Universita degli Studi di Padova

DIPARTIMENTO DI FISICA E ASTRONOMIA “GALILEO GALILET”

Corso di Laurea Magistrale in Fisica

TESI DI LAUREA MAGISTRALE

Dark Matter in Supersymmetric theories

Relatore:

Prof. Paride Paradisi

Correlatore:

Dott. Eugenio Del Nobile

Candidato:
Valentino Ramponi

Anno Accademico 2015-2016






Contents

Introduction

1 Experimental evidences of Dark Matter

1.1 Experimental evidences at galacticscales. . . . . . ... .. ... ...
1.2 Evidences at galaxy cluster scale . . . . . ... . .. ... .. ...
1.3 Evidences at cosmological scale . . . . . .. ... . Lo oL
1.4 Dark Matter characteristics . . . . . . . .. . .. Lo

1.5 Dark matter candidates

2 Boltzmann equation and relic density
2.1 Boltzmann equation for the standard case . . . . . . . ... ... ... .. ....

2.2 Thermally averaged cross-section . . . . . . .. . .. ... L L.

2.3 Co-annihilations . . . .

3 Supersymmetry and Dark Matter

3.1 Why Supersymmetry . .
3.2 Basics of SUSY . . . ..

3.3 The Minimal Supersymmetric Standard Model . . . . . . ... ... ... .. ..

34 R-parity . ... ... ..
3.5 DM in the MSSM . . . .

4 Dark Matter Phenomenology in the MSSM

4.1 Direct detection of DM .

4.1.1 Elastic scattering cross-section in the MSSM . . . . . ... .. ... ...

4.2 Pure Bino LSP . . . ..

4.2.1 Pure Bino LSP with co-annihilations . . . . . . . . .. ... ... .....

4.3 Pure Higgsino LSP . . .
4.4 Pure Wino LSP . . . . .
4.5 Well-Tempering . . . . .

4.6 Well-Tempered Bino/Higgsino . . . . . . . . . . . ...
4.7 Well-Tempered Bino/Wino . . . . . .. ... ... .. .

Conclusions

A

A.1 Approximate solution for the Boltzmann equation . . .. ... ... ... ....
A.2 Non-relativistic approximate solution for the thermal average of ov . . . . . . ..

A.3 Thermal average of oegv
B MSSM Feynman rules

C DMatrix diagonalization

10
12
12

17
17
21
24

29
29
31
33
36
37

43
43
45
52
56
58
65
69
70
7

85

87
87
88
91

95

101



Contents

D.1
D.2
D.3

E.1
E.2
E.3
EA4
E.5

Velocity integral . . . . . . . ...
Effective Langrangian for neutralino-quark interaction . . . .. .. ..
Non-relativistic expansion of scattering amplitudes . . . . . .. .. ..

Kinematical quantities . . . . . . . . ... oo oo
Majorana fermions and Feynman rules . . . . . .. .. ... ... ...
Pure Bino LSP annihilation cross-section . . . . . ... ... ... ..
Pure Wino LSP annihilation and co-annihilation cross-sections . . . .

Pure Higgsino LSP annihilation and co-annihilation cross-sections

105



Introduction

There is today an overwhelming experimental evidence, on different astrophysical scales, that
the Universe contains much more matter than what can be detected by electromagnetic in-
teractions. This non-visible amount of matter is called Dark Matter (DM). During the last
century many attempts were made to understand the nature of DM, which remains one of most
important open issues in modern Physics. The identity of DM has important implications in
many branches of Physics. For instance, in Astrophysics and Cosmology its nature has an
impact on the evolution of the Universe and plays a fundamental role in structure formation.
Furthermore, in Particle Physics DM can provide empirical evidence of the existence of a new
particle.

In the course of the last century, many alternatives have been proposed as DM candidates.
To date, some of these proposals have been nearly ruled out, such as the possibility that dark
matter is due to compact objects formed by ordinary matter. Instead, other hypotheses have
had a remarkable success in the past few years, such as the proposal that DM is made of a
new kind of particle (or more than one) interacting with ordinary matter through unknown
interactions. Within the various particle DM models, there are different mechanisms of DM
production in the early Universe. One of the most successful mechanisms is thermal production,
where the DM is assumed to be in thermal equilibrium with the primordial plasma until its
co-moving density “freezes out” due to the expansion of the universe. In particular, with this
mechanism, a particle with a mass at the electroweak scale and interactions with ordinary
matter of comparable strength to the electroweak force, has a relic abundance in agreement
with experiments. This is the so-called “WIMP miracle”, with WIMP standing for weakly-
interacting massive particle.

The various DM candidates proposed by different theories are tested with a variety of ex-
perimental searches. For instance, i) direct searches try to detect DM particles while they are
passing through the Earth, ii) indirect searches detect and analyse the putative products of
DM annihilations in today’s Universe, and iii) collider searches look for signals of DM pro-
duction in high-energy processes. There are many theoretical models featuring a particle DM
candidate. Some of them were constructed specifically to address the DM problem, while in
others the DM candidate is a natural prediction of the theory. Among the most compelling
models of the latter type are supersymmetric theories. Supersymmetry —a symmetry which
relates bosonic and fermionic degrees of freedom— provides one of the most famous solutions to
the long-standing “hierarchy problem”, which is related to the presence of an elementary scalar
in the Standard Model (SM), i.e. the Higgs boson. The most studied scenario is the minimal
supersymmetric standard model (MSSM), the supersymmetric extension of the SM with the
minimal particle content. In this model, each SM boson (fermion) has a fermionic (bosonic)
counterpart with the same quantum numbers, called superpartner. A natural solution of the
“hierarchy problem” would require these particles to lie below the TeV scale, which makes the
Large Hadron Collider (LHC) the ideal place where to look for them. Therefore, the lack of
evidence of any superpartner at the LHC challenges the capability of the MSSM to solve the
“hierarchy problem”. Yet, the MSSM still provides a successful DM candidate.

The aim of this thesis is the analysis of supersymmetric DM candidates in the framework of
the MSSM. We focus on the possibility that DM is made of neutralinos. These are a mixture of
Bino, Wino and Higgsino which are the superpartners of the electrically and color neutral SM
bosons. In particular we consider the scenario discussed by N. Arkani-Hamed, A. Delgado and
G.F. Giudice in their work "The Well-Tempered Neutralino" [11]. At first we study three cases

5



6 Introduction

where the DM candidate is a pure Bino, Wino or Higgsino. Then, we consider two other setups
where the DM candidate is a mixture of Bino, Wino, and Higgsino with relative fractions tuned
to reproduce the observed DM density. For this reason these DM candidates are referred to as
“Well-Tempered” neutralino. We compute the relic abundance both numerically and, when it
is possible, also analytically. This quantity is determined solving the Boltzmann equation, and
strongly depends on the annihilation cross-section of the DM candidate. In our analysis, we
also account for “co-annihilations”, in which case the standard methods to solve approximately
the Boltzmann equation fail. This situation occurs when the DM candidate is the lightest
state of a multiplet of nearly mass degenerate particles. In this case, the relic abundance is
not determined only by the annihilation cross-section of the DM candidate, but also by the
annihilation of heavier particles in this multiplet which, eventually, will decay into the lightest
one.

We further constrain each scenario imposing the powerful constraints from the most recent
direct detection experiments. In the MSSM, but also in many other models, the DM scattering
cross-section with nucleons can be separated into spin-dependent (SD) and spin-independent
(SI) contributions. Therefore, we compute the SD and SI neutralino-nucleon scattering cross-
section both numerically and analytically, comparing the obtained results with the bounds
provided by the LUX [7],[6], XENON100 [10], PANDAX [64] and PICO-60 [8] experiments.
This analysis provides an update of the results presented in our reference work of N. Arkani-
Hamed, A. Delgado and G.F. Giudice. In order to monitor the relative size of the SI and SD
contributions, we consider them separately, as customarily done by the experimental collabo-
rations. In the cases where these contributions are both important, we recast the experimental
analyses to account for both interactions. We compare our analytical results with numerical
computations performed with micrOmegas 4.2.5 [21], a code for the computation of quantities
such as the DM relic density and its direct/indirect detection rates.

The thesis is organized as follows: in Chapter 1 we review the compelling evidences for
DM on different astrophysical scales. Then, we summarize what is actually known about DM,
listing its main features. Also, we briefly review the arguments in favour of the “WIMP miracle”
and we list the most relevant particle DM candidates. In Chapter 2 we review the formalism
of the Boltzmann equation, which governs the statistical behavior of thermodynamic systems.
First, we present a solution for the classical case of two annihilating particles of the same
mass, then, we solve the Boltzmann equation for the case of co-annihilations. In Chapter 3 we
summarize the basic concepts of Supersymmetry, starting from the original motivations that led
to its introduction, then we specialize to the R-parity conserving MSSM, providing its particle
content and mass spectrum. In Chapter 4, after a brief review of the theory of direct detection,
we analyse the phenomenology of the “Well-Tempered” neutralino scenario, discussing both the
DM relic density and the constraints from direct detection experiments. At last, we summarize
our conclusions and possible future prospects.

