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ABSTRACT

This thesis investigates the possibility that the gauge boson in a certain hypothetical
SU(2) gauged sector can constitute all the non-baryonic dark matter. The gauge
bosons acquire mass from the Higgs mechanism as in the Standard Model and scat-
ter elastically among themselves non-gravitationally. It is expected that this self-
interaction of the dark gauge bosons would resolve the various discrepancies between
the ACDM model and astrophysical observations on small (e.g. galactic or galaxy-
cluster) scales. Parameter space within the domain of validity of perturbation theory
satisfying the constraints of dark matter abundance, the elastic self-scattering mo-
mentum transfer cross-section suggested by recent astrophysical observations, and
consideration of the Big-Bang nucleosynthesis was found to be non-empty in the
“forbidden” regime where the mass of the dark Higgs boson is greater than the mass

of the dark gauge boson.
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Chapter 1

Introduction

1.1 Introduction to Dark Matter

Dark matter is a hypothetical non-luminous and non-light-absorbing matter whose
existence is inferred from certain astrophysical observations in the framework of the
currently most well-accepted theory of gravity, i.e. the theory of general relativity!
[2][3][1]. The phenomena which dark matter is postulated to explain very strongly
suggests the insufficiency of the Standard Model of particle physics or the theory of
general relativity — arguably two of the most well-tested theories of physics. The
explanation of these phenomena is hence crucial to advancing our understanding of
the universe from the perspective of physics.

The earliest observations which suggest the existence of dark matter are that
various luminous objects (e.g. stars, gas clouds, globular clusters, or galaxies) move
faster than they should according to general relativity if only visible matter?exists.
For example, the velocity of an object moving along a circular orbit about the center
of a galaxy according to Newtonian mechanics and Newtonian gravity, a sufficient
approximation of the theory of general relativity in this case, should be v @,
where M (r) is the mass enclosed in a 2-dimensional sphere of radius r centered at
the center of the galaxy®. This implies that if all the galaxy’s mass is of the visible
matter, v should be proportional to % for r greater than the largest distance from

the center of the galaxy where density of visible matter is non-negligible. However, it

I Although in practice Newtonian gravity and Newtonian mechanics often suffices.
2Matter which is luminous or not transparent.
3Such a plot of v(r) vs r is commonly referred to as a “rotation curve” of a galaxy.
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Figure 1.1: This is a plot of the rotation curve for NGC 6503 from reference [1]. The
three labelled curves are for contributions from the respective sources as indicated.

was observed* that v is to a good approximation independent of r wherever rotational
velocity of the objects can be measured [5] (as shown in Figure 1.1), which implies that
if the theory of gravity is not to be modified, it must be the case that (approximately)
M(r) o< r and therefore p(r) o -5 for r larger than the radius of the visible part of the
galaxy. This suggests the existence of a “halo” of dark matter which extends beyond
the visible part of the galaxy. The abundance of dark matter required to resolve
the discrepancy was estimated to be about 20%°[0][7][3]. Many other evidence were
subsequently found for the existence of dark matter on sub-galactic and inter-galactic
scales but they will not be discussed here; for a shortlist of some of these evidence
see reference [1].

Evidence for the existence of dark matter was also found from the observations of
the galaxy clusters [4][2]. The total mass of a cluster can be determined by various
observations which include weak gravitational lensing [9], radial velocity distribution
of the galaxies’® in the cluster and X-ray emission profile of the cluster. The frac-
tion of mass of visible matter (which is approximately the same as that of baryonic

matter’) in a cluster can be determined by (among other means) the temperature

4Usually by combining the observations from the 21cm hydrogen spectral line and optical surface
photometry [4].

5See Chapter 3 for reference.

SWhich is related to the gravitational potential through the virial theorem, assuming that the
cluster is virialized, i.e. that the virial theorem applies to the cluster.

"Here baryonic matter refers to protons, neutrons and electrons — the particles which make up
the ordinary atomic matter.



of the cluster at large distance from the center of the cluster®, assuming hydrostatic
equilibrium for the part of the cluster of concern — if all mass of a cluster is of the
baryonic matter, the temperature of the cluster would be much higher than what was
observed, hence we may infer the existence of dark matter [1]. The far from core
density profile of the clusters generated by numerical simulations of collisionless dark
matter agrees with that determined from the astrophysical observations, but near
the cores of the clusters there is still no consensus as to whether the astrophysical
observations agree with the numerical simulations of dark matter halos. For example,
these numerical simulations produce the so-called “cuspy” DM halo density profiles
— profiles for which the density p(r) increases drastically as radius r becomes small,
whereas observations of gravitational lensing suggest that such “cuspy” profiles are
very unlikely [10]. This discrepancy suggests the possibility that dark matter has
non-negligible non-gravitational elastic self-interaction, since the numerical simula-
tions which produce “cuspy” profiles assumed that dark matter is collisionless (i.e.
does not self-interact elastically except through gravity) and that the existence of
such self-interaction can produce density profiles which are not “cuspy” at the central
regions of the halos [0]. This possibility is one of the main motivations for the model
which will be presented in this thesis and will be discussed in more detail in Chapter
29,

The observation of the anisotropies of the cosmic microwave background (CMB)"
also provides evidence for the existence of dark matter. Not only so, it is able to pro-
vide a tight constraint on the abundance'' of dark matter (whereas the observations
of the galaxies and galaxy clusters cannot) [1] — the abundance of dark matter was
determined to be about 24%, a number close to the aforementioned estimate from
observations on the galactic scales. See references [2][12][13] for details about the
determination of the abundance of dark matter from the CMB anisotropies.

Many cosmologists consider the existence of old galaxies of redshift z ~ 10 to
be the strongest evidence suggesting the existence of dark matter, since the matter

domination era begins earlier if dark matter is present than if it is absent. This

8Where the temperature is approximately constant.

9Tt is to be noted however that the observation of the bullet cluster (1E0657-558) passing through
another cluster gave a very small upper-bound for the allowed strength of elastic self-interaction of
dark matter [3].

10See reference [11] for an introduction to CMB.

UDefined to be ppar/perit, Where ppas is the energy density of the dark matter at cosmological
scale and p¢;; is the critical energy density of the universe. Note that at large scales the energy
density is approximately spatially homogeneous.



allows cosmological density perturbation (with respect to the homogeneous density
indicated by the FRW metric) to be larger in this early period (of z &~ 10) than in
the case when dark matter is absent and thus earlier formation of galaxies [159][2].

If such a large amount of dark matter is made up of baryonic matter only, it
would be difficult to explain why they cannot be directly observed through telescopes
[14][6]. The baryonic content of the universe predicted by arguments concerning the
big bang nucleosynthesis also suggests that it is very unlikely that the dark matter
could be mostly baryonic [15][6].

Neutrinos in the Standard Model of particle physics appeared to be a good candi-
date of dark matter [0][16][17][18]. However, they must decouple from electrons and
photons during the early stage of the formation of the first galaxies when they were
so energetic that they need to be treated as relativistic particles (as such they are
considered to be “hot”) and this has implication on how galaxies and galaxy clusters
form if they are to play the role of dark matter'?, implication which has been shown
using numerical simulations to be inconsistent with observations of galaxy clustering
[6][20][21]. Of course, this reasoning not only rules out Standard Model neutrinos as
dark matter but also “hot” dark matter in general'®. The standard model of cosmol-
ogy nowadays is the so called ACDM (A'* Cold Dark Matter) model [22], a model
which has been very successful in accounting for many cosmological and astrophysi-
cal observations including the matter power spectrum [23][24][25] and some aspects
of galaxy formation [26][27].

It is of the consensus now that there is no viable candidate for most of the dark
matter from the Standard Model of particle physics. The most well-known types
of viable candidates of dark matter include the so called the Weakly Interacting
Massive Particles (WIMPs) and axions. These candidates are favoured because they
were motivated to solve problems which are seemingly unrelated to dark matter but
naturally satisfy the abundance constraint on dark matter from observation. For
details about these dark matter candidates see references [31, 32, 33, 34, 35, 30, 37,

, 38, 39] and the previously cited reviews on the subject.

One might consider instead of postulating the existence of dark matter, an al-

12In a universe with hot dark matter, superclusters form before galaxies according to numerical
simulations [19].

13Note that this is based on the assumption that dark matter is all “hot”” or all “cold”. It remains
a possibility that some but not all dark matter is “hot”. It is also possible for some or all dark matter
to be neither “cold” nor “hot”, but “warm”. See for example references [6][28][29][30].

HReferring to the existence of a non-zero cosmological constant. See any well-known textbook on
the theory of general relatvity or cosmology for explanation.



ternative theory of gravity which would explain the aforementioned observations.
The most well-known example of such theories is the Modified Newtonian Dynamics
(MOND). However, despite its success in describing the rotation curves and vari-
ous other observations on galactic scales, this theory has various deficiencies which
are discussed in references [10][11], including its inability to account for the CMB
anisotropies and formation of large scale structures (of scales much larger than galac-
tic scale), whereas many of the quantum field theoretic dark matter models (along
with general relativity) have been successful thus far in accounting for the relevant

astrophysical observations [2].

1.2 Brief Summary of the following Chapters

Chapter 2 discusses the potential problems of the ACDM model at galaxy or galaxy
cluster scales and possible elastic self-interaction of dark matter which might
resolve these potential problems as suggested by observations, simulations and
semi-analytical models. This provides the main motivation for the model of

dark matter which will be introduced in Chapter 4.

Chapter 3 provides a review of some of the most basic knowledge of cosmology that

is required for understanding the subsequent chapters.

Chapter 4 introduces the model of dark matter and presents the results of calcula-
tions within the model and the parameter space found to satisfy the observa-

tional constraints.

Chapter 5 discusses the methods used to calculate the results and some relevant

aspects of the model which have not been covered by this thesis.

Chapter 6 is mostly a summary of the results and discussions from Chapter 4.



Chapter 2

Self-interaction of Dark Matter

For a detailed and comprehensive review on the elastic self-interaction of dark matter,

see [6] — this chapter will closely follow certain parts of this reference.

2.1 Problems of CDM model which elastic self-

interaction of DM might resolve

Despite the success of the ACDM model on large scale, several problems on the scale
of the galaxies and galaxy-clusters were discovered since the 1990s [6]. A very brief

introduction to some of the problems will be given in this section.

2.1.1 “Core-Cusp” Problem

Observations of rotation curves of disk galaxies suggest that they have a “core” type
density profile of roughly p oc r° near the center of the galaxies, as implied by the
rotation speed profile of v(r) oc r [412][43][14]. However, high-resolution simulations
of CDM halos shows a “cusp” type density profile that is of roughly p oc r~! near the
center of halo [15][16][17][11], a profile well described by the Navarro-Frenk-White
(NFW) profile [46][17][15]

4ps

prrw(r) = s (Lt /1) 21)




where r is the radius from the center of the halo, r, is the characteristic scale radius
of the halo defined to be the r at which

dllogpnrw ()]
d[logr]

=2 (2.2)

and ps = pnrw(rs) is the characteristic density. Since the dwarf and low-surface
brightness (LSB) galaxies are highly dominated by dark matter even near the center
of the DM halo, they are ideal for testing the the CDM model (as the influence of
baryons is expected to be insignificant). Indeed, this problem is prevailing for these
galaxies as the rotation curves of these galaxies fit better the “cored” than “cuspy”
density profiles [19, 50, 51, 52, 53, 54, 55, 56, 57, 58]. However, for the dwarf galaxies,
it has also been suggested that the problem could be due to that the simulations
included only the DM, neglecting any influence from the baryons [59][60][61][62]. The
inadequacy of the NFW profile was also found in large radii. References [63] and [64]
found the halo densities of a large number of galaxies of various types and a large
mass range at large radii, inferred from the rotation curves, are lower than indicated
by the NF'W profile. Thus it appears that the galaxies are less dense in the central

regions and more dense at large radii than as indicated by the NFW profile.
There are also evidence suggesting the presence of this problem and its possible
resolution within the CDM paradigm, for the satellites of the Milky Way [65, 66,
, 04, 68,69, 70, 71, 72, 73, T4, 75, 76, 77, 78, 79, 80, 81, 82] and galaxy clusters

[10, 83, 84, 85, 86, 87, 88, 89, 90] — for a summary of these references see reference

2.1.2 Diversity Problem

Since for r; and p, in equation (2.1), rs determines p;, the function pyprw (r) which
determines the rotation curve is determined by only one parameter, e.g. the maximum
circular speed V.« of the of the celestial objects orbiting about the center of the halo.
In general, formation of cosmological structure in the ACDM model should be a self-
similar process and there should be little variation in density profiles for halos of a
certain mass [17][91]. However, the density profiles, i.e. p(r), of the galaxies observed
appear to be quite diverse, e.g. galaxies of the same V.« can have density profiles
which are significantly different at small radii [92][93]. This problem is thus called
the “Diversity Problem”.



