (15.0.1)
e es+ 5 €1 €]+
T — mz my
1 (kv — ka) (k1 —ka)w 4,
U—mZ [—€1- €3+ 7;;22 . eles]
and
2 dp, dps
MZ(;S—)Zh = 89dd¢ U¢350099 ( gd )(80 — 29d h Ca)UH
4 Guw Gu
1 k14 ko)u(k1+k2)w 4 )
S —m?2 [~er-e u 2)#2 - 2 SYARS
" ' (15.0.2)
_ 5 l—€1-es+ U = k3)”§k1 — k3>”e’feg]+
T— m, my,
1 (kl — k4) (kl - k4)1/ v
U—mZ, [—€1- €3+ T:LQZ’ E!f63]]
Here
M — ko 2mg kM
Yoomy, T - 2m22 3
ey = 2k

my T —2m?

We can already spot some things here based on our experience with previous scattering
processes. Indeed if we take both of the contributions coming from the sum of the lon-
gitudinal modes of the Z and Z’' propagators we obtain something that grows with /s.
This is not a danger as the sum is proportional to the factor

50 gadns Co gadns
—_— 2 — —2 =0 15.04
mQZ (C@ —+ Y 89) mQZ, (Sa Y C@) ( 5.0 )

so that there is no threat at high energies. Of course, this is also true for the subleading
terms, as they are proportional to the same factor.

Now for transverse modes, we have that their sum corresponds to

Zp+Z, gw gdth gddh 1 1 1
Mzg—mh —8¢3 d¢> Ve, = 1 (co+2 T 59)2 o Vg€ - 6389[5 + = 7 + U] (15.0.5)
that becomes after the contraction
Zr+24, g 9adps . gadn 1 3
MZ;—>Zh = 89dd2 V8 (co+2 . S9)2 7 UHm_%ZSO (15.0.6)
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for the sake of ay extraction the part proportional to cosd is negligible and we obtain an
expression for ag that goes like

d 1
Sg)gd th—QSQ (1507)

Guw Guw my

3 2 12 2 Gadps
ag = ?)2—7ngd¢j1)¢jgw(cg + 2

Unfortunately, this contribution is proportional to sy and goes to 0 in the small angle
approximation
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16 Zé — Z'h
Again we find two contributions here

2 9121; gadm 9al

89)(89 -2
1 ki + ko) (k1 +ka)w 4,
S [—€1 - €3+ U 2)72(2 : 2) el ez +
Z Z
1 (k1 — k3)u(kr — k3)v
T mQZ[ €1 €3+ mZ efes]+

1 (k1 — ka)pu(kr — ka)u p0
U—mz [—€1- €3+ :122 e’fe3]]

CG)UH

(16.0.1)

and

2

! Jw gddH
MZZ¢HZ/h = —8g§d§,jv¢j59091(c@ +2

59)211H
w

1 ki + ko) (k1 + k2),
[—61.e3+< L Rk £ o) eies]+

S - mZZ/ 77,L2Z’
1 + (k'l - k3)u(k1 - kg),, nw v

————[—€1- € eles]+
T —m2, m%,

1 (k1 — ka) (ki — ka)
U—mQZ,[ arest m?%,

(16.0.2)

“eyes]

here again the longitudinal modes are shut down by the factor

s dys c dps
20 (cp+ 29T gy - (5 — 294
mZ gw mZ/ gw

cg) =0 (16.0.3)

And then the contribution coming from the transverse degrees of freedom originates an
ao term which is unfortunately proportional to sy and thus can be neglected.
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17 Z'¢— Z'h

The two scattering amplitudes here are

2 d d
MZy g = —893dijv¢j8909%(09 + 29 2 s0)(s0 — 29‘; 2 co)on
1 kv + ko) (k1 +ka)w 4 )
— 2[_61.63+(1 2)#(21 2) n
myz mz
X e e (17.0.1)
[—61 < €g ( 1 3)#( 1 3)1/6“6’/]—1—
T — mQZ m2Z 13
1 (k1 — ka) (k1 — ka)y 4,
T2 m [—€1- €3+ ”};22 6’1‘63]]
and
2
y d
MZZ¢—>Zh = 8g§dq2ij¢jcg%<59 - di HCG)2UH
1 k1 + ko), (k1 + ko),
— [ e+ Uk K)o (ke 4 o) el'es]+
S —m?, m%, (17.02)
1 ey - e+ (k1 — ks3) (k1 — kg)”g“g”]+ .0.
T — mQZ/ mQZ/ =3
1 (k1 — ka)pu(kr — Ka)y . y]
U— mZZ,[ €t m%, ‘1]