In the appendices some detailed calculations are collected. In particular, in appendix A we
derive the relic density solving the Boltzmann equation both in the standard and in the co-
annihilation cases. In appendix B we list some useful Feynman rules in the MSSM. In appendix
C we provide an analytical diagonalization of the neutralino mass matrix which is valid in the
Well-Tempered neutralino scenario. In appendix D we derive the effective interaction terms
between neutralinos and quarks, giving also the non-relativistic expansion of the scattering
amplitudes. In appendix E, after providing the conventions for Majorana fermions and some
useful formulae, we perform approximate calculations of the relevant annihilation cross sections.



Chapter 1

Experimental evidences of Dark
Matter

At the present time, the experimental evidences, show that the DM constitutes about the 25%
of the total mass-energy content of the Universe, while the ordinary matter makes up only the
5%. The remaining 70% is due to Dark Energy (DE) [412].

Now we briefly analyse the various experimental evidences of DM, at different scales.

1.1 Experimental evidences at galactic scales

Galaxies can be regarded as the building blocks of the Universe. They have a mass range from
about 10° Mg, to about 103 Mg [12].

They can be of three basic types: spiral, elliptical or irregular [29]. For what concern the spiral
type, the most convincing evidence of DM, comes from the observation of the rotational curves
of the galaxies. Roughly speaking these are graphs of circular velocities of stars and gases as
function of the distance, R, from the barycenter of the galaxy. These circular velocities, v.(R),
solely are measured in visible light or exploiting radio emission [19]. Following Newtonian

mechanics we have that
M
ve(R) =/ LNR(R), (1.1)

where, as usual Gy = 6.6738 x 10~ Nm? kg2 [60] is the Newton gravitational constant, and
for a system with spherical symmetry, M (R) is define as

R
M(R) = 47r/0 p(r)ridr, (1.2)

where p(r) is the mass density.
What we would expect if only ordinary matter is present, is that v.(R) first rises (due to the
fact that when increasing the radius more mass is included) and then, when all visible mass

ends, it decreases as
Gy Mo
ve(R) = ./%. (1.3)

However what we observe is a radically different pattern. After the expected initial rise, v.(R)
does not fall as 1/ V/R. In fact as we can see from Fig. 1.1 the rotational curve shows a quite
flat behaviour (v.(R) ~ constant), which continues well beyond the visible edge of the galaxy
disk.

Under the assumption of spherical mass distribution, we can invert the observed rotational
curve to determine the mass density profile of the galaxy. Equating the Poisson’s equation

IMg = 1.988 x 1030 kg is the solar mass, from Ref. [60].
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Figure 1.1: Galactic rotation curve for NGC 6503. In the figure are showed also the relative contributions
respectively from visible disk, gases and DM halo. As we can see far from the center of the
galaxy the DM contribution causes an unexpected flat behaviour (from Ref. [41]).

V2¢ = 4rGnp(R), where ¢ = —%(R) is the gravitational potential, with the divergence of
the centripetal acceleration, a.(r) = v.(R)?/R, we can derive that [20]

4nGnp(R) = QUC;R) 8”555‘) + (”CE{R)> . (1.4)

For a constant value of v.(R) Eq. (1.4) tell us that p(R) oc 1/R? which, using Eq. (1.2), gives
M(R) « R [19]. This peculiar mass behaviour is a strong hint in favour to the existence
of dark, i.e. non-visible, halo which encapsulates the entire visible disk of the galaxy. The
most interesting objects in the study of rotational curves are the Low-Surface-Brightness (LSB)
galaxies. These are probably DM dominated and hence the stellar population gives only a small
contribution to the observed rotational curves [20]. From the observation of the rotational curves
of several galaxies, the mass of the dark halo is thought to be between 3 to 10 times the mass
of the luminous matter.

Elliptical and irregular galaxies have not an order orbital motion, thus the study of rota-
tional curves becomes difficult [29].
To prove the existence of DM for this type of galaxies is possible to use the gravitational
lensing. This method exploits a fundamental result of general relativity, which states that a
gravitational field distorts the path travelled by the light. Thus the shapes of distant objects,
such as stars or galaxies, are deformed by the presence of a foreground mass density [31]. For
instance, measuring the entity of the distortion produced by an elliptical galaxy we are able to
infer its mass density. Comparing this deduced mass density with the one obtained using the
mean value of the mass-to-light ratio, (M /L), we can observe that the mass deduced using the
gravitational lensing is more than the one derived using (M/L); this suggests the presence of
an amount of non-visible mass, i.e. DM.

For what concern the problem of how DM is distributed into the galaxy, the observations
lead to a general consensus about its distribution at large radii, which is quite a spherical halo
that encapsulates the visible disk of the galaxy [42]. However there is still a debate about the
DM profile in the innermost region of the galaxies, it is unclear if they present a cuspy or a
shallow flat distribution [19].
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1.2 Evidences at galaxy cluster scale

Most of the galaxies are not distributed in the space randomly, in fact they tend to form clumps
called cluster. Studying the velocity dispersions of the galaxies in the Coma cluster F.Zwicky,
in 1933 gave the first insight about the presence of DM [65].

One of the most important methods to estimate the amount of mass in a cluster, which was used
also by Zwicky an collaborators, consist in measuring the radial velocities of galaxies within
a cluster, and then apply the virial theorem. This theorem states that for a stable system
bounded by the gravitational force, the time average of the total kinetic energy, (Ey), and the
time average of the total potential energy, (U), are related by [14]

2(Ex) = —(U). (1.5)

Thus assuming that the cluster is a stable system, measuring the velocities, and hence the time
average of the total kinetic energy, exploiting the viral theorem we can infer the total mass
density in the cluster .

In his paper Zwicky assumed that Coma cluster contained 1000 galaxies. He estimated the
physical size of the cluster to have a radius of about 2 x 10% light-Yr. Observing a mean velocity
dispersion of 700km/s he obtained a value for the mass of the cluster of about 4.5 x 103 Mg,
which corresponded to an average galaxy mass of 8.5 x 10!°M. Then assuming an average
galaxy luminosity of about 8.5 x 107 L, he found a very high mass-to-light ratio, (M/L), of
about 500M, /Le? [65].Nowadays taking into account the fact that Coma cluster contain also
an invisible halo of hot gases, (fact that was not known from Zwicky and his collaborators),
what is find is that the total amount of baryonic mass is a factor of about ~ 6 too small to
explain the high dispersion velocities of galaxies into the cluster [14].

Other estimations of the cluster’s mass exploiting the virial theorem, was performed by Schmit
studying the Virgo cluster. In his work Schmit found an average mass for galaxies of about
2 x 10' M, a value much higher than the one find at the galactic scale by Hubble, ~ 109 M,
[15].

Another way to determine the mass of a cluster comes from the study of the X-ray emission
of hot gases, which traces their distribution. Assuming that the cluster is a stable system
and denoting with P(R) the pressure, with p(R) the density and with a(R) the gravitational
acceleration of the gases at a distance, R, from the barycenter of the cluster, the equation of
the hydrostatic equilibrium states that

dP(R) _
o) = —a(R)p(R). (1.6)
Using the equation of state of an ideal gas
P(R)V(R) = NkgT(R), (1.7)

where kg is the Boltzmann constant, Eq. (1.6) can be rewritten in term of the gas temperature,
T(R), as [19]

dlogp(R) dlogT(R) R (“mp> (R), (1.8)

dlog R dlogR ~ T[R)\ ks
where m,, is the proton mass and p is the average molecular weight of the gases. Knowing that

a(R) = %&GN we find that the mass of the cluster, within a radius R, is given by

_ (dlogp(R) & dlogT(R) k T(R)R
M(R)__< dlog R dlog R )(mi) Gy

(1.9)

Thus, under the assumption that outside the core of the cluster the temperature is roughly
constant, and that we know the power law of the density profile of the gas, measuring the
temperature T'(R) we can estimate the total amount of mass in the cluster [19]. Vice versa if
we state that M (R) is the total mass of baryonic matter, using Eq. (1.9), we find a temperature

2Le = 3.828 x 10?8, is the solar luminosity, from Ref. [60]
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T(R) much lower than the observed one. This suggest the presence of a substantial amount of
non-emitting matter i.e. DM.

As for elliptical /irregular galaxies also for cluster another method to estimate their mass is
achieved by the use of the gravitational lensing.

1.3 Evidences at cosmological scale

Basing upon the observations discussed above we are not able to exactly estimate the total
amount of DM in the Universe. However this information can be extrapolate analyzing the
Cosmic Microwave Background (CMB) [42]. The small matter density inhomogeneities set
up during the inflation era are considered the seeds that led to the formation of the large
structures of the Universe i.e. cluster, galaxies, stars [29]. This inhomogeneities can be related
to the temperature anisotropies of the CMB. Thus the study of the entity of this anisotropies
allow us to infer how much matter (baryonic and non-baryonic) is present in the Universe [31].
Usually these temperature anisotropies, 7'/, are expanded in spherical harmonics base

ST +oo m=+4
= SN wmYum(©,9). (1.10)
=2 m=—¢

where Yy, (0, ¢) are spherical harmonics. The coefficients ay,, have a variance Cy which, under
the assumption of Gaussian temperature fluctuations, is given by [19]

B o 1 +£ )
Co = (|aem|”) = CY Z laem|™ (1.11)
m=—¢

The way to extrapolate informations from the measure of the parameters 67'/T and Cj, given
by the CMB anisotropies map Fig. 1.3, is the method of the likelihood function. This function
is defined as the probability that an experiment gives the same results as the ones given by a
theory [31]. Substantially once we have the likelihood function we are able to extrapolate the
parameters of the theory. These are the values, in the parameter space, which maximize the
likelihood function.