2.1.3 Missing Satellites Problem

Simulations of CDM suggest the structure formation of dark matter halos to be hier-
archical and hence each dark matter halo should contain a large amount of subhalos
[94]. But the number of subhalos as suggested by CDM simulations is far greater
than the number of observed small galaxies within the Local Group. When this issue
was first discovered in the Milky Way, only 10 dwarf spheroidal galaxies had been
observed, while the estimate for the number of subhalos sufficiently large to host
galaxies is of O(100) to O(1000) [95][96]. Although the problem is in fact not as se-
vere as it was first thought to be, as more small galaxies were discovered subsequently
in the Milky Way, and some galaxies associated with subhalos might be too faint to
be observed due to their lack of baryonic content (mainly stars) [97][98][99]. Sloan
Digital Sky Survey has speculated that there could be a factor of 5 to 20 more dwarf
galaxies which are undiscovered due to faintness, limited sky coverage and luminosity
bias [100][101][102]. In addition to that, the Dark Energy Survey has recently found
17 new candidate satellites.

Similar discrepancy was also found for dwarf galaxies in the field within the Local
Volume' [103][104][105][106]. Some have suggested however that this discrepancy is
due to that the HI line? widths are biased tracers for Vi, of the halos, where Vi, was
used to determine the size of the galaxies®, but whether this is the case is currently
under debate [107, , , , , 27].

Note that this problem does not exist for the galactic-scale substructures in Galaxy

clusters [95].

2.1.4 Too-Big-to-Fail Problem

CDM only simulations predict that the most massive subhalos should be associated
with the most luminous satellites in the Milky Way. However, the central regions
of these subhalos in the simulations are too dense to be consistent with the stellar
dynamics of the most luminous dwarf spheroidal galaxies [112][113]. Similar discrep-
ancies were found for dwarf galaxies in Andromeda [111] and the Local Group field
[115]. The problem’s name comes from the expectation that the most massive sub-

halos are too dense to not have generated visible galaxies within them. A similar

LA galaxy in the field is one that doesn’t belong to any cluster of galaxies.
2Also called the “21-centimeter line”.
3 As the problem is of the under-abundance of small galaxies.



problem was also observed for dwarf field galaxies [115, , , , |. For a
more detailed discussion including a discussion on the possibility that this problem
might be resolved without abandoning the CDM paradigm, see reference [0].

The resolution of the “Core-Cusp” problem may also resolve this problem.

2.2 Some Resolutions of the aforementioned prob-
lems of the CDM model

2.2.1 Warm Dark Matter

A warm dark matter is a dark matter which thermally decoupled? in the early universe
from the cosmic plasma when it was quasi-relativistic (rather than non-relativistic
as was the CDM) [28][29]. Warm DM has a damped linear power spectrum due
to free-streaming, suppressing the number of substructures [6]. Warm DM halos
typically have density profiles that are more spread-out than the CDM halos since
they form later than the CDM halos [0]. Recent high-resolution simulations of warm
DM suggest that warm DM models may resolve the missing satellite problem and
the too-big-to-fail problem [119][120][121]. Despite these successes, the warm dark
matter models also have their inadequacies. The mass of the thermal warm DM is
severely constrained by the abundance of high redshift galaxies [122] and Lyman-«
forrest observations [123][124], and that the radii of the thermal warm DM halo cores,
in light of the Lyman-a and lensing constraints, are significantly smaller than what

is needed to solve the “Core-Cusp” problem [125].

2.2.2 Baryonic Feedback

Since the discovery of the aforementioned problems of the ACDM model on small
scales, there had been much debate about whether they can be resolved by having the
baryonic feedback processes (e.g. gas cooling, supernovae, star formation and active
galactic nuclei) included in the simulations [6]. A review of the baryonic feedback
is given in [0] with a short summary®. The review concluded that it is possible that

the aforementioned problems in small scales cannot be resolved by baryonic feedback

4See Chapter 3 for definition.
50On page 24 of the reference.
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alone. Hence it is possible that the CDM model needs to be modified at small scales

by consideration of the aforementioned discrepancies.

2.2.3 Self-Interacting Dark Matter (SIDM)

A self-interacting dark matter (SIDM) is a dark matter that can have (non-gravitational)
elastic 2 to 2 scatterings among themselves. A SIDM model was initially proposed
to resolve the “cusp-core” problem and the missing satellites problem [126]. SIDM
model differs significantly from collisionless CDM model in its implication on the DM
halo structure at small radii. See Figure 2 of reference [6] for a comparison of the
density profile of CDM halo and that of the SIDM halo. There are three important
differences between a CDM halo structure and a SIDM halo structure [6]°:

1. For CDM halo, the DM velocity dispersion at radius r decreases as r decreases
in the inner halo, while SIDM’s velocity dispersion is uniform with respect to radius.
The velocity distribution of SIDM is closer to the Maxwell-Boltzmann distribution
than that of the CDM [127].

2. SIDM halos have a “cored” rather than “cusped” density profile.

3. CDM halos are triaxial [128] while SIDM tends to be approximately spherical,
since the elastic self-scattering makes the velocities of DM particles isotropic, which
erases the ellipticity.

SIDM halo structure is the same as the CDM halo structure at large radii, since
self-scattering rate is proportional to DM density, which becomes too small at large
radii for the self-interactions to be relevant.

Many studies have been done on the effects of including elastic self-interaction
in the simulations of DM halos and on the constraints for strength of the elastic
self-interaction by comparing the results of the simulations with various observations

, ]. Some of the properties of the SIDM were not inferred from simulations but
semi-analytical models based on Jeans-equation [118, , |. These studies suggest
that introducing elastic self-interaction may resolve the “core-cusp” problem, diversity
problem and the “too-big-to-fail” problem, but not the missing satellites problem. See
[6] for some detailed discussions of why introducing elastic self-interaction may or may
not resolve these problems. A summary of the positive observations and observational

constraints are shown in Table I of reference [6]. We may infer from the table that

6See [6] for details.
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the constraint on the elastic self-interaction strength, in terms of o/mpys, where o is
the 2 to 2 elastic self-scattering cross-section and mpy; is the mass of the dark matter

particle, is

o cm? 2

cm
~ 1 =1.78 x 107
MpPM gram GeV

= 4.59 x 103GeV 2. (2.3)

It is not obvious as to which cross-section should be used in place of the afore-
mentioned ¢ in simulations — when the 2 to 2 elastic self-scattering amplitude is
independent of the scattering angle, ¢ can simply be taken as the ordinary cross-
section; but for some elastic 2 to 2 self-scattering processes the forward scattering
can enhance the cross-section dramatically or even make it infinity (e.g. when the
self-scattering may be mediated by a massless gauge boson), in which case it is com-
putationally inefficient or impossible to take o to be simply the cross-section. One
of the the replacements for the usual cross-section here is the momentum transfer

cross-section [151, , , , , , , 158], defined as:
/ (1 —cos#) —dQ (2.4)

where df) = sin 0df is the solid angle measure and o is the usual cross-section. This
cross-section (approximately) measures the average loss of forward momentum in a 2
to 2 scattering, since the longitudinal momentum transfer is Ap = mpp v, (1 — cos )
[6], where v, is the relative velocity between the initial state particles.

Reference [152] suggested that a viscosity (or conductivity) cross-section is better

at capturing the elastic self-interaction of DM, it is defined as:

vis +— 1 - 7dQ 25
o / cos?0 dQ (2.5)

However, two of the authors of [152] claimed in [6] that considering the systematic
uncertainties in the relevant astrophysical observations, both o, and o,;s are good
as measures of DM elastic self-interactions. We used oy, in the calculations for our
model (which will be introduced in the Chapter 4).
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Chapter 3

A Brief Review of Relevant Basic

Knowledge in Cosmology

This chapter will only cover some of the basic knowledge required for the following
chapters and will mainly follow the “Big-Bang Cosmology” chapter of reference [2].
For a detailed and comprehensive introduction of cosmology see references [159][160].

Readers who are familiar with modern cosmology are advised to skip this chapter.

3.1 FRW Metric, Expansion of the Universe and

Thermodynamics

Modern cosmology relies on the the theory of general relativity as a theory of space-
time and gravity'. From the perspective of general relativity, the universe is described
by the metric tensor which characterizes the spacetime manifold, usually denoted as
g or ds?, and the energy-momentum-stress tensor on the spacetime manifold which
characterizes matter, usually denoted as 7},,. The dynamical equation of the metric

tensor and the energy-momentum-stress tensor is called the Einstein’s equation:

G

1
R#V - ingﬂy + Ag’uy = 7THV y (31)

where R, is the Ricci curvature tensor, R is the scalar curvature, G is the gravita-

tional constant, c is the speed of light and A is called the cosmological constant.

!For a comprehensive introduction of general relativity, see reference [161].
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Astrophysical observations suggest that the matter distribution in the universe is
at a large scale” spatially homogeneous and isotropic. The homogeneity and isotropy
of the matter distribution implies the homogeneity and isotropy of the metric tensor®.
This allows us to describe the “ultra-low-resolution” features of the spacetime of the
universe with only two parameters, one giving the scaling of the metric and the other
describing the curvature. This spatially homogeneous and isotropic metric tensor is

called the Friedmann-Robertson-Walker (FRW) metric and is usually expressed as:

dr?

2 _ 32 p2
ds* = d* = R(t) |+ =

+ r2(d6? + sin®0de?) | (3.2)

where we have set ¢ = 1, r, # and ¢ are 3-dimensional spherical coordinates, ¢ is
called the cosmic time, R(t) is called the scale factor and is of dimension of length,
k represents curvature, r is dimensionless. We also use a dimensionless scale factor
a(t) :== % where t; is the present day cosmic time.

The homogeneous and isotropic matter is called a perfect fluid, defined by the

energy-momentum-stress tensor:

T = =PGuw + (p + p)uuuy, (3.3)

where u is the four-velocity, p is the isotropic pressure and p is the energy density.
With the FRW metric and the energy-momentum-stress tensor of the perfect fluid,

the Einstein’s equation can be written as:

a\? 8tGp k A
7Y = — 4= 4
<a) 3 a? * 3 (34)
and s A 4rC
a m
g—g—T(PﬂL%)- (3.5)

These two equations are called the Friedmann equations. a/a is called the Hubble
parameter and is usually denoted as H.

We also have energy momentum conservation VT, = 0, where V is the the Levi-

2For definition of “large scale” see the references mentioned at the beginning of this section.
3Strictly speaking by Einstein’s equation.
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Civita connection®. This gives conservation of energy, or first law of thermodynamics®:

p=—3H(p+p). (3.6)

We may re-write equation (3.4) as

k
27 = -1, (3.7)
where () := p% and p, 1= % is called the critical density. We may see from (3.7)

that © > 1 corresponds to £ > 0, €2 = 1 corresponds to £k = 0 and €2 < 1 corresponds
to k < 0. It is also helpful to consider different sources of contribution to 2 —
Q=Q,,+ Q. +Q,, where €, is the contribution to €2 from non-relativistic particles
(i.e. particles of sufficiently low energy; usually referred to as “matter”), €, from
relativistic particles (usually referred to as “radiation”) and €2, from the cosmological
constant.