With the same tricks as before, we can manage to get rid of the longitudinal modes and
of all the possible problems at high energies.
We can use

Elf _ ]{?f 2mZ/2 ké‘
mo T — 2mZ, (17 0 3)
KL 2my o
R

le T - szz/

The calculations are the exact same as the ones we have already carried out in the previous
sections, with the exact same variables. The only difference is placed in massive factors
that we can clearly control and substitute thanks to the Mandelstam’s variables definitions

S = (K 4+ k5)? = (K5 + K)? =m3 + mj 4 2k1 - ks = m%, +mj, + 2k - ky
T = (K — K§)* = (K — Kf)® =2m% — 2ky - ks =m3 + mp — 2ky - ks (17.0.4)
U= (k' —k)? = (K — k)? = mZ +mj — 2ky - kg = m%, + mj — 2ky - ks

Unfortunately for us, this goes exactly like all the ones bearing proportionality to dy so
it will dwindle until it goes to 0 in the small angle approximation.
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18  ¢¢p — ¢¢

Finally, we analyze here the purely dark scalars scattering. The truth is that here the
dominant term is purely the vertex one

A
My pp = —Z‘M! = —6)\, (18.0.1)

2
we can rearrange by knowing that A\, = z—f and that mi = pi. We have incorporated the

multiplicity factor due to the fact that the final and initial particles are identycal, we can
straight away write

1 m? 3 m?

= — 18.0.2
327 411(275 64 U; ( )
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Appendix B

The Standard Model of particles

1 Introduction

In this one, it is our interest to summarize the main points and properties characterizing
the standard model of particles. To begin with, as with all models of particle physics,
it is of primary importance to specify, such as the gauge group and the matter content.
First, we have to consider the fact that the standard model is a theory of particles of
spins 0, % and 1 which of course are divided into fermions and bosons. Fermions can
be regrouped into three generations and they present different properties as they behave
differently under SM gauge group.

Speaking of which, SM gauge group G is
G=5SU3).@5U2),U1)y. (1.0.1)

The matter fields are fermions of spin % that are divided into quarks and leptons. Quarks
and leptons come into three generations to which we can attach the index i = 1,2,3. In
cach generation of quark we can find an up-type u* and a d-type d' that respectively show
electric charges of +§ and —%. This kind of division is followed also in the case of leptons,
where we find a lepton with electric charge —1 coupled with a neutrino with no electric
charge. This scheme is respected for all fermions, which share identical properties except
for their masses

Quarks are organized in triplets of color with index o = 1,2,3 which from now on we
suppress for the sake of notation. Moreover with respect to SU(2);, the fermions are
organized in:

o SU(2), doublets Q) = (uL) and Li — <viL>
dt, o
e SU(2)y singlets which are charged under U(1)y and so present hypercharge Y. They
are Ulll%v d%a 62]'{ and U%,

For the generic case of SU(N) from group theory we know that it possesses a number
of N? — 1 generators. This allows us to see that from SU(3) we derive 8 gluons, from
SU(2), ® U(1)y we get the electroweak bosons W+, Z and . SM group G is subject to

163
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spontaneous symmetry breaking from which we recover
SU@B).®@SUR2),@U(l)y = SU3).®@U(1)em (1.0.2)

Thanks to the Higgs mechanism we are able to produce this way masses for all fermions
and preserve the photon massless, given that electromagnetism stays a symmetry of this
model.
Finally, the last piece of this picture is represented by the Higgs boson ¢ which is a
complex scalar of spin 0 and a doublet of the weak isospin.
Thanks to all this information we are able to write the SM lagrangian :

Liar = L+ L 4 LI 1 L% 4 1,

kin

) _ 1.0.3
B _%IFWFW + iy Dyt + (D) " D" + p*dT d — %A(cbﬂb)? + ygv 109

All the masses for fermions and bosons are acquired via Higgs mechanism. The sponta-
neous symmetry breaking produces a non-trivial vacuum expectation value in which

< ¢ >=v=174 GeV. (1.0.4)

This enables the creation of masses for fermions through the Yukawa term.