One of the most important missions launched to map and analyzing the CMB is Planck [3].
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Figure 1.2: The CMB power spectrum. The plot shows D, = £(¢ 4+ 1)C;/(27) as a function of the
multipole ¢, (from Ref. [4]).

Following the method of the likelihood, the analysis of the Planck data gives the results [3]

Qph? = 0.02227 + 0.00020, Qumh? = 0.1413 +0.0011 (1.12)
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where Qp = p/pc, Qm = pMm/pe and pp, pu, pe are respectively the baryon matter density, the
total matter density and the critical density.” Thus the amount of DM in the Universe from
Planck data analysis is [3]

Qpmh? = Qh? — Qh? = 0.1184 4 0.0012. (1.13)

From these results is evident that the dominant part of the matter in the Universe has a non-
baryonic nature. Note that the value of Qp is consistent with the range set by the Big Bang
Nucleosynthesis (BBN) analysis, which is [19]

0.018 < Qph? < 0.023. (1.14)

Figure 1.3: CMB temperature map obtained from the Planck 2015 observations, (from Ref. [4]).

3pe = 8123\; = 1.87847 x 10~2°h2 gcm—3, where Hy = 100hkms~! Mpc™! is the Hubble constant, from

Ref. [60)]
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1.4 Dark Matter characteristics

Here we provide a list of the principal characteristics which DM is supposed to have.

e DM as ordinary matter has attractive gravitational interaction. In fact evidences about
DM arise from the observations of the gravitational effects which it has on visible matter.
About other type of fundamental interactions we have no data [42].

For this reason many attempt was made to explain the evidences for DM as probes of
departures from the law of gravity. One of the most successful model of this type, is a
modification of the Newtonian dynamics called MOND (Modified Newtonian Dynamics).
In MOND the force is F = p(a)md, where the parameter p(a) deviates from unity only
for small accelerations [38]. This model explain very well the flatness of the rotational
curves of the galaxies, without assuming the presence of DM, but fails in the explanation
of evidences of DM at larger scales.

Another model of this type is the TeVeS [13], which is a relativistically invariant theory
that yields MOND in the non-relativistic weak-field limit.

e DM is stable or has a lifetime 7py > ty where ty = 13.796 £ 0.029 Gyr [3], is the age of
the Universe.

e There are no observations of the interactions between DM and light i.e. electromagnetic
interaction. This means that DM has very small, or zero, electromagnetic interaction.

e An important consequence of a non interaction with light, is that DM is dissipation-less
i.e. it cannot cool radiating photons as baryons do during the galaxy formation [12]. This
is consistent with the existence of such extended dark haloes. Conversely visible matter
dissipates energy emitting photons, which causes its collapse through the center of the
galaxy, forming a disk [42].

e DM is a thermal relic, and can be Cold or Warm, it cannot be a Hot thermal relic [12]. A

thermal relic is Cold if at the freeze-out (i.e. when it goes out of the thermal equilibrium
with the cosmic plasma), it is non-relativistic, mpy > Tt,, where mpy is the mass of
DM and Tg, is the freeze-out temperature. Conversely, a thermal relic is Hot when at the
freeze-out it is relativistic, mpy < Tto. As last a thermal relic is Warm if at the freeze-out
is becoming non-relativistic.
The reasons why DM cannot be Hot but only Cold or Warm rely on the fact that the
presence of DM is fundamental for the formation of the structures in the early Universe.
With Hot DM the matter density inhomogeneities would led first to the formation of super-
cluster and then, via fragmentation, to the other substructures, the sequence stops with
the formation of galaxies. This is in disagreement with the observations of the Universe.
On contrary with Cold DM, the matter density inhomogeneities led to the formation of
smaller structures as first, which then aggregate forming more larger structures such as
galaxies, cluster and super-cluster. This is in good agreement with the observed Universe.
With Warm DM hypothesis there are much less substructures then in the Cold DM case,
but this model still represents quite well our Universe [12].

e DM is assumed to have a very weak self-interactions i.e. DM is collision-less. If the
interactions between DM particles are too efficient, many small scale structures would be
erased [412].

1.5 Dark matter candidates

From the late 1980s the idea that the bulk of DM consisted of one or more unknown elementary
particles started to be a very interesting hypothesis. As the various alternatives were ruled out
by observations, this hypothesis became the leading paradigm for the DM issue [18].

Here we list some of the leading particle DM candidates. All the following proposals come
from theories which were not proposed to resolve the DM problem, but their main prospectives
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were to provide solutions to others SM’s issues. The coincidence that two completely different
problems can be resolved within a unique theory is a strong hint about the validity of that
theory.

Because much of this thesis will be devote to the analysis of WIMPs, and in particular of
neutralinos as DM candidates, we start with a brief review of the WIMP "miracle"; then we
will go on listing the major DM candidates.

The WIMP "miracle"

The expression WIMP "miracle" (WIMP is the acronym for Weakly Interactive Massive Parti-
cle) refers to the fact that particles with electroweak scale masses and weak interaction coupling
constant, naturally give rise to a thermal relic density which is similar to the observed one for
DM. This suggests that thermal relic WIMPs give a natural solution to the DM problem [55].
As we will see in the next sections thermal relics are those relics produced via "decoupling" or
"freeze-out" from a condition of thermal equilibrium with the primordial thermal plasma. In
particular when the interaction rate I', that change the number of particles, is larger than the
expansion rate of the Universe H, where H is the Hubble constant, the thermal equilibrium is
maintained [12]. The freeze-out is set up when I' & H, and the involved species goes out from
the equilibrium.
For non-relativistic particles with mass m,, the equilibrium number density n can be approxi-
mate as

n =~ (m, T)2e=mx/T, (1.15)

where T is the equilibrium temperature. The interaction rate can be approximate as I' =
n{ov) ~ nog, where o¢ indicates the leading term of the expansion of the thermal average of
the annihilation cross-section, o, times particles relative velocity, v, i.e. (ov). Furthermore
when the Universe is radiation dominated, H can be approximate as H ~ T?/Mp*. Thus
supposing that the decoupling occurs when the Universe is radiation dominated we can rewrite

the freeze-out condition as )

Tfo
Mgy &~ —do__ 1.16
©7 Mpiog (1.16)

that using the above expression for n, can be recast as

2

~_ X 1.17
w2 Meioo .

m3 e~ T m
X ~

where we have defined z = m, /T.
Inserting a typical electroweak expression for oy such as og =~ G%mi, where Gg = 1.166 x
1075 Gev™? [60] is the Fermi constant, and an electroweak scale value for m,, ~ 10> GeéV, what
we find is z¢,, ~ 20 [62].
The relic density is roughly given by
myn (T
0, = MniTo) (1.18)
Pe

where Ty = 2.7255 K ~ 10~V [60] is the today temperature. Furthermore for a Universe with
constant entropy, the quantity 7T'a is constant, where as usual a denote the expansion parameter

of the Universe; thus we have that
n(Tq n(Tj

( 30) _ ( ;O)a (119)

TO Tfo
note that this relation is a consequence of the fact that after the decoupling the number of
particles of a specific species remains constant or, in other words, the density number, n, scales
as a”3.
Now substituting Eq. (1.19) into Eq. (1.18), we have that

2
Q. — mxTé”(n(TH) I ) (1.20)
X chfo Tfo pcMPI oo ’

4 Mp) = 1.22 x 10'° GeV?/c? is the Planck mass, from Ref. [60]




14 Experimental evidences of Dark Matter

where we used Eq. (1.16). Putting the numerical value of the constants in the above equation
we find [62],
Qy . Tfo 1078 GeV 2
0.2 - 20 ago ’
hence to fit the right DM relic density the value of the annihilation cross-section has to be about
0o ~ 1078 GeV ™2, which is of the order of a typical weak process. Hence the expression WIMP
"miracle" can be rephrase as: if a stable WIMP exist, then it naturally has a relic density
consistent with the one of DM [40].
Sometimes Eq. (1.21) is written in terms of the average cross-section times velocity, (ov). So
for v ~ ¢/3, which is implied by the assumption zs, ~ 20, we have [62]

(1.21)

3
(0v) ~ 1078 GeV 2 x 1010 Z2 = 3 x 10726 L (1.22)
S
0.01 o1 Mx (TeV) 1.0 10
' 100% o
30% |
QX
- 10—
10% Qpu
3% |
102

Figure 1.4: The plot shows a band of natural mass values for the DM candidate X. Qx is the relic
density of the DM candidate while Qpy >~ 0.23. We can see that the major contribute to
DM is given by a particle with a mass in the range mx ~ 100 GeV — 1 TeV, while for example
a candidate with a mass in the range 10 — 100 GeV can make up only the 3% of the DM
density (from Ref. [40]).