Let w := £, then equation (3.6) becomes
5 a
- =-=3(1 - 3.8
L s, (38)

which can be solved to yield
p ox a3+, (3.9)

The spatial curvature of spacetime on large scales has been estimated to be approx-
imately 0 with a very small margin of error [23]. We therefore may take & = 0.
According to various astrophysical evidences [162][163][164][165][166], the matter in
the universe should have been in a very hot and dense state in the past, thus the
energy of the early universe was mostly of radiation and €2, dominates €2, in equation
(3.7) as well’. Hence we may also set A = 0 and w = 1/3 during this radiation

dominated era. Thus in early universe we have, by equation (3.9):
pocat (3.10)

We may also derive from equation (3.4) and (3.10) that a(t)  ¢2 in the radiation

dominated era. Similarly, in the case of matter domination, we have w = 0 and

4Also referred to by many as the covariant derivative with respect to the Levi-Civita connection.
5Note that this equation is also implied by the Friedmann equations.
6That is, we may take k = 0 in this case.
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a(t) o« t3. In the case when the cosmological constant dominates and is positive’,
we have w = —1 and a(t) eVt These equations fits naturally the astrophysical
observation that the universe® has been expanding, and that the matter in the universe
must have been in a very dense state in the past. The picture of the universe’s
expanding from a very hot and dense state is called the “Big-Bang” theory and has
become the foundation of modern cosmology.

The phase space distribution measure of particle species ¢ in kinetic equilibrium is

i 1 2,
o2 e~ Exa—pd /T g 1% 40

dng, = (3.11)

where ¢; is the momentum of the species, T; is the temperature, g; is the number of
degrees of freedom (excluding the degrees of freedom associated with momentum),
E; is the energy, + if the species is fermionic and — if the species is bosonic. The

number density of the species is then [159][2]

n; = / dn,, (3.12)

energy density is

pi= [ Bilasyn,, (3.13)
pressure for an ideal gas is
1 g
D= 3/EA(q'>dnqi, (3.14)
and entropy is
o = DT P P pi (3.15)

where p is chemical potential. It is well-known that for Standard Model particles
|| < T; [159][2] so we may set p; = 0 for all species i in our discussion. If a species
is in thermal equilibrium with the cosmic plasma, then 7; would be equal to the
temperature of the cosmic plasma’; usually denoted as T (without an index).

In early universe, temperature is high enough to justify approximating the energy

density p by only including the energy densities of the relativistic particles (i.e. those

"With the standard model of cosmology, A > 0 for our universe according to observation, although
A is also very small [23].

8Meaning the spatial part of the metric of spacetime.

9And the converse is true as well.
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of m < T'), in which case we have [159][2]:

7T2

p =359 (D)T", (3.16)
where
v o) me@ e

is called the total number of relativistic degrees of freedom associated with the energy
density or simply the total number of relativistic degrees of freedom, B(T) is the set
of all species of bosons i with T; > m, F(T) is the set of all species of fermions i
with 7; > m. The 7/8 factor is due to the difference between the Fermi-Dirac and
Bose-Einstein distributions. Similarly, the entropy density is [159][2]

272

=" g.(T)T3, 3.18
5= 2 g m) (3.18)
where . .
T; 7 T;
)= 3 al7) w5 3 o(F) (319
i€B(T) i€F(T)

is the total number of relativistic degrees of freedom associated with entropy density.
Note that since for most of the history of the universe, T; = T for all species of particles
[159], g+ = gus except during the period of QCD phase transition in which g, and g,
differ noticeably but very slightly [167][2]'°. For the purpose of our calculations, we

may take g,s to be equal to g.. With equation (3.16), we have in radiation dominated

8tG 1
H= ”3 P = 1.662T%/m,, (3.20)

where m,, := % = 1.22 x 10GeV is the Planck mass.

era, by equation (3.4):

We know from elementary thermodynamics that for a system in thermal equilibrium,
dG = dp — sdT = 0 where G is the Gibbs free energy, therefore by equation (3.15)
and equation (3.6), we have the conservation of total entropy when all the particle

species are in thermal equilibrium [160]:

d(sa®)
dt

— 0. (3.21)

10See Figure 21.3 of the Big-Bang cosmology chapter of [2].
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The conservation of entropy (3.21) and entropy as a function of temperature (3.18)
implies
a™ o< 5 ¢ gus(T) T2, (3.22)

3.2 Decoupling and WIMPs

At a sufficiently early cosmic time, all the Standard Model particles and perhaps the
dark matter particles are in thermal or chemical equilibrium since the universe was
sufficiently hot and dense for the scatterings among particles which enforce thermal
equilibrium among particles to occur sufficiently rapidly. For certain particles (e.g.
dark matter particles), the rate at which they annihilate into or interact with the
cosmic plasma may become too small for them to maintain thermal or chemical
equilibrium with the cosmic plasma as the universe expands and cools, in which case
we say it would thermally or chemically decouple from the cosmic plasma''. A very

crude criterion for decoupling is given by'?
r<H, (3.23)

where T is the rate of the scatterings of concern (which are the scatterings which
enforce thermal or chemical equilibrium between two systems).

The CMB is made up of the earliest photons which both thermally and chemically
decoupled'® from baryonic matter at around 378,000 years after the Big-Bang'*. This
decoupling occurred roughly when the rate of Compton scattering between electron
and photons became equal to H [160].

The so called WIMPs" [163][169][160] are one of the most well-known types of
dark matter candidates. The WIMPs are initially (i.e. at sufficiently high tempera-
tures) in thermal and chemical equilibrium with the cosmic plasma. They chemically

but not thermally'® decouple from the cosmic plasma as the universe had sufficiently

UThe binary relation (X,Y) of “X decoupled from Y” is symmetric, i.e. (X decoupled from Y)
implies (Y decoupled from X) for any X,Y.

12Note that since H ! is the age of the universe as described by the standard Big-Bang model of
cosmology [2], this criterion is the requirement that at least one such scattering occurred after the
beginning of the cosmic time.

13The chemical decoupling occurred before the thermal decoupling.

1 That is, 378,000 years after the earliest cosmic time.

15Weakly-Interacting Massive Particles.

16They do eventually also decouple from the cosmic plasma thermally, but this happens after the
chemical decoupling.
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expanded and cooled, which is roughly when
Lonn S H, (3.23)

where I',,,,,, is the total annihilation rate of the WIMPs. The comoving number density
a®n of the WIMPs would change little after the chemical decoupling. We therefore say
that the annihilation of the WIMPs and the comoving number density have “freezed-
out” after the chemical decoupling. If we take the the present day comoving number
density of the WIMPs to be its equilibrium number density at the time of freeze-out
(i.e. ignoring the annihilation after the freeze-out), we obtain a good estimate of the
WIMPs’ present day abundance in terms of its total thermally averaged annihilation

cross-section (o) gn, [168][169]'718

1
59 x 10-%cm?
Qh2 ann) = OlQﬂg*(xf)
({Tv)ann) 30 10 (00)amm

L4 X 10-9Gev 2
- 0'12ﬂg*(xf> 4 x 107°GeV 7
30 10 (00)anm

(3.24)

where x¢ := mx /Ty in which mx is the mass of the WIMP particle and T is the
temperature when “freeze-out” (i.e. chemical decoupling) occurs and g, is given in
(3.17). See also Appendix B.

The present day abundance of dark matter Qh? required by observation can
be taken as that of the non-baryonic matter, determined by observation of CMB

anisotropies [23][2] to be
Qupmh? = 0.1186 £ 0.0020 = 0.12. (3.25)
Hence to satisfy the observational constraint for Qh?, we must have by (3.24)
(00 ann = 4 x 107°GeV 2, (3.26)

Recall the elastic self-interaction constraint needed to resolve the problems mentioned

17Qh? is a function of (0v)an, because z ¢ is determined by (00) .

18Note that reference [160] claimed that the total thermally averaged cross-section (ov)4n, needs
to be roughly of O(1073%)em? for the DM abundance to be of O(1) rather than O(1073¢)cm? as
indicated by 3.24. The result in 3.24 is the correct one.
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in Chapter 2
Otr

~ 4.59 x 103GeV 2. (2.3)
mpwm

If 04 and (0V)an, are of the same order in coupling constant(s)'”, we see that
in order for the WIMPs to satisfy both the constraint for the abundance and the
constraint for the elastic self-interaction, mpy needs to be roughly of O(107'2)GeV.
By arguments from Big-Bang nucleosynthesis?’ however, the mass of a thermal dark
matter?' particle must be greater than 5 x 107*GeV [170], hence we may safely judge

that in this case the WIMPs cannot satisfy all the three aforementioned constraints.

9Note that they are of the same mass dimension.

20Tf the mass of dark matter is sufficiently small, it would be relativistic and therefore contribute
significantly to the total energy density of the universe and thus make the Hubble parameter H
significantly larger than that if the mass of dark matter isn’t so small, before the freeze-out of the
neutron-proton ratio. This would make the freeze-out of the neutron-proton ratio occur earlier and
hence make the abundance of the neutrons higher during Big-Bang nucleosynthesis period, an effect
which would change the abundance of various elements, in particular He and 2H [170]. Observations
which constrain the abundance of these elements therefore provide a lower bound on the mass of
dark matter.

21A thermal dark matter is a dark matter that had been in equilibrium with the cosmic plasma
in the early universe.
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Chapter 4

A Model of Self-interacting Dark
Matter

We take i = ¢ = 1, where 7 is the reduced Planck constant and ¢ the speed of light.

4.1 Lagrangian Density and Feynman Rules

The dark matter is in a dark sector which has an SU(2) gauge invariant Lagrangian

density!
2

2
|
L=V, — )\ <<I>T<I> - ’;) — XX (4.1)

where ®(x) is a doublet complex scalar field, p is a positive real number often called
the vacuum expectation value (VEV), x4, = 8,48 — 8, A% + ge® AP A¢ is the field
strength tensor for the gauge field AZ(Z‘) where a=1,2 or 3, V, is the gauge connec-
tion defined by V,® = §,® — igA;T*® where T = %G“ for a=1,2,3 and o are the
Pauli matrices. g is a positive real number which will be referred to as the gauge cou-

pling constant. The SU(2) gauge symmetry is often said to be spontaneously broken

(7o) [ 72) I TA] 173,

'We recommend reference [171] for a very systematic introduction to the fundamentals of quantum
field theory and references [172][173][174] for an introduction to the Standard Model of particle
physics.

2This is a very common but perhaps confusing statement. In fact, it is not possible for gauge
symmetries to be spontaneously broken as proven in reference [176].



21

The dark sector is coupled to the Standard Model through interaction term:
Ling = Anp (01®) (HH), (4.2)

where H is the Standard Model Higgs field. This interaction is often referred to as
the Higgs portal.
0
p+h(x)
and h to be real without loss of generality; the quanta of A will be called the dark

1

In wnitary gauge, we have ®(z) = 7 J[174][173].  We choose p

Higgs boson. The Lagrangian density can then be expressed as:

1 a a av 124 a 1 ea a ec C, 17 aoc a cv
L= = (005 = 0, A7) (DMA™ — 0" A™) — Zg* (P AL AL) (AT AY) — get A, AL A
2
+ 9,hO"h + %AQ“AZ(p +h)? — i(lf + 2ph)?

:—h@ﬂ—@%W%W—WN%—}%mﬁﬂwm#M%—ﬁmﬂﬂﬂmw

2 2 4
s e (2 ) ol
(4.3)

From the Lagrangian density we find that the masses of the 3 gauge bosons are

all equal to my = % pg and they can be treated as identical particles; the mass of the
dark Higgs boson is m;, = p v/ 2.

The Higgs portal will introduce a mixing of the Standard Model Higgs boson and
the dark Higgs boson, hence the dark Higgs boson will decay into the Standard Model
particles, with decay rate given by [177]

Ip= ‘92FhSM (thM — mh)7 (4'4)

where hgys is the Standard Model Higgs boson and my,g,, is its mass, I'yg,, (mpg,, —
my,) is the Standard Model Higgs boson’s decay rate with the mass of the Standard
Model Higgs boson my,,, substituted with the mass of the dark Higgs boson m;, and
0 is the mixing angle between the dark Higgs boson and the Standard Model Higgs

boson satisfying [178]
AHppU
)\p2 — )\HUQ’

where v is the Standard Model VEV, Ay is the coefficient associated with the Higgs

tan 20 = (4.5)
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field in the Standard Model which corresponds to A in our dark sector. The mixing
angle must be upper-bounded by observational constraint discussed in reference [177]
and due to limitation of our consideration be lower-bounded by the requirement that
the dark sector must maintain thermal equilibrium with the cosmic plasma as we will
assume, for reason which will be given in Chapter 4.3. The decay of the dark Higgs
boson into the Standard Model particles would be the main venue for the dark sector

to deplete its energy.