For the bosons instead, masses are acquired through the same mechanism inside the
Higgs kinetic term. In fact, it makes use of the covariant derivative to couple Higgs and
electroweak bosons through

D, =d, + gA,. (1.0.5)

2 SU3).

Let’s dive some more into the mathematical structure of SM lagrangian [48].Here for the
gluons

G, = d,Go — d, G5 + 9o f*CiaGup. (2.0.1)
a is the color index, g, is the coupling constant and fe¢ are group structure constants with
[T T = ifTe (2.0.2)

where T'a are the generators of the SU(3). group.
The covariant derivative for a generic quark field here has the form

D,q = (d, —ig:G;T")q (2.0.3)

with of course T* being the group generators in the chosen representation, in the funda-
mental one they are T = %)\a with A® being the Gell-Mann matrices.
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3 SUQ2)U(l)y
For the SU(2), group
Wi, = dWy —d,Wi 4 ge™WWs  (a=1,2,3) (3.0.1)

The fundamental representation has T = % with ¢® being the Pauli matrices. € here is
the completely antisymmetric tensor. The covariant derivative for a generic left-handed
field v, transforming under this representation is

Dby, = (d, —igWiT" )y, (3.0.2)
For what concerns U(1)y we have
B, =d,B, —d,B, (3.0.3)
and the covariant derivative acts here on a generic field 1 as
Do = (d, — ig'Y B, (3.0.4)

with Y being the hypercharge of the field which is also connected to the electric charge
through the equation
Q=T +Y (3.0.5)

If we rewrite the covariant derivative applied to a left-handed field with hypercharge Y
in terms of W¥, Z* and A* it can be proved to be

. g _ . . g 03 .
D, =d, — ZE(UJFW:J W,) —ieQA, — e (? — Qsin®Ow)Z,)Yr  (3.0.6)
with the relation
g cosby = gsinfy =e (3.0.7)
For a right-handed field
Db = [d, — ieQA, — i—L—Qsin® by Z, i (3.0.8)
cos Oy

So the quantum numbers are
Field lL lR VL, uy, dL UR dR ¢+ qbo

1 1 1 1 1 1

T3 D) 0 2 2 D) 0 0 2 D)

1 1 1 1 2 1 1 1

Y 5 1 -5 5 5 35 —3 3 3
2 1 2 1

Q -1 -1 0 %2 -1 2 _1 .3

4 The gauge and fermion lagrangian

So for the gauge sector we have

1 v 1 14
“We W — =B, B (4.0.1)

1 a apy
Lgauge:__G G — 4

4 4
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For the fermionic part we write here only the kinetic sector, which corresponds to
LI;?ZZ"mion = Z Zq_’yuD,uq + Z Z.w_L’Y“Dqu + Z iw_RfY'uDwa (402)
quarks P, YR

in which each covariant derivative is obtained through the rules that we have explained
above.

5 The Higgs lagrangian

The Higgs doublet is included in the standard model and assumes the form

(b-l-

o= ( ) (5.0.1)
U+H+i¢z
i

so these terms figure inside the covariant derivative as

3

. g e . . g 0 .
D,®=[d, - ZE(JJFVVJr +o W7) —ieQA, — i 0W<7 — Qsin*0y)Z,]®  (5.0.2)
since Yy = —% and for ® we have that
10
Q= (o 0) (5.0.3)

So as we previously have introduced, the Higgs lagrangian has the form
Liiggs = (D @) (D'®) + p*@F @ — A(2F D)%, (5.0.4)

One can see after a brief calculus that

2 )\_g2mi2z

_ (5.0.5)
8 m¥,

my =24

So if we expand the Lagrangian using the expression that we have written previously for
®, we find that we recover, after the proper diagonalization, the terms