Supersymmetric candidates

Many frameworks of R-parity conserving supersymmetry, provide a natural DM candidate,
which is called the Lightest Supersymmetric Particle (LSP). This particle has to be a stable (R-
parity symmetry prevents its decay into SM particles), electrically neutral particle. Depending
on the particular model chosen, the most famous candidates are

e Garvitinos G , which are spin 3/2 fermions, super-partners of the gravitons. In some
supersymmetric models they can be the LSP. However, with only gravitational interaction,
they are very difficult to observe [19]. Note that they are not WIMPs.

e Neutralinos X1, X2, X3, X4, which are spin 1/2 fermions, that generally are an admixture
of B,Ws, Hy, Hy. These are respectively the fermionic superparteners of the SM B hy-
percharge gauge boson, W3 SU(2);, gauge boson, and H,, Hq scalar Higgs doublets. In
particular in models where the LSP is a neutralino, the lighiest one, X1, provides a good
WIMP candidate. This thesis will be focus on this DM candidate.
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Kaluza-Klein

The idea about the existence of extra spatial dimensions was first developed by Kaluza and Klein
in 1920’s. The newest model based upon their idea is called universal extra dimensions (UED).
In UED all particles (fields) propagates in flat, compact extra dimensions of size R ~ 10~ *®m
or smaller [40]. A general feature of this models is that all particles, which propagate in the
extra dimensions, have their momentum quantized in units of p?> ~ 1/R? [19]. This implies
that for each particle exists an infinite set of Fourier modes called Kaluza-Klein (KK) states.
For us, in 1+ 3-dimensions, these states appear as series of particles of mass m,, = n/R, where
n denotes the mode number [410]. Note that the various KK states share the same quantum
numbers.

The simplest UED (minimal UED) model has one extra dimension compactified on a circle of
radius R, and it is completely determined by two parameters, my, the mass of the SM Higgs
scalar, and the size R. This model preserve also a discrete symmetry called KK-parity, which
prevents the decay of the lightest KK particle (LKP). This imply that, if the LKP is also
electrically neutral, it can be a possible DM candidate. Typically this particle is B*, the level
1 partner of the hypercharge gauge boson B.

SuperWIMPs

Basing upon the WIMP "miracle" may appear that the DM candidates must have weak in-
teractions to naturally fit the right relic density. This is not actually true. In fact exist some
models in which the DM candidate has different interactions from the weak one, but still has
the correct relic density [40].

An example of this are superWIMPs. In this scenario the DM candidate has the desired relic
density, but it has an interaction much weaker than the weak one.

This model provides also an example of non-thermal DM. In fact superWIMPs particles are
produced via WIMPs particles late decay. First, in the early Universe, WIMPs freeze-out from
the thermal bath, then they decay into super WIMPs which form the today DM. Assuming that
in every WIMP decay is produced one superWIMP, the relic density is given by [40]

MsWIMP

Qwimp, (1.23)
MwWIMP

Qswimp =

and if mewmvp ~ mwivp the WIMP "miracle" argument implies that Qgwivp quite reproduces
the amount of DM.

Sterile neutrinos

The problem to explain the neutrinos masses can be resolve introducing in the SM right-handed
neutrinos. Thank to this neutrinos can acquire mass via the standard Higgs mechanism. In
order to have an invariant neutrions’s mass term, under the SM gauge symmetries, the right-
handed neutrinos must have no SM gauge interactions i.e. they are sterile.

The relic density of sterile neutrinos depends on their masses and their mixing angles. To
reproduce the correct DM relic density these parameters must have well define small values
which are not justify by any independent theoretical argument. Hence sterile neutrinos do not
naturally give the right relic density [40].

Axions

Quantum chromodynamics (QCD) is a successful theory which describes the strong force ex-
perienced by gluons and quarks. One of the feature of this theory is the fact that the QCD
Lagrangian contains the following pseudo-scalar term [18]

2
g U Y
32;2 Tr{G"G,,}, (1.24)

Lcp-qcp = ©
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where g5 is the strong coupling constant, and with G uv we denoted the dual of the gluons field
strength tensor.” © is a parameter related to the phase of the QCD vacuum.

If © is of order of unity, then larger CP violating effects would affect the theory. However to be
consistent with the experimental bound imposed by the non-observation of the electric dipole
moment, d,, of the neutron, (d. < 2.9 x 10726 ecm [10]), © has to be smaller than ~ 1071°
[18]. So the essence of the strong CP problem is to ask why the value of © has to be so small.
In 1977 R.Peccei and H.Quinn proposed an elegant solution to the problem. Their idea was
based on the introduction of a new global U(1) symmetry, which when it is spontaneously bro-
ken, the parameter © is naturally driven to zero. Later F.Wilczek and S.Weinberg, basing on
the fact that the new U(1) symmetry is a global one, stated that its spontaneous break implies
the existence of a Nambu-Goldstone boson, which was called axion. It is important to note
that, despite the fact that the axion comes from the breaking of a global symmetry, it has a
small mass due to the U(1) chiral anomaly. Its mass can be approximate as m, ~ g2/ fpq where
frq is the energy scale of the U(1) symmetry breaking. The facts that axions are electrically
neutral and massive stable particles, make them good candidates for the DM problem.

Beyond these few candidates there are many other proposals, motivate by other reasons.

Some of them come from relaxing some DM characteristics such as self-interactions, electrical
neutrality or non-dissipative behaviour. Some example are models of Self Interacting DM
(SIDM), millicherge DM or double disk DM [12].
Others candidates come from the attempts to resolve the DM problem without introducing new
particles, such as MACHOs (Massive Astrophysical Compact Halo Objects). These massive
objects are supposed to be so faintly luminous to prevent their detection. Hence the probes of
their existence can be tested only exploiting their gravitational effects, in particular using the
gravitational lensing.

5@;“, = eM,ja,gG"‘B, where €, is the total antisymmetric tensor in four dimension



Chapter 2

Boltzmann equation and relic
density

For much of its history, most of the constituents of the Universe were in thermal equilibrium.
However to reproduce the observed Universe there have been a number of very notable depar-
tures from the primordial thermal equilibrium. These departures from the thermal equilibrium
have led to important relics, such as the thermal DM.

As we said in the previous Chapter thermal relics are produced via interaction with thermal
bath, reach the equilibrium with this bath and then “freeze-out” when their interaction rate are
lower than the rate of the expansion of the Universe [42]. In particular the evolution of systems
which are decoupling from the thermal equilibrium is governed by the Boltzmann equation
which describes the statistical behaviour of a thermodynamic system [31]. In this Chapter we
will review the solution of the Boltzmann equation in the standard case and for the case o of
co-annihilations. We follow refs [31], [43], [33].

2.1 Boltzmann equation for the standard case
The Boltzmann equation can be schematically written as [31]

df(z,p)
—a = Clfl (2.1)

where f(x,p) is the phase space distribution function which in principle depends on the four-
momentum p#, on the coordinate four vector z* and on the temperature T. The term C][f] is
called the collisional term and, in principle, is a functional of the phase space distribution func-
tion and it describes the interactions between the various particles. Assuming a flat Universe,
which is defined by the FRW (Friedmann-Robertson-Walker) metric

10 0 0
0 —a?(¥) 0 0

=10 0  —at) 0 (2.2)
0 0 0 —a2(t)

where a(t) is the expansion parameter of the Universe, the above Boltzmann equation can be
rewritten as [31]

i 2
of . pp Of p"p0f _
ot FEaodr* FE OF

where H = a(t)/a(t) is the Hubble constant.
Assuming that we are interested in the change of species called 1, with four-momentum p,

C[/] (2:3)

17



18 Boltzmann equation and relic density

the collisional term for 2 <> 2 annihilation processes is equal to [31]

_ 1 d*ps d’p d®p
ClUEI =5 / (27)32E, / (27r)323E3 / (277)324E4
(2m)*6%(p1 + p2 — p3 — pa) Z M| (2.4)

spins
{fafall £ f1][1 £ fo] = fufo[l £ f3][1 £ fa]}

where we have assumed that species 1 annihilates with species 2 producing species 3 and 4 and
that also the inverse process is possible, namely 1+ 2 <+ 3+ 4. Considering the collisional term
starting from the last line we see that the rate of producing the species 1 is proportional to the
distribution functions, f3 and f;. Similarly the annihilation rate of species 1 is proportional to
f1 and fo. The [1+£ f] terms, with plus sign for bosons and minus sign for fermions, represent the
Bose enhancement and Pauli blocking factors. In particular if, for example, species 1 already
exist the processes, that produce more type-1 particles would be more favoured if 1 is a boson,
while they would be disfavoured if species 1 is a fermion. The Dirac delta assure the four
momentum conservation. The quantity |J\/U2 is the square amplitude of the process which is
determined from the theoretical model considered.