The Feynman rules [173] for the dark sector derived from the Lagrangian density

are:

AAAA vertex factor:

abeecde (g,upgucr . g,ucrgup) + Eaceebde (g,u,ugpa o g,uagl/p) + 6adeebce <g,u,1/gpo o g,upgucr)]
(4.6)

—ig*[e

AAA vertex factor (with the convention that all momenta point towards the ver-
tex):

geavelg" (k — p)’ + 9" (p — Q)" + g"(q — k)" (4.7)



AAh vertex factor:

v: b n:a

AAhh vertex factor:

v:b M a

2 2

(9 (9
20205 = | 0apg™ =1 [ = | dpg""
2<8> Y 1<2> b9g

hhh vertex factor:

23

(4.8)

(4.9)



hhhh vertex factor:

h propagator:

3li (Ap) =1 (6Ap)

k
7 o, KRV 5
kQ—m%—’—iE( g i)ab
k
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(4.10)

(4.11)

(4.12)

(4.13)
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As can be seen from the Feynman rules, the gauge bosons are stable (i.e. do not
decay) and can have elastic 2 to 2 scattering among themselves (i.e. the scattering
of AA — AA)? at O(g?)". See Appendix A for the Feynman diagrams of the elastic
scattering of AA — AA at lowest order in g.

The gauge bosons A’s are our dark matter candidate in the model. We show in
the subsequent sections the present day abundance of the gauge boson A and the
elastic 2 to 2 scattering (04.)aa—a4 in terms of the parameters g,m; and my and
find the parameter space which satisfies observational constraint on the present day
abundance of dark matter, the elastic 2 to 2 scattering and the constraint from Big-
Bang nucleosynthesis considerations®, within the domain of validity of perturbation
theory (as we will only consider the regime where perturbation theory is valid and

neglect non-perturbative effects)®.

After we worked on this model for a few months, reference [131] which covered this
model was published. We have done our work independently and will acknowledge

some of the differences between our results and theirs.

3A dark matter that can have elastic 2 to 2 scattering among themselves is commonly referred
to as a “self-interacting” dark matter.

4In the scattering amplitude.

5See footnote 20 of the last page of Chapter 3.

6This is not an observational constraint — it gives the domain of validity of our consideration
rather than a parameter space excluded by observation.
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4.2 The Constraint on Elastic 2 to 2 Self-Scattering
of Dark Gauge Bosons

The momentum transfer cross-section for scattering AA — AA encodes the informa-
tion about the elastic self-interaction of A particles [0]. It is defined to be” [6][2][152]:

1 d
(UtT)AA—>AA = /(]_ — COS 8) Md@

2! dQ

1 dosa—aa
= — 1-— 0) ——dt

7, (1=t =

1/t1 t 11 (4.14)
= — MAA AA S,t 2dt

ol LT

1 t 1

= 5 | Maasaa (s, t)dt,
2 Ji, 2(% —mi) 64rs

where 044,44 is the ordinary cross-section, s = (p; + 102)2 and t = (p; — p3)2 are the
Mandelstam variables, pie, is the initial 3-momentum in the center of mass frame,
ty=0and t; =4 (m} —%).

The non-relativistic limit of the momentum transfer cross-section for A4 — AA
at tree level, far from the resonance at m;, = 2m4®, was calculated to be:

g* (320m% — 1200m%m3 + 8801mim} — 4208m?%mS + 520m})

1152rm34md (m2 — 4m%)’

(Otr)aasaa = (4.15)
The correctness of the amplitude from which the above result was calculated was
checked in Appendix D, in which the amplitude corresponding to only the longitu-

dinal mode of the gauge bosons was calculated and was found to not diverge as p — 0.

To resolve the various problems mentioned in Chapter 2 it is required that

2

~1.78 x 1072 — 459 x 103GeV 3 23
mpwm GeV ¢ ’ ( )

g

where 0 = (04) aa— a4 and mpy = m4 in this case.

"See also Chapter 2.

8We will only consider the case when % > 2.05 or % < 1.95 to avoid the resonance.
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We will denote (04.) 4444 simply as oy,.

4.3 Evolution of Number Density of the Dark Mat-

ter Particles

The present day abundance of a particle species depends on its present day number
density. When the dark gauge bosons are in chemical and thermal equilibrium with
the cosmic plasma, the number density n4 is given by equation (3.12) with T4 = 7.
There is no reason to expect however that the gauge bosons should always be in
chemical and thermal equilibrium with the cosmic plasma. The time-evolution of
number density of a particle species is given by an appropriate Boltzmann equation
independent of whether the species is in chemical or thermal equilibrium, but we will
assume that the A’s and the h’s are in thermal equilibrium with the cosmic plasma,
an assumption which is well justified if Ayp is sufficiently large and will greatly
simplify” this equation [179][159][160]'. To solve the time-evolution equation for the
number density of A we use a well-known ansatz [179][159][160] which is introduced
in Appendix B.

The Boltzmann equation integrated over the momentum space for annihilation of
the gauge bosons'! (taking into account only the diagrams of scatterings which change
the number density and of sufficiently low orders in the gauge coupling constant g),

i.e. the time-evolution equation for the number density of the gauge bosons, assuming

9As in it would make solving the equation much easier.

10The original Boltzmann equation describes the time-evolution of the phase space distribution
f(t,z,p), but the time-evolution equation for the number density is directly implied by the time-
evolution of f(t,z,p).

' This equation will simply be referred to as the “Boltzmann equation” in the rest of the thesis.
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the spatial homogeneity of the number density, is [160]]

_ad(a®ny) n’ n?
a P =2 =2(n)* (o SM__ A
a ANl |G s T e
n? n?
2(n%)*(ov)aa hh[ s 1
4 T2 ()’
. nan n?
+ (njf <0‘U>AA—>Ah [neﬁngq - e;‘ 2]
At () 4.16
+ (n%)3(ov? s —
e

3
e nang )
+ 2(n)? (ov? l e — 1
(n%)°(ov) aaa—an 0 (n,ef)g
n? n3
+ 3(n)*(0v*) Anashn [ eh 7 eA 3|
(ny)” (n%)

where a is the scale factor of the Friedmann-Robertson-Walker metric, ny is the

number density of (all species of) the gauge boson A, ny is the number density
of the dark Higgs boson h, ngp; is the number density of the relevant Standard
Model particles which the A’s may annihilate into through the Higgs portal, n.,'s are
the corresponding number densities at both thermal and chemical equilibrium, the
factors of 2 in front of the terms of AA — hh and AAA — Ah are due to that the
corresponding scatterings reduce the number of gauge bosons by 2 per scattering event
and the factor of 3 in front of the term of AAA — hh is due to that the corresponding

scatterings reduce the number of gauge bosons by 3 per scattering event,
3 m
i (mlT) et T < my

eq d3p — 27
n;(T) = g; e T = (4.17)
i 3 T3 .
(2m) Gi~s it T'> m,

Sl

where i denotes the particle species which is in this case A or h, g; is the degeneracy
of the species i — g, = 1 and g4 = 3? = 9 (coming from the 3 polarizations and 3

gauge group indices of A), T is the temperature of the cosmic plasma.

The (ov)’s are called the “thermally averaged cross-sections” and are defined for

12See Chapter 3 of reference [160] for a derivation of a similar equation.
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the scatterings of our concern to be:

1 11 By, = e
(0V) aasxx 1=<neq)22,2,/ <H1 (27r)32E> (277)45(4) (sz e 7
A .l i= 7 =1
> IMaasxxl?,

€,a

11 (& B, e
— = Pt = 2 45 Z T
(ov) aasxy (n%0)? 2!/(21_[1 (27T)32Ei> ™ <Zp>
> Massxy |,

€,a

L1 5 &p; 1=5 Eq+Ey+ B3
, 111 _api 45(4) T

- - 27m)*8 i) e g

(ov™) aaa-xx (ni{z)?’ 312! / (z:l_ll (27T)3 2E,-> (2m) (Z;p

Z|MAAA—>XX|2 )

€,a

(4.18)

5

1 1 d3 i _E 1 +Ey+E3
<0'1)2>AAA—>XY 126(1)33!/ (H 3p> (27 45 <sz> T

(A i=1 (2m)" 2E;
> IMasasxyl,

where p;, po are the initial momenta, p3, ps are the final momenta in the 2 to 2
scatterings and pq, pa, p3 are the initial momenta, py, ps are the final momenta in the
3 to 2 scatterings, the squared amplitudes were summed over polarization and the
gauge group indices, and X,Y € {A, h, Standard Model particles}. The factorials in

13 are to take into account the

the expressions of thermally averaged cross-sections
“over-counting” of the phase space integration due to that there are identical parti-
cles in the initial or final states of the corresponding processes [179]. The thermal
distribution used in the definitions above is the Boltzmann distribution rather than
the Bose-FEinstein distribution because the difference between the two distributions

are negligible when m 4 > T, which is the only relevant regime for our calculations'*

[180][179].

In this model we’d assume that the h particles were sufficiently tightly coupled to
the cosmic plasma during the time period of our concern so that it was in thermal

and chemical equilibrium with the cosmic plasma, an assumption which could be valid

13Note that (0v?) 444 a4 and (0v?) 444 have dimension of mass to the power of -5 and are
therefore not cross-sections in the ordinary sense.
14See page 76 of [160] for reference.
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given appropriate choice of Agp,p and A [177]. Therefore n, = n}?, in which case
(4.16) becomes:

a " —————= = —2(0V) aa5M [ni - (nigﬂ

— 2(00) ansmn [n4 — (05)?] = (00) anssan [nh — nany]

— (0v?) aanssaa [0 — nAnd] (4.19)

—2(0v*) A an [ni — Ny (nffﬂ

— 3(ov*) Aaa—hn {ni - (nff)g] :

This ordinary differential equation does not admit a general closed-form solution
[159][179][160] and is not easy to solve numerically. We therefore decided for the sake
of efficiency to solve this equation for various cases in which some of the terms on
the right-hand side can be (approximately) neglected for the purpose of determining
the present day abundance of A particles. The terms (or alternatively, “channels”)
that cannot be neglected are said to dominate the terms which can be neglected. We
determine the cases (associated with parameters g,m4 and my) by comparing the
absolute values of the terms on the right-hand side within the relevant parameter
spaces'®. Also note that the following discussions are only concerned with the cases
far from (i.e. unaffected by) resonances.

When my, < my4 or when 0 < % —1<1, the AA — Ah and AA — hh channels
are not very much suppressed and dominate the AA — h, AAA — AA, AAA — Ah
and AAA — hh channels since AA — h is impossible and that the 3 to 2 channels are
exponentially suppressed by an extra Boltzmann factor from the thermal distribution,

in which case the 3 to 2 channels can be neglected, hence we have:

d 3
a3 (a’na)

o~ = 2000) aasn [ — ()]

(4.20)
— <0—,U>AA~>Ah [71124 — nAnff} .

If % — 1 > 1 and is sufficiently large, the 3 to 2 channels dominate the other
channels since the other channels will become highly exponentially suppressed due to

the phase space limitation of the initial state particles'® and the Boltzmann factors

15Which will be elucidated later.
16Gince the initial state particles need to have large enough kinetic energy to produce the heavier
final state particles.
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of the thermal distributions in the integral within the expression of the thermally

averaged cross-sections, in which case we have:

d(a®n e
a—3(th) ~ — (00%) aaaaa [n?}x - ni”ﬂ
— 2(0v*) 4aA- An [HSA A (”?)2] 20
— 3(ov*) aaa—hn [ni - (ni{])g} :

When Z—Z — 1 > 1 and is sufficiently small, the AA — h channel should dominate
the other channels since it is less exponentially suppressed than the other channels
due to its having less mass deficit (between initial and final state particles) compared
to the AA — hh and AA — Ah channels and the 3 to 2 channels’ being suppressed
by an extra Boltzmann factor from the thermal distribution. In this case, since h
may decay into the Standard Model particles through the Higgs portal, the dominant
annihilation channel would be the annihilation of two A’s into the relevant Standard
Model particles through the inverse decay of AA — h and the decay of h into the
relevant Standard Model particles. We have:

3
a3 d(a’n,)

o~ =2(00) 4 [0 — ()] (4.22)

We call an annihilation channel that is exponentially suppressed because of the
phase space limitation due to the total mass of the initial state particles’ being less
than that of the final state particles as in the cases discussed before a “forbidden”
channel — when m;, > ma, AA — Ah and AA — hh channels both become “for-
bidden”. Similarly, if m, > %m A then AAA — hh channel becomes “forbidden” and
hence can be neglected; if m; > 2my4 then AAA — Ah also becomes “forbidden”
and hence can be neglected, in which case the AAA — AA channel dominates the
other annihilation channels for the purpose of determining the number density of dark
matter. Otherwise we need to take into account all the aforementioned channels, i.e.
use (4.19).