1
Litiggs = - + EmQZZ“ZH + m%,VW:W“’ + interactions (5.0.6)

from this, we are able to recover the expressions for the masses of the electroweak bosons

1 1 1 1
_ = - Zqu = i 5.0.7
mw 29U mz cos By, QQU cos Oy, mw ( )
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6 Yukawa lagrangian

This piece of the SM lagrangian combines the Higgs field with the leptons and quarks
fields. After the spontaneous symmetry breaking, where the Higgs field acquires a non-
trivial vacuum expectation value, it is this very piece of information that gives rise to the
masses for fermions. let’s see it in more detail writing the form of the Yukawa lagrangian:

Lyukawa = —L1Yi®lg — QY ®dr — QrY,dup + h.c. (6.0.1)
and ,
B v+H—idy
b = ioyd* = ( 7 ) (6.0.2)

and Y, Y; and Y, are 3 x 3 matrices in the flavor space.
Let’s skip to mass basis through the change

up — upUl dp, — d U,

(6.0.3)
Ur — UuRuR dR — UdeR

so that we can employ a biunitary transformation to diagonalize the mass matrices, so
that they become

v .

—U}, Y, Usr = M, = diag(m,, m., m;)

V2 (6.0.4)

V2

It can be seen that the Higgs coupling to quarks becomes diagonal

Ul YaUar = My = diag(ma, ms, my).

h -
—Lyuem = (1+ E)[ﬂ]\/[uu + dMyd]. (6.0.5)

Nothing happens to the couplings with Z# and A* that continue to be diagonal. The
changes occur with the W coupling. In fact, we can see that this piece of lagrangian has

the form g
—LW = —=ur ‘udLVV+ + h.c. 6.0.6
N (6.0.6)
Given that the two quarks transform with different matrices, they produce a new factor
inside this expression when we turn to mass basis:

g _
—Lyw = —=—=uV, Pd, W + h.c. 6.0.7
w N5 LYCKMY QLW , ( )
with
Vorw = Ul Uar (6.0.8)

being the Cabibbo-Kobayashi-Maskawa matrix.

Moreover, we can see that in SM there are no right-handed neutrinos. This means that
neutrinos here can be taken as massless, hence can be rotated in order to balance the
transformation of the charged quark needed to diagonalize Y;. Thus we have in the

leptonic sector:
Y, = diag(me, m,, m;) and V=1 (6.0.9)
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7 The complete SM lagrangian
A the end we recover the expression

LSM = Lgauge + LFermion + LHiggs + LYuk:awa (701)

8 Anomalies

We recognize the crucial importance that symmetries have in quantum theories. We have
talked extensively about SU(3). ® SU(2), ® U(1)y in the previous sections to be the
symmetry whose breaking shapes the world that we experience at particle level.
Whenever a symmetry of a classical theory is not anymore a symmetry at quantum level
with the same lagrangian, that symmetry is called an anomaly. Now given the importance
that we have recognized in symmetries for QFTs, we can understand that anomalies are
important as well. We are going to show in the following paragraphs the implications of
anomalies in the standard model and how these characterize some of the most important
results studied in QFT courses.

In particular, an anomaly has the effect of making the resulting current not conserved.
There are theories like QED where the current couples to a massless spin-1 particle. Then
we can see that if the current is not conserved, the Ward identity results violated, thus
longitudinal polarizations will be produced and unitarity will be violated.

The requirement for the Standard Model to be anomaly free is actually of great importance
too, so that it leads to the quantization of the electric charge all by itself in tandem with
the quark and lepton charges to be linked.

Let’s draw the first line between the two major anomaly categories: gauge anomalies and
global anomalies.

As the name suggests, a gauge anomaly requires a gauge boson as part of the symmetry
and, on the contrary, a global anomaly does not.