The Boltzmann equation given in Eq. (2.3), can be re-expressed in terms of the number
density n, which is a more desirable form when we have to evaluate relic densities. Integrating
both side of the Eq. (2.3) over the phase space volume gd®p/(27)?, where g counts the internal
degrees of freedom of the species of interest, and using the definitions respectively of the density

number )
n= /dn = g/ (gﬂl))Bf(p,T) (2.5)

and of the velocity components

3 i
9 [ d'p pp
== 2.
we obtain that the Boltzmann equation becomes
on d3p
— +3Hn = ——=—C|f]. 2.7
5+ = [ agedcl (27)

The above equation is an integro-differential equation and its solution need the solution of the
Boltzmann equations for the other species involved in the process. Nevertheless this difficult
can be overcome assuming some approximations. As first we will assume that the kinetic equi-
librium will be maintained. As a consequence the departures from the thermal equilibrium will
determined by chemical decoupling [42]. Furthermore we will assume that the scattering pro-
cesses, which tend to enforce the kinetic equilibrium, take place so rapidly that the distribution
functions for the various species take the general Fermi/Dirac or Bose/Einstein form,

fon(B.1) = 52— (2.8)
et —1

fFD(Evt) = E—} (29)
e T +1

where p represent the chemical potential when the species are in equilibrium, but in general it
is a perturbation function which depends on the temperature, p(7). We will be interested in
systems at temperatures T smaller than the quantity F — . In this limit the above distribution
functions reduce to
E—p

f(ET)—e T . (2.10)
Note that with these approximations we can safely neglect the Pauli blocking/Bose enhancement
factors in Eq. (2.4), so

{fsfall £ fi][1 £ fa] = fifo[l £ f3][1 £ fa]}

_(E1+Ey)
T {e

(2.11)

(r1+m2) (n3+pg)
T T

— €

1.
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where we made use of the energy conservation, F; + E5 = E3 + E4. Therefore the number
density of species i is given by
Hi d3p _ B

ni=gien [ ooseT (2.12)

where we have used the definition given in Eq. (2.5). The equilibrium number density of species
i is define as [31]
da? B,
0) _ p B
n® = gi/ e T (2.13)

Note that if the species of interest is non-relativistic i.e. m; > T, Eq. (2.13) gives

T\2 .,
n(o>:<sz> 5 (2.14)

v 2

while, if we refer to a relativistic species i.e. m; < T, the result would be
n, =gi—5- (2.15)

Thanks to the definition in Eq. (2.13), the perturbation factor, e%, can be re-express as the
ratio ni/nl(-o), and so the last factor in (2.11) becomes

(n1+p2) (n3+pg) ) n3ng ning
e T —e T = - . (2.16)
( <n;0>nao> n@n;m)

Using this result the r.h.s. of Eq. (2.7) becomes

Z/ d*py / d*p, o B / d®ps
&) (@m2E; ] (2m)%2E; (27)32E;

d3P4 454 2 n3N4 ning
(2m)*0%(p1 + p2 — p3 — pa) | M| - (2.17)
(27)32E,4 MOMORESONO

where we used the collisional term given in Eq. (2.4). This expression can be further simplify
exploiting the definition of the cross-section o [(1], obtaining that

d3p1 d3p2 By Eg ( n3ng nine )
9192/ , ovye T e T - : (2.18)
(27T)3 (27r)3 néo)nio) ngo)ngo)

where vy is the Mgller velocity, which is defined as [43]

V(p1-p2)2—mimd  F
_ _ 2.19
M EEy EEs (2.19)

and with - we mean the Lorentz four-dimensional scalar product. Knowing that the thermal
average of cross-section times velocity is defined as

3 3 E E
J &5 G qigeovme” T e T
(ovm) = O] (2.20)
ny ng

we can finally rewrite the Boltzmann equation in its standard form

ony 0) _(0) n3ny ning
—— 4+ 3Hny =ny 'ny’ {ovm) - . (2.21)
ot 1 MOMORM O
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Assuming that after their production species 3 and 4 go quickly in equilibrium with the thermal

background i.e. ng = néo), nyg = nflo), and that species 1 and 2 have the same mass m; = mg =m

which implies that n = ny = n, n{% = ¥ = n©®), Eq. (2.21) becomes
1 2

0

a—? + 3Hn = {(oum) [(n(o))2 - nZ} . (2.22)
In order to resolve Eq. (2.22) a useful way is to rewrite it scaling out the effect of the expansion
of the Universe using the variable [31]

y=", (2.23)
s
where s is the entropy density which is equal to [51]
2 2
s =2 g, T3 (2.24)

45

and the quantity g.s is defined as [51]

B \°* 7 T\ *

= ¥ oa(3) +5 ¥ a(3)- (2.25)
bosons fermions

In both the above equations T is the photons temperature, which defines the common temper-

ature of the species in equilibrium with the thermal bath. Therefore using the variable defined
in Eq. (2.23) the Boltzmann equation read as

)4
i —s{ovm){Y? — (Y(O))Q}. (2.26)
Since (owvy) usually, depends explicitly upon temperature, T, rather than time, ¢, it is useful

to introduce the variable m

?.
This variable can be connected with the time ¢ knowing that in a flat Universe the Hubble
constant is equal to [51]

x (2.27)

871G 12 4 T2 T2
— g T? =/ —=m3g,—— ~ 1,66y/gr —— 2.28
3 307 15" 9 My, 9 My (2.28)

and the fact that in the radiation-dominated era' we have that a(t) oc v/t thus [51]

1 B M e M, e M,
TP 030195 /2R — 0.3014; 1/2#;1:527 (2.29)

t = —— =
2H 1673g, T2 T2

where in both the above equations g, is defined as [51]

9=y 9b(?>4+; 3 gf<§f>4. (2.30)

bosons fermions

Therefore using Eq. (2.29) we can recast Eq. (2.26) as

)4 (ovM)S (< 9

—— =My (v, 2.31

o o { (Y)2} (2.31)
The Boltzmann equation given in Eq. (2.31) is a particular form of Riccati equation [51], for

which there are no general analytic solutions. Approximate solutions to it are given in Appendix

IThe assumption of a radiative Universe is consistent with the fact that all the freeze-out processes which
we are interested occur much earlier than the matter-dominated era.



2.2 Thermally averaged cross-section 21

A; here we recall the later time solution which would be useful to find the relic abundance. Thus
for © — 0o Eq. (2.31) has as approximate solution

45 g/? 1
Yoo = 4/ — , 2.32
T Gus mMp1J (z) (2:32)

where J(zg,) is defined as

* {ow

J(x50) E/ < ;v[> dx (2.33)
Tfo €T

and xg, is defined at the "freeze-out" temperature T;,. Now because we have assumed that the

the species under interest is non-relativistic, its present density is simply given by p = mn =

mso Yo, Where sg is the present entropy density. Usually the relic density is defined as Q = p/pe

where p. is the critical density. So we have that the relic density is given by [45]:

1/2
2 107-10° g/

B MPlJ(xfo) Jxs

where h is the Hubble parameter defined as h = Hy/100 Km s 'Mpc~'.2 The “freeze-out”

Gev ! (2.34)

temperature Tt, and in particular x, is given by the iterative solution [45], [19], [51]
00386(0 + 2)gMp1m<JvM>
Tfo =~ In T2 13 . (2.35)
Gxs xfo

where c is a constant of order of unity. The principal steps to arrive to this approximate solution
are given in Appendix A.

Here we have implicitly made an important approximation. We assumed that g, and g,
remain constant during all the evolution of the species considered; this approximation is in
general not correct, in fact as we can see from Eq. (2.30) and Eq. (2.25) g, and g.s depend on
the ratio between the species temperatures, T;, and the one of the thermal bath, T. Relaxing
this approximation it can be demonstrated [43] that the relic density formula given in Eq. (2.34)

is modified as
1.07 - 10

 Mp1 Geor J (w50)
where Gror denote the mean value of the quantity gior which is equal to [13]

9xs(T) ldln hC(T)}

=221
Jrot g*(T)[ MERETY)

Qh? Gev ™! (2.36)

(2.37)

where h.(T) is defined as
he(T) = E gi (2.38)
1 coup

which is the sum of all degrees of freedom of the species in equilibrium at temperature 7T'.

2.2 Thermally averaged cross-section

The physic which determines the relic density is contained in the thermal average of annihilation
cross-section times velocity, (ovn ). This is, usually, computed by expanding the cross-section at
low velocity, or equivalently, expanding it in the total kinetic energy per unit of mass. Following
[13] here we give an expansion formula for the thermal average in the non-relativistic regime
assuming mj; = mo = m. We start observing that the product vynine is invariant under
Lorentz transformations; in fact its definition is such that, the invariant interaction rate per
unit of volume and unit of time can be written as

dN
dvdt

2Hp ~ 67.3Kms~!Mpc~! [60] is the present value of the Hubble constant.

= oup NiNe (2.39)
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where ¢ is the invariant annihilation cross-section. In our case, the densities ni, ny and the
Mgller velocity vy refer to a generic cosmic co-moving frame. In particular, from Eq. (2.19),
the Mgller velocity in terms of the velocities of the incoming particles, 7 and ¥, reads [413]

VM = \/(’171 — 172)2 — (’171 X 172)2 (240)

Now the question is what relationship there is between the thermal averages (cvon), (T01ap) P

and (ovem )™, where the first average is taken relatively to the generic cosmic co-moving frame,
the second in the laboratory frame (the frame where particle 1 is at rest), and the third in
the center-of-mass frame. Exploiting the Lorentz invariance of the ratio dn;/E; [13] and the
Lorentz invariance of the factor vy dnjdns we have that

EL\Ey

Uy dn,ldn; = UM dn,ldn; (2.41)
18

from which we get
’ 1 - (61 M 1?2)

UM = UM ( (2.42)

T,/ - vy /)
where the quantities with a prime refer to a different frame. In the case where the primed
system is the laboratory frame, e.g. the rest frame of particle 1, or the center-of-mass frame,
the Mgller velocity vy coincides with the relative velocity viap Or vem respectively, see Eq. (2.40).
Thus using Eq. (2.42) we get that

UM = Vlab(1 — 1 - Ta) (2.43)
for the laboratory frame, while in the center-of-mass frame we have that

E2, 1 R m?
v = VUem = VUem = — U1 -0
M C E1E2 C 2 1 2 E1E2

(2.44)

where we have used the fact that for particles of equal mass, m, the invariant Mandelstam
variable s is s = 4E2 | and E,, is the energy of particles in the center-of-mass frame, remember
that they have equal masses.