We will in this thesis investigate the case when the AA — hh and AA — Ah
channels dominate and the case when the 3 to 2 channels dominate. We leave the
case when the annihilation of A’s into the Standard Model particles dominates to
future work.

The term “2 to 2 channels” will refer to the AA — hh and AA — Ah channels in
the subsequent part of the thesis.
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4.4 The Case When the 2 to 2 Channels Dominate
and m; < mgy

When mj, < my, the case is the standard scenario for a dark matter of the WIMPs
type. The WIMPs were introduced in Chapter 3.2. In this case, the annihilation is
dominated by the 2 to 2 channels as discussed before, so we only need to include the
2 to 2 annihilation channels in our calculations.

Considering that (04,) 44544 and (0v) 4, are both of O(g*/m?), by the argument
in 3.2, we conclude that in this case the parameter space satisfying the observational

constraints is empty within the domain of validity of perturbation theory.

4.5 The Case When the “Forbidden” 2 to 2 Chan-

nels Dominate

To calculate the non-relativistic limit of the thermally averaged cross-section for the
annihilation of AA — hh and AA — Ah when these two channels are “forbidden”

and dominate (i.e. roughly when 0 < & —1 < 1), we follow the reference [179] for
the case when " —1 > 0.1 and [153] for the case when 0 < & —1 < 0.1. We let
A= -1

For the case when A > 0.1, we calculate the thermally averaged cross-section by

equation'” [179]

(0V)total = L U;O T Ao (S_4m§‘) JEK, <\/§>

ATy () Lt N 123
> — 4m?> K ﬁ
* (ma+mp)? TAA A (S mA) \/g ' < Tf )] 7

170One might naively expect that since channel AA — Ah annihilates 1 particle A per scattering
event whereas AA — hh annihilates 2 particles A per scattering event, there should be a factor of 2
in front of the term with 0 44_nn. But this is not true because for channel AA — hh there is also
a factor of 1/2 coming from the phase space integral for the final state identical particles.
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where (00)iota1 := 2(00) aa—shn + 2(0V) 4a—an'5,

(0) pnmn i 1 1 ] A °°2 o aimn (5 —4m3) V3K, (f) (4.24)

283 1,k () Jam 7

(00) aosan == 2 ! ] /(°° ansmn (5 = 4m?) V5K, (ﬁ>

2! 8mA Ty K3 (% matmy)? Ty
(4.25)
K, for n = 1,2 are modified Bessel functions of the second kind, s = (p; +py)> is
the Mandelstam s variable and T is the temperature of the cosmic plasma at the so
called point of freeze-out as explained in Appendix B. The 1/2! factors are from phase
space integral of the initial state of two identical particles. o44 .55 is the cross-section
as usually defined for the scattering AA — hh and was calculated at the lowest order

in the gauge coupling constant g and the lowest order in s — 4m37 when m4 < mj, to

bel9

. g*\/s —4m?
AA—hh —
1105920 m |\ fm2 — md, (4.26)

(192m% — 272m%m3 + 10Tmym;, + 44m>mS + 4ms).

0aa—ap Was calculated at the lowest order in the gauge coupling constant g and lowest

order in s — (ma + my)* when m4 < my, to be

g*\fs — (ma +mp)? \Jmamy,(ma + my,)?

864mmm3 (ma + mp)d(2ma + mp)? [ (my + 3ma) (my, — ma)

OAA—AR = —

(4.27)
(891m?4 + 594mymy, — 657mSm2 — 7T14m>m3 — 136m*m}

3,,,5 2,6 7 8

We only need these two cross-sections to the lowest order in s —4m?% and s — (ma +
my,)? respectively because for the purpose of calculating the thermally averaged cross-
sections, the higher order terms in s — 4m?% and s — (m4 + my)? are negligible due

to exponential suppression coming from the integrations in (4.23). The expression

18The factor of 2 here is due to the difference between the definition of the thermally averaged
cross-section in this thesis and that of [179)].

9By lowest order in g we mean lowest order in g when m 4 and my, are taken to be free parameters,
or in other words, when m4 and m;, are fixed.
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for (ov)tota1 Was obtained assuming the thermal distribution for the gauge bosons of
the initial state to be the Maxwell-Boltzmann distribution rather than Bose-Einstein
distribution, but the Bose-Einstein distribution can be approximated sufficiently well
for our purpose by the Maxwell-Boltzmann distribution since Ty > my [180][179].

(o) 1ota1 Was calculated to be?

9462x$2

[ V2 (19205 — 272+ \0Tmmi + A + 4o e
\/mi‘mflﬁ (m2 —m?)
2 mp 2 mp my >
Ko(— 2 VK (R
(mha? o(mA:E)—I—mA( - T) 1(mAx)

8 (297mS + 396m>my, + 144mm3 — 10m3m3 — 4mAm} + 4mam;, + mf)

<UU> total —

mAm? *x5/2(2my + my,)?

_z(mgtmp) 4m124
e 2ma - 4 ma + mp

ma + mp
1 m m 1 m
2 h 2 h h
Kyl(=+ — 4 1-— — K ( (= + — )
<<mA i) zKo <(2 + mA)x> FaAmy(1 -zt T <(2 i mA)x)ﬂ
(4.28)
To compare our results with those of reference [181], we also calculated opp 544
and oa,—44. The results are
39" \/mi — m%
hh=Ad = 2048mmim]
(192m%, — 272mGm + 107m’mj, + 44mimf, + 4m})
g \/1 ma[Ema 1 (mp — ma) (3ma + mn) (4.29)
g =
Ah=Ad 3847rmAmh(mA + my)(2m4 + my,)?
(297m, + 396m%ymy, + 144m’m;, — 10mémi)
—4mAmy; + dmam;, + mg) .
Our result for o 4,44 agrees with that from reference [181], but our result for oy, 44

2ONote that Ko(r) oc e™® and Kj(z) o e~%, hence collecting all the exponential factors for the
two terms in the square brackets of the expression yields for the first term a factor of e=24% and the
second term a factor of e =27,
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differs from that of theirs. Their result for op,_, 44 simplifies to

gt /1 — T3 (12m% — 20m3Am2 + 11m})
" . (4.30)

1287m$

Ohh—AA =

To ensure the correctness of our result for op;,_s44, the high energy limit of it was
checked using the Goldstone boson equivalence theorem through calculating the cross-
section for the scattering in Lorenz gauge (instead of unitary gauge) of hh — ¢;¢;
where ¢; is the Goldstone boson associated with A; [173][174]. The check confirms
our result and refutes theirs. See Appendix E for details.

For the case when 0 < A < 0.1 we first calculate ov for each of the two processes
and expand it in the form of ov = (a + bv?) vy where v denotes the relative velocity?!
of the initial state particles in the center of mass frame and v, denotes the velocity
of each of the final state particles in the center of mass frame in the regime when
ma ~ my. From [183] we have vy = z(%—f-uifﬂ , in which z = my/m4 and

fy = (1= 22)2/z Let (00),, = (any + bpnv?)v, (00) 4, = (aan + banv®)vy. Under

21Gtrictly speaking, v should be the Mgller velocity [154][179], but the relative velocity is a suffi-
ciently good approximation of the Mgller velocity in this case [180].
Znterestingly, by definition of v in reference [133], this expression of vy is in fact only accurate

in the regime when mj and m4 are close. It is puzzling that such an expression for vy was chosen
instead of the exact expression of it in terms of the same variables.
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the assumption that my, < 3ma, ann, bun, aan and by, were calculated to be

g* (2816m8 — 4160mSm3 + 2700mimji — 764m?*mS + 83m?)

a = 5
" 27648mm3 (m2 — 2m%)* (m — 4m?)?
4
g
o 135168m’ + 326656m ' 2m?
i 331776mm?2 (4m? — m2)* (m2 — 2m3)* ( AT
—392128m'Pm;}; + 259024m5m$ — 97664mSms + 20728m%m;°
—2164m%m;? + 61m;") (4.31)
0y 9 ma = ) () (9 — )
384mwm?, (m2 — 3m3)? ’
4
bap = J 9m?, — m3, (363771m2 + 12798m'Ym?

19906567m7, (m2 — 3m?)*

—80379m%ymj, + 17340mm§, + 2089m’mpy — 922m%m;° + 51m;?)

Up to the order of v?, let (ov)nn = (00 pna + (V) hnp, A = (Mg —my)/my =2z — 1

and x := 72, where from reference |

]24

<0"U>hh,b—>0,all, if A S —0.023
(O hha = {0V hps00hr, if —0.023 < 2A < 0.023 (4.32)
(0V)hhp—0,for, TA > 0.023
for s-wave annihilation only, and
<O’U>hh’aﬁo7all, if xA S —0.046
(V) hnp = S {0V hhasomme,  if —0.046 < A < 0.023 (4.33)
<0'U>hh,a—>0,for; A Z 0.023

23Note it might seem that aj, and ay; are inconsistent with os4_nn and o0aa— 4, as shown
previously, but these expressions are in fact consistent. For app and g a44—pp, the difference is due
to that the series expansions are taken with respect to different variables; for a4, and o 44, on, the
difference is due to that the series expansions are taken with respect to different variables and the
approximation that my; = m4 for the expression of vs.

24For the cases of “allowed”, “near threshold” and “forbidden channel”.
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for p-wave annihilation only, in which

i 7 o g 1)+ )]

4o (1 — 22 r \dx (1 — 22
2z 8b FAN
<0U>hh,thr ::ﬁ [ahh<1 — (L’A) + Thh (1 - 2)] s (434)

3 45 9
= _ _“2_$ ]_ 4b 2 1
(OV)hh for =H—2€ [ahh (4;1?_1' + ) + 40pnpZ (32u‘£x2 + I + )

where p_ == 22 —1/z.

The non-relativistic thermally averaged cross-section for channel AA — Ah cannot
be directly calculated using the ansatz from [183], since the ansatz strictly speaking
only applies to the case when the final state particles have the same mass?. However,
in this case 0 < A < 0.1 so we expect the difference between m4 and my, to be small
enough for the ansatz to work well for the channel AA — Ah. Using the ansatz, the
expressions for the (ov) 45, is the same as (ov),, with ap, substituted with a4, and
by, substituted with byy,.

The total thermally averaged cross-section is then?

(00V)total = (0V) aashn + (OV) a4 an = [(ahh + aan) + (bun + ban) UQ} vy, (4.35)

The abundance of the dark matter (i.e. the dark gauge bosons A) observed now,
defined as the ratio of the energy density”’ of dark matter and the total energy density
(which is equal to the critical density because we take here the spatial curvature

of the universe and the cosmological constant to be both 0), is Qh? = psh?/p. =
3H(To)m2
8

GeV is the present day Hubble parameter. In the regime for which the 2 to 2

manah?/p., where p, = is the present day critical density and where H(Tj) =

1
4.69x10%1

annihilation channels dominate, it is obtained from solving the Boltzmann equation

25Because v, in the case when the final state particles have different masses is different from that
in the case when the final state particles have the same mass.

260ne might naively expect that since channel AA — Ah annihilates 1 particle A per scat-
tering event whereas AA — hh annihilates 2 particles A per scattering event, (ov)total ~
[(ahh + %aAh) + (bhh + %bAh) 1)2] vo. But this is not true because for channel AA — hh there
is also a factor of 1/2 from the phase space integral for the final state identical particles.