Notice that global anomalies are not a problem. As it appears the Standard Model
itself is full of such anomalies and many of them are actually important to explain some
observations and do not lead to inconsistencies. For example, the symmetry associated
to the baryon number conservation is anomalous. In fact, this symmetry produces, by
Noether theorem, the current Jlﬁfn,yon = >, 4@7"qi., which can be proven to be anomalous.
Fortunately, there is no massless spin-1 boson coupling to this current in the Standard
Model, so, as we have said, this does not generate inconsistencies, on the contrary, baryon
number violation has its relevant importance, as it explains the overabundance of matter
over antimatter. We recognize this to be one of the only three conditions imposed by
Sakharov in order to explain matter-antimatter asymmetry.

So gauge anomalies are the only problem that can threaten Standard Model’s validity. In
the following paragraph, we are going to see first the general result linked to the divergence
of a current associated to a gauge anomaly.

9 Anomalos gauge symmetries

The history of anomalies is closely related to the pion decay 7° — v+ [49]. The importance
of this process and its study lies in the fact that by calculating its rate, we are able also
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to grasp the actual color number of quarks N, = 3. In fact, by matching the experimental
value we obtain, with the theoretical one we estimated, which depends solely on N, we
are also able to acquire this particular value.

The connection to anomalies lies in the historical difficulty in calculating this particular
rate. In 1969, thanks to the recent progress in quantum field theory, the scientists Alder,
Bell and Jackiw were able to relate mathematically the calculation of the rate of 7% —
to anomalies.

To see this let’s first study symmetries in QED lagrangian:

Lopp = (id — e A —m)y

_ _ _ - _ - 9.0.1
= Yr(id — eA)Yr + r(id — eA)Yr — miprr — mbriy (6:0)

In the massless limit this lagrangian has vector and axial symmetries:
P — Y P — €59 (9.0.2)

which produce respectively the vector and axial-vector currents
=Py I = Py (9.03)
Equations of motion imply that
d,J" =0 d, JJ* = 2imypysep (9.0.4)

so one can see that classically the axial symmetry is only conserved in the massless limit.
It can be proven that, including quantum corrections,

62

1672

dy, JJ*® = 2imarystp + P F o (9.0.5)
This result can be obtained by looking at the calculation of the loop diagram shown above
for the process 70 — 7.
This result shows that in presence of an electromagnetic field, the axial current cannot
be conserved. This happens whether or not we are in the massless limit. So we have that
even if m = 0, we still have d,J* # 0. Instead, we have seen that classically, in the
massless limit, d,J*> = 0. This behavior can be explained only if the cause of violation
was the quantum effects. This means that the axial-vector symmetry is anomalous, based
on our previous definition.
What happens in the general case is that we want to see that d,J* = 0 and d,J°* = 0 are
still valid when we add quantum corrections. In order to do this we calculate the three
point function

< J(z)J*(y)J" (2) > (9.0.6)

and we verify that
d
— < J(2)J*(y) " (2) >=0 (9.0.7)

daxt
using Feynman diagrams.
If we move to momentum space this can be translated in

P M =0 (9.0.8)
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where the amplitude is given by the formula
iME™ (p, q1,q2)(27)*5* (p — q1 — ¢2)

= /d4xd4yd4ze_ipmeiq1yeiq2z < J(z)J"(y)J" (2) > (9.0.9)

= / d'zd'yd"ze™ PP < () (@) [ () e @) [ (7 ()] >
After a long and complex mathematical procedure what we get is

1 T o 1

Pa M = He‘“’p qlPq2 q,M5"" =0 (9.0.10)
this reconfirms the fact that the vector current is conserved and the axial current not and
corresponds precisely to what we have gained in the previous equation with the new term
calculated in the equation for the axial current. In fact, the result obtained correspond
to a modification of the axial current by the factor

62

WG“VPUFHUFPU (9011)
It should be noticed that the result obtained is not susceptible to contributions coming
from higher order loops, but only from triangle diagrams like the one in FIGURE and
that the anomaly is independent of fermion masses and the anomalous term arises in the

massless case too.

10 Gauge anomalies in the Standard Model

Here we know that the gauge group is G = SU(3).® SU(2), ® U(1)y. This produces the
three currents J §CD , J;”e“k and JZ . This means that, with the same reasoning as before,
we need to check that

dy < J3JET, >=0 (10.0.1)
for j, k, 1 any of these forces in order for the Standard Model to be anomaly free.
It can be shown that here, like in the QED case, there is a term that needs to be added
and that is present even in the massless case, originated by quantum corrections.
In general, when it comes to non-abelian gauge theories, we always obtain conserved
currents of the type

T =) Ty (10.0.2)
P

where T}7 are the generators of the symmetry in the chosen representation.