The relation between the thermal average of cross-section times velocity in the primed system,
which is defined as , .
+ [ ovydnydn,

) = 2 2.45
<0UM> fdnldn2 ( )

with (ovnm) in the generic cosmic co-moving frame, which defined in the same way without a
prime, can be obtained by noticing that the numerator is Lorentz invariant while the denomi-
nator changes under Lorentz transformations. Thus we have that

ro f dn’ldn;
= === 2.46
(oo = {ovhe) g (2.46)
To find the ratio % we consider the invariance of the quantity vyidnidns rewritten as
vfM dnydny = dnydns,. (2.47)
Um

Integrating both sides of the last equation and dividing by [ dnidns we get

S onfvydnadny [ dnjdny  /om (2.48)
[ dnydns o J dnqidns N - .

/
Unp
7

Substituting this result into Eq. (2.46) we obtain the relation between (ovy) and (ovy,)

(ovn) = <UU’M>’<”,M > (2.49)
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Using Egs. (2.43) for the laboratory frame, we have

UM T,
=({1—-v1-0
<vlab> < ! 2>

oo |pi|® pr| oo |pal? p ~i i
o 9 B AR I 92 Faalt [ 1A [ A0,

(2.50)

f dnldng

where we have used Eq. (2.6) for velocities and the fact that [ p*dQ = 0, p is the 3-momentum
versor. For the center-of-mass frame using Eq. (2.44) we have

UM 1 oL m?
I 1 _ .
<”cm> 2< e E1E2>
1 m?
—11
2[ Jr<ElE2 >}

where we used the result given in Eq. (2.50). Thus we finally obtain the relation

(2.51)

(ovn) = (0ap) = ;[1+<E”:;2>} (0Vem) ™. (2.52)

Note that the factor <;¢> varies from 1/2 for a highly relativistic species to 1 for a fully
non-relativistic one. Therefore in the non-relativistic limit we have that

<JUM> = <Jvlab>lab ~ <0Ucm>cm- (253)

Thus, thanks to this result, we can perform the calculation of the thermal average, in the
non-relativistic limit, referring indifferently to (oviap)!2P or (ovey )™ instead of (ouy).

We choose to perform our calculations in the laboratory frame. We can expand owpyp in
terms of the total kinetic energy per unit of mass in the laboratory frame, that for particles
with same mass is equal to[43]

(Ellab — m) + (E21ab — m)
2m (2.54)

The Taylor expansion of ou,, in powers of € is defined as [13]

o0

1 0"cvap n
OVlab — E — €
' n
= Je =0

o, (n)

v n
D e

n=0

(2.55)

and the thermal average of owvj,, with the Maxwell-Boltzmann approximation reads as

lab _ [ oviap e B/ Te=B2/T @ p d°p,
J e BT em BT 4% pydpy

(oV1an) (2.56)

From this equation and using the expansion given in Eq. (2.55), we obtain that (cvi.p)@P in
powers of 1/x in the non-relativistic limit is equal to
> a1 (2 i
lab a (2n+ 1N
(0Vab) oy, = Z ol an om
n=0 (257)
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where the subscript n.r. means non-relativistic and in Appendix A we perform the detailed
calculation to obtain this result from Eq. (2.56). Substituting this expansion into the definition
of J(zt), Eq. (2.33), we obtain that

3aM\ 1 1
J(x50) = O+ ) —+0( = 2.58
(xf ) (a * 4 x50 ) Tt * ‘T?o ( )

and the relic density formula becomes

OR? — 1.07 - 10% z¢,
" it Mpy (a©) + (3a(0)/(425))

GeV ™. (2.59)

Furthermore substituting the expansion in Eq. (2.57) into Eq. (2.35) we find that ¢, is equal
to

1
to =~ In <0.038c(c + 2)gMp1ma(O)) ~5hn (g*s In (0.038c(c +2)gMpim a<°>)) (2.60)

Many authors expand the quantity owvy,p, in powers of the relative velocity v1.,. Noting that in
the non relativistic limit we have

2
Viab
~ 2.61
€ 4 ) ( )

the expansion of ow,p, in terms of vy, read as

S CD) X () 42n > pn)
— a n _ a Viab _ 2n
UU]ab—Zw6 —ZWF:ZFUIMD (262)
n=0 n=0 n=0
where the coefficients (™) and b are related by
(n)
b =L 2.63
- (2.63)
In particular the above result for the relic density change as [42], [19]
1.07 - 10° 24,
Qh? = o Gev! (2.64)

ot Mpy (a© + 36 /g,

2.3 Co-annihilations

There are exception where the standard solution of the Boltzmann equation given above fails.
One of these exceptions occurs when the lightest particle is nearly mass degenerate with a set of
other particles. When this is the case the present relic density of the lightest particle would not
be determined only by its annihilation processes but also by the annihilation processes between
the slightly heavier particles, which will later decay into the lightest one [45]. Following ref [33],
we consider a system formed by N nearly degenerate species, X;, with ¢ = 1,..., N, with g;
internal degrees of freedom, and masses m;; we assume that the label ¢ runs from the lightest
to the heaviest particle, m; < mo < --- < my, and also that the lightest one is a stable
particle. The latter requirement can be satisfied assuming that X7 carries a multiplicatively
conserved quantum number which prevent its decay. Note that this quantum number must be
the same for all the particles in the set. For example if X; are supersymmetric particles this
quantum conserved number is provided by R-parity which prevents the decay of the lightest
supersymmetric particle into SM particles as we will see in the next Chapter. For the system
under consideration, the reactions which can change the X; number densities are

Xil < Xl (2.66)
X« XU (2.67)
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As in the last section we assume that the [ species are relativistic and in (LTE) with the plasma
and for this reason, sometimes, we refer to them just as cosmic thermal background. Note that
reactions such as X;X; <+ Xl and X;l <+ I'l"” are forbidden by the assumed symmetry. Also
note that, as long as reactions of type (2.67) take place at a reasonable rate, we expect that at
the present time all the X; particles have decayed into the lightest one. The relic abundance of
the generic X; species is determined by a system of N Boltzmann equations such as

N
+3Hn; = Z(Uijvij>(nina’ - nz('O)n;'O))

j=1

dn;
dt

N
0 0
= Xl e)mim = nni®) = (ot g 0™

where v;; is the Mgller velocity of 4, j particles.

The first term on the right-hand side describes X; X; annihilations, whose total cross-section
is

Oij = ZU(Xin — ll/) (269)
w

The second term describes X; — X conversions by scattering with the thermal background,
while the last term accounts for X; decays. Note the relative minus sign for the inverse scattering
and production processes. Following Eq. (2.20) we can define the thermal average cross-section
of a generic annihilation process as

f(d27rp)l3 f 27T3JU/U74Jf1fJ
3
f(%ﬂp)gf (ZTr)SfoJ

where, as usual, f; is the phase space distribution function, and as in the previous sections we

(oivi5) = (2.70)

E;
will assume the Maxwell-Boltzmann approximation that sets f; = e™ .
Since all the X; which remains after the "freeze-out" will decay into X7, the relevant quantity
is the total number density of all the X; species, namely

N
n = Zni. (2.71)
i=1

Summing Eq. (2.68) over i from 1 to N, we get an evolution equation for the total number

density n
N

% +3Hn=— Z (045vi5) (nimj — n( )n(o)) (2.72)
7,7=1
where the scattering and decay terms cancel in the sum.