2"Note that it is assumed here that the universe’s energy density is homogeneous in space.
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approximately to be [160][183][159]%%:

1.07 x 109xfg*(xf)%GeV71

Qh*(g, ma, mn) = (4.36)

I Ges(x )y
In the above expression for the abundance, z; is the x := % at the time of the so
called “freeze-out” of annihilation as explained in Appendix B [183][159]. Tt is defined
by
na(zp) = vV2ni(zy) (4.37)

and is determined to be of O(10)%°. m, = 1.22x 10°GeV is the Planck mass. g, is the
total number of relativistc degrees of freedom associated with the energy density as
given in (3.17) and g, is the total number of relativistc degrees of freedom associated
with the entropy density as given in (3.19), which are (considering that the “freeze-
out” must occur before the Big Bang nucleosynthesis [170]) between 10.75 and 106.75

during the period in which the freeze-out happens;

© (0V)tota

J = / (90)total (4.38)
Ty ZL‘2

is called the “annihilation integral” which accounts for the annihilation after freeze-

out. For the 0 < A < 0.1 case J was calculated by numerical integration, whereas for

A > 0.1 the expansions at infinity of the modified Bessel functions (a good approxi-

mation since z is of O(10)) were used and .J was calculated analytically.

Recall that the present day abundance of non-baryonic dark matter Qh? required
by observation is Q,,,h? = 0.1186 4 0.0020 as given in (3.25). We neglect the uncer-

tainty of the result because it’s too small to be relevant for our purpose.

Our goal was to find the parameter space of g, m4 and my, allowed by both the
observational constraints on Qh? and oy.. We made plots of log;,m4 and log;, g
(where g is the gauge coupling constant) which are allowed by the constraint on 2h?

or oy, at various A := % — 1. The plots are shown below. The blue curves are of the

g and m 4 allowed by the constraint from Qh? = 0.1186 [23] and the green regions are
of the g and m 4 allowed by the constraint from 0.5;:2; < {ov)y/ma < 2;;;‘; (6], and

28Note that the abundance QA2 is a function of g,m4 and m;, because J and the temperature of
CMB at the time of freeze-out are both determined by g, m4 and my,.
29Usually about 10 to 20.
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the masses were taken to be in GeV (e.g. log,ym is in fact log;, §47). Constraints
from the consideration of Big-Bang nucleosynthesis dictates that m 4, being the mass
of a dark matter candidate particle, must be greater than roughly 1 MeV [170] and
the region where the m4 < 1 MeV is coloured purple. Validity of perturbation theory
requires oy := % < 1[171] and the region where a,; > 1 is coloured red. To determine
the exact parameter space in which the 2 to 2 channels dominate the 3 to 2 channels,
we compared the x; in the case of 2 to 2 channels only, which we shall call (z7) 44— xv,
with the ¢ in the case of 3 to 2 channels only, which we shall call (zf)444-xy, as
well as the annihilation rate®” of the 2 to 2 channels with that of the 3 to 2 channels
at the time when all the annihilation channels freeze out. The 2 to 2 channels should
dominate to a very good approximation when (z7)a4a—xy > (2)444—xy or when the
2 to 2 annihilation rate is larger than the 3 to 2 annihilation rate at the time when all
the annihilation channels freeze out. We found that the two criteria to agree almost
perfectly within the parameter space of our concern and that the 2 to 2 channels
dominate for {A < 0.95} A {a, = %QT <1} and for {1.05 < A < 1.1} A{g < 1}.

As can be seen from the plots, the parameters allowed by all the aforementioned

30 Annihilation rate is defined to be n4(ov) for the 2 to 2 channels and n%(ov?) for the 3 to 2
channels.
31ag < 1 is (approximately) equivalent to log;,g < 0.55.

A=0.01 A=0.05

Logg
Logg

-8 -8 -4 -2 ] z -8 -8 -4 -2 ] z
Logm g Logm g

Figure 4.1: Plots of available (log,q g, log;yma) at A = 0.01 (left) and A = 0.05
(right) when the 2 to 2 “forbidden” channels dominate. For more description see the
second paragraph above Figure 4.1.
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Logg

Logm 4 Logmy

Figure 4.2: Plots of available (log,, g, logoma) at A = 0.2 (top left), A = 0.5 (top
right), A = 0.7 (bottom left), A = 0.8 (bottom right) when the 2 to 2 “forbidden”
channels dominate. For more description see the second paragraph above Figure 4.1.
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Mo=0.82 A =083
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Figure 4.3: Plots of available (log,, g, log;oma) at A = 0.82 (top left), A = 0.83 (top

right), A = 0.84 (bottom left), A = 0.85 (bottom right) when the 2 to 2 “forbidden”
channels dominate. For more description see the second paragraph above Figure 4.1.
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No=0.86 A =087
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Figure 4.4: Plots of available (log,, g, log;oma) at A = 0.86 (top left), A = 0.87 (top

right), A = 0.88 (bottom left), A = 0.89 (bottom right) when the 2 to 2 “forbidden”
channels dominate. For more description see the second paragraph above Figure 4.1.
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A =091

-2 L] 2
Logmg Logm g
A =082 A =093

Logg

2 o 2 -8 e -4 ) 0 2
Logm g Logmy
Figure 4.5: Plots of available (log,, g, log;oma) at A = 0.90 (top left), A = 0.91 (top

right), A = 0.92 (bottom left), A = 0.93 (bottom right) when the 2 to 2 “forbidden”
channels dominate. For more description see the second paragraph above Figure 4.1.
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Figure 4.6: Plots of available (log,, g, logygma) at A = 0.94 (top left), A = 0.95 (top
right), A = 1.05 (bottom left), A = 1.10 (bottom right) when the 2 to 2 “forbidden”
channels dominate or are relevant. For more description see the second paragraph
above Figure 4.1.
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constraints in the regime where perturbation theory is valid and the “forbidden”
channels dominate®”, when only the forbidden channels are taken into account, is
non-empty roughly when A € [0.83,0.95]. We observe that the mass of the dark
matter is roughly in the range from 1 MeV to 500 MeV and the coupling constant in
terms of «, is roughly in the range of 1072 to 1%%.

Note that both oy, and (ov?) 444 4n [151] have resonance at A = 1 and dealing
with such resonances is beyond the scope of the thesis. We will therefore neglect the
case when A € (0.95,1.05).

4.6 The Case When the 3 to 2 Channels Dominate

The non-relativistic limit of (cv?) 44444 (of 40 distinct Feynman diagrams in total

of 3 distinct “topologies”) was calculated to be:

1 1 1 1
OV )AAA—AA = AAA—)AA
p1=p2=p3=0

5 \/_ q° 8
= . 1350224
21535t m, (m3 — 4m2)* (m3 + m,zl)2 ( A (4.39)

+1752472m5m? + 118557mym? — 440686m3m?
+73405m} ) ,

where

Z|MAAA—>AA|2

€,a

45¢°
7 (1350224m5

128m3 (m2 — 4m2)” (m% + m2
+1752472mSm} + 118557m?m} — 440686m*%mS
+73405m3) ,

P1=p2=p3=0

(4.40)

see Appendices A and C and for details.

differs from the result of ref-

pP1=p2=p3=0
erence [131]. The difference is of the coefficients of the terms inside the brackets on

Note that our result for 3> ,[Maaa—aal?

the right of the fraction. After adjusting the overall scaling (i.e. the fraction) for the

32 Although at A = 1.05 and A = 1.1 the 2 to 2 channels might not dominate the 3 to 2 channels.
33The region where ag > 1 is not in fact excluded but merely excluded from our consideration
since we have only considered the perturbative regime of this model.
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result from reference [181] to be the same as that presented above, the terms in the

brackets of their result are
1453880m5 + 1637900m%m? + 105020m*m+ — 437600m%mS + 73405md). (4.41
A Al AR AR h

It is expected however that this difference is too small to make a significant difference
on the plots made for this thesis.

The AAA — hh channel is always sub-dominant and therefore will be neglected for
our calculations — it is “forbidden” for m; > 1.5my, while for m;, < 1.5my4 it is
dominated by the 2 to 2 forbidden channels. The AAA — Ah channel is expected to

be insignificant for A > 1 as discussed before and is therefore neglected as well.

The abundance of the dark matter, i.e. the abundance of A particles now is given
by equation (B.10)

mAT3 Jxs (To) 2H0 (mA) lL‘Z
Qh?(g,ma,my) = ; : o T\ Too?) Tn]; h?, (4.42)
c xs \ 1 f total /144

where we take h = 0.7, Ty = 2.35 x 10713GeV is the temperature of the CMB now,
gvs(Tp) = 3.36, T} is the temperature of the CMB at the time of “freeze-out”*,
Tfo= "%—;‘, (00 total := (V) aaa-a4 + 2(0V?) a4 an + 3{0v?) Asasnn and for A > 1
we may take (00?)iotal = (0044444 for A > 1.05 when both AAA — Ah and
AAA — hh channels are “forbidden”; p. = % is the critical density of the
FRW model of the universe where m,, = 1.22 x 10GeV is the Planck mass, H is the
Hubble parameter®, Ho(my4) = 1.66g2m? /m,°.

As in the case discussed previously, we made plots of log,ym4 and log,,g which
are allowed by the constraint on Qh? or oy, at various A := ZLL—Z — 1. They are
shown in Figure 4.7 and Figure 4.8. The blue curves are of the g and m4 allowed
by the constraint from Qh? = 0.1186 [23] and the green regions are of the g and m
allowed by the constraint from 0.5% < {ov)yr/ma < 2% [6], and the masses were
taken to be in GeV. The parameter space excluded by the constraint of Big-Bang
nucleosynthesis is my < 1MeV [170] and is coloured purple. The parameter space

excluded from our consideration by the perturbativity constraint is oy = % > 1

34See Appendix B for definition of “freeze-out”.
35See Chapter 3 of this thesis for definition.
36See Appendix B for definition of Hy.
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Figure 4.7: Plots of available (log,, g, logygma) at A = 1.05 (top left), A = 1.10 (top
right), A = 1.20 (bottom left) and A = 1.30 (bottom right) when the 3 to 2 channels
are relevant or dominate. For more description see the first paragraph above Figure

4.7.

[171] and is coloured red.

As can be seen from Figure 4.7 and Figure 4.8, the parameter space allowed by
all the aforementioned constraints (as in the case previously discussed) should be
non-empty for all A > 1.05, although the apparently available parameter spaces at
A =1.05 and A = 1.1 are not actually within the space in which the 3 to 2 channels
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Logg
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Figure 4.8: Plots of available (logy, g, log,,m4) for the case when the 3 to 2 channels
dominate at A = 1.9 (top left), A = 2.10 (top right), A = 5.00 (bottom left) when
the AAA to AA channel dominate. For more description see the first paragraph above

Figure 4.7.
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Figure 4.9: A plot of available (my, g) for the case when the 3 to 2 channels dominate
for all A. This plot is in fact made only for 1.1 < A < 1.6, but since the space of (m4,
g) allowed by both the abundance and elastic self-interaction constraints changes little
as A increases for A > 1.6, this plot is a decent approximation for the allowed (m,

g) for all A.
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dominate as mentioned earlier and are therefore likely unavailable considering the
previous plots for the case in which the 2 to 2 channels dominate. From Figure 4.9
we observe that the mass of the dark matter m 4 is roughly in the range from 20 MeV
to 200 MeV, «a, is roughly in the range from 1072 to 1. We also observe that for
A > 1.5 the available parameter space is approximately independent of A, although
this might not be the case near A = 2 where (6v?) 444,44 has a resonance [131]. This
is expected because at sufficiently large A both 0444 .44 and oy, are approximately
independent of A%,

Note that we did not discuss the decay of h — AA, the inverse decay of AA — h
and in any detail the decay of h’s into the Standard Model particles. The h — AA
channel should be significant for A > 1, whereas the AA — h channel should be
significant for A > 1 and will become too “forbidden” to be relevant for sufficiently
large A. Hence for A > 1 (but suffciently far away from the resonance of AAA — Ah),
the inverse decay of AA — h and the decay of h — AA should be sufficiently fast
to keep them in chemical equilibrium (i.e. ['ga.p = ['a4) — if the chemical
equilibrium between h’s and Standard Model particles cannot be maintained and
that the decay of the h’s into the Standard Model particles is much slower than
the decay of h — AA, the change in the number density of A should be governed
by the decay of the h’s into the Standard Model particles and the corresponding
inverse decay. If A becomes very large (as in the case when AAA — AA dominates
other channels), the h’s might decay into A’s very quickly so that the h’s number
density would become very small, to the extent that their decay into the Standard
Model particles would be too slow to maintain the thermal and chemical equilibrium
between them and the cosmic plasma [181], violating our previous assumption that
the h’s were in thermal and chemical equilibrium with the cosmic plasma during the
time period of our concern. Hence we may further constrain the parameter space

when A > 1 if we treat these processes appropriately.