This means that when we approach the triangle diagrams in calculation, those acquire a
factor proportional to 7. In particular, the two ways momentum can flow, give a result
of this kind:

By using our knowledge of the commutators, we can rewrite the expression inside the
brackets as
1

4d7§c (10.0.3)

1 1 1
tr[TTT] = Str([T, TT) + St [{T°, TOVT) = i T f™ +




10. Gauge anomalies in the Standard Model 171

The factor proportional to fo¢ gives the difference between the two loops and is UV
divergent. Although this can be reabsorbed in the renormalization of the fabCA“Abd AS
and gives no contribution. Instead, the contribution from d%° is a totally symmetric
tensor and is a factor of the kind

dwe = 2r[Te{Th, TE}Y] (10.0.4)

For SU(N) there is a unique totally symmetric three indices tensor up to a constant, so
we can rewrite this contribution as

[Te{Th Ts}Y = A(R)tr[T*{T", T°}] = A(R)d** (10.0.5)

for any representation.

A(R) is the anomaly coefficient and d®* is defined using the fundamental representation
so that A(fund) = 1. The contribution we obtain is the one that sums the two triangle
diagrams.

Consider the case U(1)3., we get a result of the type

do o= (Y AR) — Y AR G pabemai b e (10.0.6)

12 {72 wtaf
left right

where we sum over left-handed particles with the anomaly coefficient A(R;) in their rep-
resentation R; and do the same for the right-handed particles. Before proceeding, let’s
remind ourselves of the charges of the Standard Model particles with respect to the three
symmetry groups:

Field  SU(3). SU2). U(l)y

&3
O
L<
O
=

O
Il
/N
Q<
N——
Co
\S)
o=
/N
| +
N[N [ —
N——
S
| Wl

W=
N——
/N

D= =
N——

er 1 1 1 0 1 1
up 3 1 -2 0 —2 —2
dr 3 1 1 0 1 1

Let’s go back to the previous equation. We can see that for U(1)y T¢ = 1 and d*¢ = 4 so
a0 = (Y v -3 3g A0 B, By (10.0.7)
left right

just plugging in the hypercharges, we obtain the desired result

2VF Y2 - V2 + 3025 - Y2 v} =0 (10.0.8)
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where Y7, Y., Y, Yo, Y,, Yy are the hypercharges of left-handed leptons, right-handed elec-
trons, right-handed neutrinos, left-handed quarks, right-handed up quarks and right-
handed down quarks.

For SU(2)* we can see that the anomalous factor is proportional to {o“, o} = 16’1 so
that d*¢ = §*tr(c®) = 0, so any SU(2)? gauge anomaly vanishes.

QCD is non-chiral, so there can never be any SU(3)%p anomaly.

A SU(N)U(1)? anomaly is proportional to 2tr[T*{1,1}] = 4tr[T°] = 0 so it always van-
ishes. The same is for any anomaly of this kind with a factor of SU(2) or SU(3)

We are left with SU(3)?U(1) and SU(2)*U(1).

Let’s take SU(3)g¢cpU(1). and let’s use tr[T°T"] = 16 which holds for any SU(N).
This brings

2r(T{T, T} =20 Y Yi— > Y,)=25"(6Yy—3Y, —3Yy) (10.0.9)

left colored right colored

and plugging in the hypercharges we can see that the result vanishes.
Let’s take in examination the case of SU(2)2U(1), which takes contribution only from
left-handed fields:

2tr(o{0”, Y} = 20" ) " Y; = 20" (2Y}, + 6Yy) (10.0.10)
left

One can see that left-handed fermion have —3 times the hypercharge of the left-handed
quarks, so that the anomaly vanishes.

This ends the demonstration of the fact that all the possible anomalies of the gauge group
G=5SU(3).® SU(2), ® U(1)y vanish.
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