Here, as in the previous section, we will assume that the scattering processes, with the
cosmic background, take place at rate which is faster than the rate of the annihilation ones
and of the expansion rate of the Universe. As we said before this fact enforce the kinematical
equilibrium, so the perturbation of the distribution function, during the freeze-out, would be
carried by a single function of the temperature p;(T) [43]. Note that the assumption of a nearly
mass degeneracy between the species X; implies that they decouple from the thermal bath at
the same epoch. This allow us to assume that the p;(T") would be nearly the same for every
species i.e. p1 & o &~ -+ &~ pn. Thus using Eq. (2.12) and Eq. (2.13) for the density numbers
©) , we have that the following approximation holds [45]
(0)

e
o nzo). (2.73)

n; and n;
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where n and n(9) are respectively the total number density and the total number density at the
equilibrium. Note that if the annihilation cross-sections, o;;, are not radically different from
those of scattering processes, o};, the assumption that the latter occur more rapidly than the
former ones is well satisfied. In fact the annihilation rate is about [15]

3 3 my +77Lj

ninjoj ~ T?’mfm]?cr,;jef T (2.74)
while the scattering rate is about
’ 9 3 m;
ninoy ~T2mloye” T . (2.75)

where we have used the results given in Eq. (2.14) and Eq. (2.15) and the fact that the species

[ is assumed to be relativistic. From this results we can see that the scattering rates are larger
3/2

by a factor - ~ (ml

J J

In order to recast Eq. (2.72) in a more suitable form it is convenient to define

e /T

3 m;
o (F)emie
TS0 T (1N 5 -
(ﬂ)Zi:l gimge 7T (2.76)
gD )T oA
Geft

where we have used Eq. (2.14) and the quantities A;, z and g are respectively defined as

N
m; —mq mi 3 _ R
Ai=— E= o geﬁzizlgimﬁl)ze 23

With the definition in Eq. (2.76) we can rewrite the the right-hand side of Eq. (2.72) as

N N
S~ (oivi) (ning — 00 (?) = N oijv)rir(n? — (n(©)?)
i,j=1 i =1 (2.77)
= (oemv)(n® — (n®)?)
where we have redefined v
Z (03j0i)TiTj = (Tefi) (2.78)
ij=1
Therefore the Boltzmann equation for the total number density n becomes [33], [45]
dn 2 (0)y2
XU +3Hn = —(oeqv)(n® — (n*™)7). (2.79)

This equation as the same form as the one in the standard case, given in Eq. (2.22), and so it
can be resolved with the same methods. In particular the relic density formula will be the same
as in Eq. (2.34) with J(z) redefined as

x2

J(z10) = / © loetv) g (2.80)

Note that the exponential term, e~*?¢ in Eq. (2.76), regulates the effectiveness of the various
co-annihilation processes. In fact if

1
NS (2.81)

we have that the particular process becomes less important because r; — 0 and the contribution
of terms like (o;;v;;)r;r; in Eq. (2.78) are negligible. Thus we can state that the co-annihilations
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processes are of fundamental importance in the evaluation of the relic abundance of species X
if )
A < —. (2.82)
x
For what concern the thermal average of o;;v;; also in the case of co-annihilations we have that
the relation given in Eq. (2.73) holds,

(oi0i3) = (oigoid)™. (2.83)
The quantity aijv%?b, as in the previous section, can be expanded as
o oM
LTHEY Z! el (2.84)
n=0

where €;; is the total kinetic energy per unit of mass of particles X; and X; in the laboratory
frame i.e. the rest frame of species 4, which is equal to

_ (Eilab — mi) + (Ejlab - mj) _ Ejlab —m;

= 2.85
€ m; + mj m; + mj ( )
Following the same procedure of the standard case given in Appendix A we have that
oo (n)
lab\ lab @ij 1 (2n + 1)
e - . 2.86
<O-Z_]Uz] >n4r. nz::o n!l zn (1 ¥+ Az)n on ( )
Using this result and the definition in Eq. (2.78), we can define the quantities [15]
3 3 —TA; ,—TAG
Lo, = 17(foo) / z] gzg] (A; +1)2 (Aj2+ 1)2e @hig—2A (2.87)
a1 4,5=1 Yett
Coad L ay gigi (A DA+ 1)Tedie
ayy ij=1 Jee T (1+ D)y
With these formulae we can approximate the integral given in Eq. (2.80) as
(1)
3 a 1
J(zgo) ~ <a§1>loeﬂ + 51 ;; ) o (2.89)
which replaced in the relic density formula gives
1.07 - 10% zg,
Qn? = - i " Gev™L. (2.90)
et Mpi (ayy los +3/2 a1y Do /5o
In the case of co-annihilation the xy, is given by
0.038¢(c + 2)ger Mp1m1 (o, HUM>
Tgo =~ In [ 1/82 7 < (2.91)
*S fO

where we have used Eq. (2.35).
To conclude this Chapter we note that there are situations where the thermal average of
v , both in the standard case that in the co-annihilations one, is poorly approximate by the
expansions given above. For example if the annihilation process occurs near a resonance the
expansion of the cross-section is inappropriate, because the propagator in the amplitude leads
to derivatives with alternating signs [13]. For this reason we give an exact formula for (oegv)
which is computed in the Appendix A. The exact formula is

2 dpest p2gWeat K1 (32
2 2"
miT (5, £ 25 K (%) |

v g1 mf

(Oetv) = (2.92)

where Weg and peg are respectively defined in Appendix A, and K;(z), Ka(z) are the Bessel
function respectively of the first and second kind [1].
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Chapter 3

Supersymmetry and Dark Matter

In this Chapter we briefly review the more important features of a supersymmetric theory,
following, principally, refs. [54] and [5]. In particular we start recalling the more important
theoretical motivation which lead to the introduction of supersymmetry (SUSY), namely the
"hierarchy problem". After that we will give the basic bricks to construct a supersymmetric
theory and then we will specialize on the R-parity conserving minimal supersymmetric stndard
model (MSSM), giving its particle content with a particular attention to neutralinos, which
constitute the DM candidates considered in this thesis.

3.1 Why Supersymmetry

The Standard Model (SM) of particles, provided with an adequate extension to explain the
origins of neutrino’s masses, is a remarkably successful theory, which is able to explain the
phenomenology of elementary particles, from an energy scale of few eV to about 10> GeV. So,
one, may wonder why we need to go beyond the SM, introducing, for example, an intricate
formalism such as the supersymmetric one. The motivation to this relies on the fact that the
SM is affected by some theoretical problems [5].

One of these issues is the, so called, "hierarchy problem". This problem is related to a rather
high sensitivity of SM Higgs potential and, in particular of the Higgs mass parameter, to the
high energy scale.

The SM Higgs potential is defined as [5]

Vio = 12619 + 5(610)° (31)

+
where, ¢ = (io), is the SU(2);, Higgs doublet, while A and p are respectively the self-

interaction coupling constant and the Higgs mass parameter. To spontaneously break the
electroweak symmetry, the Higgs field must acquire a non-vanishing vacuum expectation value
(VEV), which is defined as (¢)o = v/v/2; note that this is possible if and only if A > 0 and
p? < 0.

From measurements regarding the proprieties of the weak interaction, the VEV is known to

be about [7]
2u? v
— = — = 174 GeV. 3.2
VX Tz (32)

The "hierarchy problem" arise when we include high order corrections to the p parameter. For
example, at the one loop, the self-interaction term gives the diagram [5]
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which produces a correction to u? of about
Spu? ~ A 4L (3.4)

where we have dropped out the numerical factors and the ellipses represent terms which grows
at most as In (A/u). Here A denotes an ultra-violet momentum cut-off, which we can interpreter
as the high energy scale at which new physics is required [54]. From Eq. (3.2) we have that
Il = VAv/2 ~ VA 123 GeV, so, if we want to treat A perturbatively, u must have a value which
is at most of few hundred of GeV, i.e. p? ~ (100GeV)? [54]. Consequently if we take A to be
of order of Mp; or of the GUT! unification scale, what happen is that the quantum correction,
given in Eq. (3.4), is about 30 order of magnitude larger than the expected p? value. Therefore
while phenomenology requires that p must lays in the electroweak energies range, the radiative
corrections to it, drive its natural value to be of order O(A), rather than O(100GeV) [26]. This
is the essence of the "hierarchy problem". It is worth noting that this issue is peculiar of all
theories which contain scalar fields [5].

The "hierarchy problem" is intimately connected with the fine tuning problem. In fact
taking into account the correction du?, at the one loop order, the physical parameter is given
by

p? = pd — A%\, (3.5)

where p is the bare constant and the relative minus sign arises from the fact that u? is required
to be negative. So, if A is of order of Mpj, to have u ~ 100GeV we should fine tune the value
of p1p in order to obtain a remarkable cancellation, between p2 and A% [5].

It is important to note that the problem which affects the Higgs mass has also an impact
on the entire mass spectrum of the SM. As we know all the masses, both those of fermions
and those of gauge bosons, are proportional to the Higgs VEV an so, via Eq. (3.2), also on |u.
Thus the "hierarchy problem" can lead to a breaking of the hierarchy between the masses of
the SM [26].

Many attempts were made to resolve the "hierarchy problem" and one of this was super-
symmetry. Roughly speaking this symmetry provides that at each bosonic degree of freedom
(d.o.f.) must be associate a fermionic d.o.f., or in other words, the SUSY conserved charges
turn bosonic state into fermionic ones and vice versa [54]

Qlb) = 1) QLlf)=1b), (3.6)

where b stands for bosons while f for fermions. Thus in the SUSY framework at the bosonic
loop given in Eq. (3.3) must be associated a fermionic one, of the form []

h

" Q h oo / <2f>4Tr[<k | e (3.1

where g is the boson-fermion coupling constant, ms is the fermion mass and with h we refer to
the fermionic partner of the SM Higgs h. Note that the minus sign comes from the fermionic
loop.

Therefore, now, the correction to p? turns out to be sum of Eq. (3.3) and Eq. (3.7),

Su? ~ (A — g?)A2. (3.8)

Thus, if the relation A = g7 holds, the quadratically sensitivity of u? to the scale energy,
completely disappears.

In light of this, SUSY appears as the natural framework where the "hierarchy problem" can be
resolved.