37As can be seen if we take the limit of m4 — 0 while fixing my,.
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Chapter 5

Discussion of the Methods and
Results

5.1 Use of Softwares

The cross-sections and plots for the allowed parameter spaces in the previous chapter
were made using the software Wolfram Mathematica 11.2 Student Edition (which will
simply be referred to as “Mathematica”). At first we used a package for Mathematica
named FeynCalc to calculate the cross-sections of the 2 to 2 scatterings. But when
we attempted to calculate 044444 using FeynCalc, we realized it was too inefficient
for the calculation, as the package was not designed for the calculation of the scatter-
ing amplitudes of non-relativistic particles!. We therefore wrote Mathematica codes
without the aid of any packages to calculate the cross-sections of the 3 to 2 scatterings
in the non-relativistic limit, and also re-calculated some of the cross-sections of the 2
to 2 scatterings in the non-relativistic limit using analogous codes. We found that the
calculations of the non-relativistic limit of the cross-sections using our new code with-
out the use of FeynCalc took significantly shorter time than those using the old codes
relying on FeynCalc. The calculations of the cross-sections of the 3 to 2 scatterings
were very time-consuming on our laptop computer? which was assigned the task to

run the code. For example, the running time for the calculation of 3°_,|Maaa, ik

! As FeynCalc can only calculate relativistic amplitudes, and the relativistic amplitudes need then
to be simplified.
2The processor of this laptop is Intel(R) Core(TM) M-5Y10c @ 0.80GHz 998MHz.
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in the non-relativistic limit was at least 20 hours®. In fact, if the calculation were to
be done in the most straight forward manner, the laptop would run out of memory
(of 8 GB) before the calculation could be completed. To complete the calculation we
had to break the scattering amplitude into 3 parts and do the sum over the indices

for each of the 9 parts coming from the squaring of the amplitude separately.

5.2 Resonances of the cross-sections

We have avoided dealing with any of the resonances of the cross-sections (although
this does not compromise the validy of our results). Treatments of these resonances

can be found in references [179][185][180].

5.3 Coupling to the Standard Model

We have not discussed extensively the coupling to the Standard Model through the
Higgs portal, in particular how the thermal and chemical equilibrium between the dark
Higgs bosons and the Standard Model particles can be achieved without depleting the
dark Higgs bosons, how this would constrain A, and the detection of this dark sector.
A systematic study of dark matter coupled to the Standard Model through a Higgs
portal can be found in [177] and a review on the detection of general elastically self-
interacting dark matter can be found in [0]. Reference [177] suggests that there exists
parameter space unexcluded by the observational constraints which would guarantee
that the rate at which the dark Higgs bosons decay into the Standard Model particles
be greater than the Hubble parameter, so that the dark Higgs bosons would be in
thermal and chemical equilibrium with the cosmic plasma as we assumed. See also
the discussion at the end of Chapter 4.

5.4 Non-perturbative regime and effects

We have employed perturbation theory in our calculations and have not explored the

non-perturbative regime (a, > 1) of this model or any non-perturbative effect. See

3This is a conservative estimate. The actual time it took, which has not been exactly recorded,
could be more than 30 hours.
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[6] for discussions of non-perturbative effects in models of elastically self-interacting

dark matter.
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Chapter 6
Conclusions

We have investigated the possibility of that the dark gauge boson in the SU(2) gauged
dark sector introduced in Chapter 4 could constitute all the non-baryonic dark matter,
taking into account the recent astrophysical observations which suggest that dark
matter might have significant non-gravitational elastic self-interaction. To achieve
this purpose, we calculated, in the regime where perturbation theory is valid, the
cross-sections and thermally averaged cross-sections for the relevant 2 to 2 and 3 to
2 annihilations of the dark gauge bosons within the dark sector, and the momentum-
transfer cross-section of the 2 to 2 elastic scattering of the dark gauge bosons which
encodes the strength of their elastic self-interaction. We calculated the abundance
of the dark gauge bosons using a well-known ansatz and found in the regime where
perturbation theory is valid that when the mass splitting between the dark gauge
boson A and the dark Higgs boson h, defined as A := %Z_ 1, satisfies 0.83 < A < 0.95
or A > 1.20, the dark gauge boson might be able to provide the abundance and the
self-interaction needed for the dark matter. The unexcluded mass of the dark gauge
boson would be roughly in the range from 1 MeV to 500 MeV and the gauge coupling
fine structure constant «, in the range from 107 to 1. The unexcluded mass of the
dark gauge boson might not be determined accurately for a given A above 0.9 since the
unexcluded mass range is very large for each such A (which may span as much as about
two orders of magnitude), due to that the curve allowed by abundance constraint’s
being almost parallel to the curve allowed by the self-interaction constraint.

Note that for A < 0, the dark gauge boson would be a standard WIMP, and the
required elastic self-interaction momentum transfer cross-section (2.3) in conjunction

with the required total thermally averaged annihilation cross-section (4.23) implies
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ma to be roughly of O(107!2)GeV', severely violating the constraint from Big-Bang
nucleosynthesis that m4 > 0.5MeV. That the aforementioned constraints could be
consistent with each other relied on the suppression of the thermally averaged annihi-
lation cross-sections due to the channels’ being “forbidden” — the coupling constant
can be sufficiently large so that the elastic self-interaction constraint can be satisfied
while the annihilation cross-sections are not too large for the abundance constraint
to be satisfied.

The coupling of the dark sector to the Standard Model, the decay of h — AA and
the inverse decay of AA — h have not been extensively discussed in this thesis. Fur-
ther investigations on the decay of dark Higgs bosons into Standard Model particles,
the decay h — AA and the inverse decay AA — h may provide constraint on the
strength of the Higgs portal coupling Agp and tighter constraint on the parameter

space of g, my, and A.

IThat is, satisfying the elastic self-interaction constraint would make the annihilation rate too
high for the abundance constraint to be satisfied, provided that the dark gauge boson is not too
light.
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Appendix A

Feynman diagrams for the

scatterings

For 2 to 2 scatterings, the default configuration is

in which 1,2 denote the initial state particles and 3,4 denote the final state particles.
A diagram may be labeled by a label below it. If a diagram has any label, e.g. f,
then f(i «» j) for i,j € {1,2,3,4} denotes a diagram that is f with labels ¢ and j

switched, for example:
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For AA — Ah:
+
1
For AA — hh:
/ 4
V4
’
+ i34 +
N
N
AN
i
For AA — AA:

E(s o 4) 4 i(2 < 3) +
1

i(3 ++ 4)

+

et

i1

+

i(2 + 3)

ii(3 + 4)

_l.

ii(2 < 3)

o8



29

The default configuration for 3 to 2 scattering is:

1 4

in which 1,2,3 denote the initial state particles and 4,5 denote the final state par-
ticle. For any label f of a diagram, let f[1,2,3,4,5] denote the diagram of default
configuration where 1,2, 3,4,5 are labels of the particles as described above for 3 to
2 scattering and that for any element p of the symmetric group Ss, f[p(1,2,3,4,5)]
be the diagram which the diagram f[1,2,3,4, 5] becomes when the array of labels
1,2,3,4,5 are permuted to p(1,2,3,4,5).
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For AAA — AA:
1 4 1
4
2
) + P(i) + +  P(ii)
3 > } . 5
i 11
+ + P(iii)
in which

P(i) =1i[1,2,4,3,5] +[1,2,5,3,4] + i[1,3,4,2,5] + i[1,3,5,2,4] +i[3, 2,4, 1, 5]
+1i[3,2,5,1,4] +i[4,5,3,1,2] +i[4,5,2,1,3] + i[4,5,1,3, 2,

P(ii) = i[1,2,3,5,4] +ii[1,3,2,4,5] + ii[1,3,2,5,4] + i[2, 3, 1,4, 5]
+1ii[2,3,1,5,4] +ii[1,4,5,2,3] +ii[3,4,5,2,1] +ii[1,4,5,3,2]
+4i[2,4,5,3,1] +ii[2,4,5,1,3] +ii[3,4,5,1,2] + ii[4,5,1,3,2]
+4i[4,5,1,2,3] +ii[4,5,2,1,3)],

P(iii) = i4i[1,2,3,5, 4] + 4ii[1, 3, 2,4, 5] + iii[1, 3,2, 5, 4] + iii[2, 3, 1, 4, 5]
+4id[2,3,1,5,4] + iii[1,4,5, 2, 3] + #i[3,4, 5,2, 1] + iii[1,4,5, 3, 2]
+4id[2,4,5,3,1] + iii[2, 4,5, 1, 3] + 4i[3,4, 5, 1,2] + iii[4,5,1,3, 2]
+4i[4,5,1,2,3] + iii[4,5,2, 1, 3).
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Appendix B

Derivation of expressions of relic
abundance from Boltzmann

equation

For the case when the 2 to 2 channels dominate, recall

_5d(a’na)

- _ 2 2 eq\2
A7 (70)aaomn [ = (Y] (4.20)
— (oV) A AR [ni — nAni‘q} )
We may rewrite this equation [160][159] with the assumption a oc T~! (which is only

approximately true as will be explained later) as

Cil}t/ =T’ {2<J’U>AAahh (Y2 - Yj]) — (V) 44— an (Y2 - Yquﬂ ; (B.1)

where Y :=n, /T3, Y., :=n /T3
Since the thermally averaged cross-section (ov) is written in terms of temperature, it
is preferable to further rewrite the equation using x := m4/T" in place of time ¢ in the

equation. Since a o T, i.e. T = k/a for some constant k, we have fl—f = % (%) =

matp (=7s) =magi () (=7) = bma (= /@) (=g5) = ma (}) Hes = H% =
Hzx. Tt is required by observaton that the dark matter be produced in the radiation

dominated era [160][159], hence we may assume H oc T?, which allows us to express

'Here m 4 is chosen for convenience and can be replaced by other mass scales.
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H (as in 3.20) as H = Hy (ma) /2? for Hy(my) := Hz?* = 1.66g2 m? /m,,. Therefore

av _avd _ 1ay
de  dt de  Hx dt
3

= —[7;:6 {2<O’U>AAﬁhh (Y2 — ife?q) - <O-/U>AA~>Ah (Y2 - YYvefI)} (BQ)

3
= oy [ (V2 = Y3) — (o0 ann (V2 =YY

The above ordinary differential equation is a kind of Riccati equation which admits

no general closed-form solutions, but the qualitative behavior of it is well-known

[150] 180187185 [179] 160}

1. Y(z) = Y., () for sufficiently small z.

2. As x increases to approximately when Y (z) — Y, (x) = ¢Ye,(2) for some real
number ¢ of O(1), Y., (z)/Y (z) begins to drop approximately exponentially with
respect to x — Y (z) decreases more and more slowly and approaches an asymptotic
value as x increases. The time for which Y (z) —Y,,(z) = ¢Y¢,(2) is usually referred to
as the time of “freeze-out”. The later the freeze-out occurs, the lower is the asymptotic
value that Y (z) approaches. This criterion agrees very well with the criterion given
by equation (3.23) when I' in equation (3.23) is set to be the total annihilation rate.

The choice of ¢ is insignificant for temperature-insensitive annihilation cross-
sections and we will take ¢ = /2 — 1 following [183][159]. The value of x at the
time of freeze-out z; is determined by solving for x the evolution equation (B.2)
(i.e. the Boltzmann equation for annihilation) in conjunction with the freeze-out
condition Y (z) — Yo (x) = Y (z). Let 6(x) := Y(x) — Y () and rewrite Y (z) as
Y(z) = d(x) + Ye4(x) in equation (B.2). The equation can be solved without our
knowing the solution for Y'(z) if we make the assumption that % = 0. This assump-
tion had been justified by examination of the (very reliable) numerical solutions of
the ODE and is reasonable considering that before the freeze-out Y (z) = Y,,(z). We
will also take the assumption that xs is of O(10), an assumption which is justified by
astrophysical observations? and allows us to take the limit of n% (as in (4.17)) when
m; >T.

This qualitative behavior allows us to solve the equation to good approximation

2See in Chapter 1 the discussion about “Cold” vs. “Hot” dark matter and the references therein.



63

for Y (z = oo) while taking Y., = 0 for the equation, in which case we obtain

dY K
% = _?<Uv>totaly27 (B-?’)
’m3 .
where k = HU(T?LA) and (00)¢otal := 2(0V) aa—snh + (0V) a4 4n. The above equation

can then be solved by separation of variables to obtain Y (x = 00):

/ Ly~ / * (o0)otal 4,
Tf

Y(zp) Y2 x? -
L[ _ /OO (0V) total (B-4)
— — ? = —K 72(11'

Y(xf) Ty X

It is also well-known that Y (z;) > Y (oco) [L79][160][159], hence we may take ﬁ =
@

0 and obtain .

Y (00) = <K/ W;“) =Y. (B.5)
xf i

When my > Ty, (00)total can be taken to be independent of temperature (see Ap-

pendix C for details), therefore®

oo 1 1
Yoo - </’€<0—’U>total /acf l'2>

A) Ty

(B.6)
B Ty _ Hy (m
K{OU)total m?4<av>tota1‘
If indeed T oc @' always holds, the dark matter density today should be
pA = mAYooT()37 (B?)

where Tj is the temperature of the CMB now. But 7" o< a~! does not always hold to
good approximation® since by equation (3.21) and (3.18)

GusT? x s oca™ (B.8)

3Note that it would appear by consideration of the expression below that Y, is proportional to
x ¢, contradicting the previous claim that the later the freeze-out occurs, the lower is Y. However,
we would find that this is not the case considering that (ov)tota1 determines ¢ and is therefore a
function of x;.

4A “good approximation” is an approximation whose error is negligible for our purpose.
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where g, is not constant as T varies — our previous assumption that 7' oc a~*

amounts to that g.; is constant. What normally happens and we shall assume is
what happens for our model is that during a time period for which g, is approxi-
mately constant, annihilation would “freeze out” and Y would approach (to very good
approximation) a value which is the Y., we had before, and then g,, would signifi-
cantly decrease, which implies that Y () would decrease as well (as will be elucidated
soon) — note that the Y., we had before is not equal to Y (co0) in this case, since
the Y., before was obtained with the assumption that g, is constant, which is not
true after Y approximately reaches Y., in this case. This means that the previously
obtained Y, is in fact the value of Y'(z) just before g.; begins to change significantly
(i.e. can no longer be treated as a constant) rather than Y (co) with this considera-
tion. Despite that the “freeze-out” behavior was observed in the above discussion for
equation (B.3) only when g,, was assumed to be constant, it is well-known that even

though g. is not constant, the comoving number density na® stays (approximately)

constant after Y has reached (approximately) Y., [160]. This implies
a\3 L ai\?
naTy) = na(T) (2 ) = @rd (2, (B.9)
@o Qo

where Tj is the temperature now, 7; is the temperature after Y (approximately)
reaches Y, just before g.s; can no longer be treated as a constant and x; := m,/T};
note that Y (z1) = Y by definition and ¢.s(T1) = gus(T})°.

Hence dark matter abundance now is

PA
Qxy) = — =
(20) o o

maY (21) Ty <G1T1)3 = M4Ye TG Gos (TO). (B.10)

aoTo pe Ges (T¥)

The temperature of the CMB now Ty = 2.7255K +0.0006 K a 2.35 x 10713GeV [155]
and g.s(To) = 3.36 [2][160][159].

®Note that reference [160]’s account of what was explained in this paragraph can be confusing,
as it claims that Y reaches its asymptotic value after the “freeze-out” but then describes how Y
shouldn’t have have been constant after it approximately reaches Y., because T o a~! no longer
holds to good approximation.
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Similarly, when the 3 to 2 channels dominate, we have the equation

ad(aPng e
a S(dt) = — (0V?) 44— an {ni’l — ninﬂ

— 2<0U2>AAA—>Ah {ni’, — N4 (nff)ﬂ (4‘21)
— 3(0v®) anacsmn [0 — (n)°] .
For the purpose of solving the equation for Y (z = oco) when g, is approximately

constant, we have

dY
d$ - _%<UU2>totalY3> <B11)
m6
where v := Tolma)’ (00 total = (0V*) aaa—a4 + 2(00*) aaaan + 3(0V*) aa4-hn, and

when my > T,

Y (00) = (2v<av2>toml I 1)

Y (B.12)
2x% | 2H, (mA)lic

N 27(00?) total N {00 ot

The dark matter abundance now is as before given by equation (B.10).

Note that the constant c in the definition of x; for the case when the 3 to 2 channels
dominate is probably not best chosen to be the same as in the case when the 2 to
2 channels dominate. However, z; depends on ¢ only logarithmically and therefore
it is expected that it wouldn’t introduce a significant error if we use ¢ = v/2 — 1 in
the calculations for the case when the 3 to 2 channels dominate. We therefore simply

used ¢ = /2 — 1 for the case when the 3 to 2 channels dominate as well.



66

Appendix C

Derivation of thermally averaged
cross-sections of 3 to 2 scatterings

in terms of ¢ 4| M|?

Recall from equations (4.18) that

1 11 5 dgp- =3 E1+Ey+E3
2 e i 4¢4 _E1+Eo+Es
<UU >AAAHAA -—WB!Q!/ <z=1_[1 M) (27T) 0 (;Pz € T

(4.18)
Y [Maaasaal?,
where from equations (4.17)
. d3
nSU(T) = gA/ EP o~ (4.17)
(27)

For the purpose of determining the relic abundance, we only need to consider the case
when my > T and my, > T, for which the pre-factor of the exponent of e~ T is very
large, which justifies:

1. A non-relativistic approximation of the energy £ = m + % for the energy of
the initial state particles.

2. Treating the part of the integrand excluding the thermal Boltzmann factor
as being independent of the initial state momenta and evaluated at initial state 3-
momenta equal to 0 while applying the constraint of conservation of 4-momenta.

Therefore we have (implicitly assuming 4-momenta conservation for the evaluations
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at p1 = p2 = ps =0)

21 11 (¢ 1 -4
<UU2>AAA—>AA = o ( ) 2713923 <H 3) € TA
{326_TA f (33)36 ”T} i=1 (27?) 2E; p1=p2=p3=0
5 p2+p2+17?)
<Z!MAA/HAA|2 ) / (H dgpz') e T
€,a pP1=p2=p3=0 =1

=5
i=1 P1=p2=p3=0

@M 111 N LN
(fd3 €_T> 2237 <2m,4> <3mA> o
|

p2+p3+p3
> IMasassaal? ) = 3]

3
S (tLem)
6a pP1=p2=p3=0 i=1

BpydPps 6V (3my — By — B5) 6 (—py — Ps)]

111 1 ( )
= a5 | 2 Masasaal )
me203 MA \eca pP1=p2=p3=0

/d3p4d3 (5(1) <3mA— \/mA+p4 — \/m +p5 )
o )( p4—P5)

Since

/d3p4d3p55 (3mA — \/m% + pa® — \/m? + ps ) 8®) (—ps — ps)

—47r/ drr?d <3mA—2\/mA+r2>

7,2

d% <3mA — 2\/m?4+7"2>
ry/m% + r?
gy VAT

2

=47

3mA:2W (CQ)

\/mA+r2:gmA
oo (ma) ()
=27 [ —m -m
AR AT

3
=5 57m?,
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we finally have

111

1
(0v*) arasaa = \/528 T Z\MAAA—>AA|

(C.3)

pP1=p2=p3=0

3ma (i.e. when the AAA — hh channel isn't

Similarly we may obtain for m; < 3

“forbidden”)

1111 9
(0V) Axann = 55730 75 0" Zmi —mima ) |Masasnnl?
A 6a P1=p2=p3=0 (C4)
1111 9
738 d h Z’ AAA-hh|” ,
2t a 4 pP1=p2=p3=0
and for my < 2my
(o0?) L1111 7 (80mh + 2mAmE — m}) \/64m — 20mAm} + mil
AAASAD =15 56 35 i 62,
Y [Masaanl
&4 P1=p2=p3=0
1 11 1
22738 (SOmA + 2mA4m; — mh) \/64mA — 20m3m3 +mj
Y [ Masasanl?
&a pP1=p2=p3=0

(C.5)
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Appendix D

Checking of the result for M 44, 44

To ensure the correctness of the expression of the amplitude from which (04.) 44544
was calculated, the high energy limit of the amplitude for the case in which all of
the external A’s are longitudinally polarized was calculated, yielding a result which

doesn’t diverge as p — 0:

MAA—>AA,L == [(S + t)éadébc <g2<82 + st + t2) — 4)\875)

1
2st (s + 1)
00O (97(5* + st + 12) + dds(s + 1)) (D.1)
— $0mea (G7(5% + st + £2) + 4Xt(s + 1)) | + O(p?),

The longitudinal polarization vectors used in the calculation of M 4,441 Were ex-

pressed as:
1 m?> m> 2m?
b= — 1 —4—A | pt [142—2 ) —ph A
L ma s _pl ( s —4m? p23—4m2A_
1 m% | m> 2m>
ey = —— [T —4=2 ph [T+ 2 — 5 | —ph—
ma s s —4m5 s —4m5 (D.2)
m? m? 2m> .
b= 1_47,4 " 1 ) A o A
L s _p3 ( * s —4m? Y5 —am?
1 m?> 2 2m?
b= — o [1—4—2 | [142—2— ) —ph A
L s _p4< s — 4m? p33—4m2A

The cancellation of the terms which diverge as p — 0 is unlikely if the amplitude

is incorrect. The cancellation of the highest order divergent O(p~*) terms from the
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gauge boson only diagrams is necessitated by gauge invariance. The O(p~?) terms
from gauge boson only diagrams canceled with the O(p~2) terms from the Higgs boson

exchange diagrams [173].
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Appendix E

Checking of the result for M 44_.3,
using Goldstone boson equivalence

theorem

The theorem states, in the context of quantum field theory, that the amplitude for
the emission or absorption of a longitudinally polarized gauge boson in a “sponta-
neously broken” gauge theory is equal to the amplitude of the emission or absorption
of the corresponding Goldstone boson (which was “eaten” by the gauge boson) [174]
at the high energy limit. This theorem implies that Mpp_ 4,4, = Mpn—e,e; at the
high energy limit if A; is longitudinally polarized, where ¢; is the Goldstone boson
associated with A;.

Let ®(z) = —i(¢1 — ig) [174], then the term in the Lagrangian density of

V2 p+ (h + i)
the dark sector which gives the interaction between the Goldstone boson ¢;’s and h

is

9y 2
Lo=—\ <¢>T<b - p2> . (E.1)

Since the gauge bosons are identical except for their group indices, the coupling
between h and ¢; must be the same for every ¢ — this can also be derived by a direct
calculation. We may therefore refer to all the ¢;’s simply as ¢ in the subsequent part

of this appendix. We find from L that the interaction between h and ¢ for each ¢;
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Figure E.1: Diagrams contributing to Mp;_.44 at lowest order in g if g, m4 and my,
are taken to be free parameters.

is given by

tro == (310 (v i)+ (010 - )

A
== J(h*+ 2hp + ¢)? (E.2)
A A A
S Zh4 — A\R?p* — Z¢4 — \R3p — Aho?p — §h2¢2.

If we take g, m4 and my to be the free parameters, the diagrams contributing to
Mppge at lowest order in g are shown in Figure E.1. We calculated the non-
relativistic limit of op,_4e (Summed over the group index) at lowest order in g in
Lorenz gauge in which the Goldstone bosons are massless (i.e. have massless propa-

gators) and obtained
3g'm3

—. E.3
512mm? (E:3)

Ohh—¢p =
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Recall

3g%\/m2 —m?

2048rmim] (4.29)

(192m8, — 272m8m;, + 107Tmhmy, + 44mim, + 4ms,) |

Ohh—AA =

The high energy limit can also be seen as the limit of p — 0'. If we now take p — 0
and g — 0 while fixing \?, we would have %‘: — 0, in which case the contribution to
M 4,4, from the transverse modes of A becomes negligible compared to that from
the longitudinal mode since (at the high energy limit) the longitudinal polarization
is proportional to m ', whereas the transverse polarizations are proportional to m 4.
We find in this limit that

3g'm3

m = Ohh—¢¢» (E4)

Ohh—AA =

confirming (4.29).
Take the same limit for (4.30) and we find the result refuted by the check.

!As when g and X are fixed, p which is of dimension Energy~! sets the energy scale.

2Note that we are not taking limit in a mathematically rigorous sense but only considering the
case when g and p are sufficiently close to 0.
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