1GUT means Great Unified Theory and in particular it refers to the unification of strong and electroweak
interaction. A peculiarity of this theory is that the SM coupling constants, driven by the renormalization group
equations, are supposed to unify at an energy scale of about ~ 3 x 1016 GeV [60]



3.2 Basics of SUSY 31

3.2 Basics of SUSY

As we said in the previous section, SUSY transformations turn bosons into fermions and vice
versa, see Eq. (3.6). Thus, changing the spin of the field from integer to semi-integer and vice
versa, they act directly on the representation of a given field under the Poincaré algebra. This
suggest that SUSY must be a space-time symmetry.

The question if and how is possible to extend the Poincaré algebra in order to include also
SUSY transformations, is a non trivial issue. From the Coleman-Mandula theorem [28], any
new conserved operator, other than the already present four-momentum vector P, and the
anti-symmetric angular-momentum tensor M,,,, can have only a trivial character or, in other
words, it must be a Lorentz scalar. Adding more conserved operators with non-trivial Lorentz
transformations would lead to a restriction of the possible kinematical configurations in a scat-
tering process [5]. Nevertheless the Coleman-Mandula theorem does not take into account the
possibility that the new operator could be a spinor. In fact the Haag-Lopuszanski-Sohnius [416]
extension theorem state that using both commutative and anti-commutative generators, the
Poincaré algebra can be extended in a non-trivial way, leading to the more general supersym-
metric algebra.

Thus the generator of a SUSY transformation, @), has a spinor character. Note that because
spinors are intrinsically complex objects, also QT must be a SUSY generator [54]. In principle
we can add more spinorial generators, but in this thesis we refer only to a model with only two
SUSY generators, namely @ and Qf. In light of this the components of the SUSY generators,
@, and QZ must satisfied both commutation and anti-commutation relations, which are [54]

{Qa,Q]} = —20%,P, (3.92)
{Qm Qb} = {QZ} Qlt} =0 (39b)
[Qa, P.] = [Q), P.] =0, (3.9¢)

where P, is the 4-dimensional conserved momentum vector. Note that the appearance of P, in
the first relation is consistent with the fact that it transforms like a 1-spin object under Lorentz
transformations, while @ and QT transforms as 1/2-spin objects [54].

As we know in a generic quantum field theory every field must belong to an irreducible
representation of the Poincaré algebra. Within the SUSY algebra the irreducible representations
are called supermultiplets.

Because SUSY generators turn bosons into fermions and vice versa, every supermultiplet
must contains both ferimonic and bosonic states. Following [54] we can show that every super-
multiplet must contain the same number of bosonic and fermionic d.o.f. Defining S as the spin
angular momentum operator, the operator (—1)?% has eigenvalues respectively

D) =01, (D) = (+1) [b), (3.10)

where f denotes a fermionic state and b a bosonic one. Using Eqgs. (3.6) it is straightforward
to show that

{(_1)2S7Qa} =0. (311)

Furthermore, given a supermultiplet we can consider a subspace of states |¢) which, tanks to
relations (3.9), all have the same eigenvalue of the 4-momentum operator P,. This assures that
any combinations of @ and Q' cannot change the 4-momentum of the states |i) and so we have
a completeness relation within their subspace, >, |i) (i|.

Now taking the trace over all |i) of the operator (—1)%%P, we have

=20, > ({1 (D) Buli) = (il (-1)*QuQj i) + Z (il (=1 Q}Qa li) (3.12)

% %

where we used Egs. (3.9). Now inserting the completeness relation in the second term of the
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above expression we find

200 2 DR = 3G (-1 Qu@h i + 3 Z ~1*5Q}17) (7] Qa i)
' i (3.13)
= (il (=1)*°QaQ) i) + Z y| Qu(~1)*5Q} 1)

9

and using Eq. (3.11) we get

f%abZ —12P, [i) =3 (1 (-1)2QuQ) i) = Y~ (11 (-1)*QuQ] ) =0.  (3.14)

i J

Knowing that every |i) state has the same 4-momentum p, and taking into account relations
(3.10), the previous result can be rewritten as

pMTr{(—l)QS} =pu(npy—ng) =0 (3.15)

which, if p, # 0, implies that n;, = ny, where n, and n; denote respectively the number of
bosonic and fermionic d.o.f.

SUSY algebra, given in Eq. (3.9), implies that @ commutes also with P,P* = P?. Thus
within the same supermultiplet the bosonic d.o.f. and the fermionic ones must have the same
P? eigenvalue and therefore they have the same mass.

Furthermore the generators of gauge transformations commute with the SUSY generators @
and Qf. Therefore all the particles in a given supermultiplet must be in the same representation
of the gauge group [H4]

The type of supermultiplets which compare in a renormalizable SUSY theory are called
chiral and vector supermultiplets.

Chiral supermultiplets are the supersymmetric generalization of spinors field and they are
composed by a Weyl spinor ¥; with an associated scalar complex field, ¢; and a further scalar
complex auxiliary field F;, which does not propagate and so it cannot represent any particle.
The associated non-interacting supersymmetric Langragian is [58]

LChiral = 3M¢Ia“¢i + WJEMGM/% +E'F; (3.16)

where the index i indicates all gauge and/or flavor d.o.f., and as usual the sum over repeated
indices is understood. The auxiliary field is added to maintain the equality between bosonic
and fermionic d.o.f. both on-shell and off-shell. In fact as we can check [17], from the equations
of motion we note that F; has no free components while ¢;, as a complex scalar field, has 2
free components and so the total number of bosonic d.o.f., on-shell, is n, = 2. A Weyl spinor,
on-shell, has 2 free components, which lead to a total number of fermionic d.o.f. ny = 2. Thus
on-shell the relation n; = ny holds.

Conversely off-shell a Weyl spinor has 4 free components while a scalar complex field still
has 2 free components and so without the field F; there would be a mismatch between ny and
ny. The fact that the field F;, without the constraint provided by the equations of motion
has 2 free components, implies that its introduction will restores the relation ny = ny also
off-shell, where ny = 4 and ny = 4. Moreover the introduction of the field Fj, provided with
the appropriate SUSY transformations, will assure that the SUSY algebra closes both on-shell
and off-shell [54].

Vector supermultiplets are the supersymmtrization of the gauge boson fields. They contain
a vector field Afj, an associated Weyl spinor, A%, called gaugino and an auxiliary real scalar
field D® which is introduced for the same reasons which lead to the introduction of F;. All
these fields belong to the adjoint representation of the associated gauge group. A sample of
their Langarngian is [58]

1
Lvector = =7 Fli B + AT UGH DA + D“D“ (3.17)
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where the sum over repeated a is understood. F7, = 0,47 — 0, A}, + gf“bCAZAi is the field
strength and D, A% = 0,A% + ga fabCAZ)\C is the covariant derivative where g, is the gauge
coupling constant?, and the fs are the structure constants.

As usual to make the chiral Langarngian (3.16) gauge invariant we have to promote the
ordinary derivative to a covariant one d, — D, which for chiral fields is defined as D, v; =
O + 194175 A5, where T: are the generators of the gauge group and the same definition
holds also for ¢;. After that combining the Langranginas (3.16), (3.17), we can write the SUSY
Langrangian as

LY =Dl D"¢; + i)]" Dypy + F F; — iFHF Wit gD, -
3.18
4 5 DD" 4 (VEg(ITG)N + he) + (8] Th) D"
where the last 3 terms come from the necessity to consider all the possible supersymmetric,
renormalizable and gauge invariant interactions. However in a realistic theory there are also
mass and non-gauge interactions®. It is possible to show [54], that the most general, renor-
malizable interaction Langarngian which is also gauge and supersymmetric invariant, can be
written as

1 a
LiS;IItJSY :< - §W”w‘% + WlFl) + h.c. (319)
where W;; and W; turn out to be respectively

52w ow
dPpropI ot
The functional W is called superpotential and its form is completely determined by the require-
ment that the Langarngian (3.19) must be supersymmetric invariant

Wi =

(3.20)

1 1
W = 5 Mij¢id; + 51Yikdi0; k- (3.21)
Note that just because the mass dimension of (3.19) must be [Liy] = 4, we have that the
superpotential has [W] = 3 and thus the matrix M,; has [M;;] = 1 while the Yukawa-like

couplings have [y;;x] = 0. It is important to note that treating the scalar fields ¢; as complex
variables, the superpotential Eq. (3.21), is a holomorphic function [54]. This fact will have a
fundamental consequence as we will see below. To finish we note that the auxiliary fields F;
and D?, via their equations of motion, can be rewritten in terms of the scalars ¢;. In fact using
the total supersymmetric Langrangian

GRS = LR + 5 322

ree

the equations of motion for F; and D® turn out to be

Fy=-Wi D= —gu(6lTE0;), (3.23)

iy

and consequently we can eliminate them in favour of ¢;’s, obtaining a SUSY Langargian con-
taining only scalars, ¢;, Weyl fermions, 1;, gauge vectors, Aj, and gauginos, A“.

3.3 The Minimal Supersymmetric Standard Model
The Minimal Supersymmetric Standard Model is the supersymmetric version of the SM, with

the minimal particle content [58]. First of all to promote the SM to a supersymmetric theory we
need to define all the superpartners of the fields present in the SM Langrangian. In other words

2Here the index a has not to be summed, it labels only the gauge group.
31t does not mean that these interaction terms are not gauge invariant, it means that the interaction terms
do not come from covariant derivatives.
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we have to define all the supermultiplets remembering that the partners and the associated
superpartners transform in the same way under the SM gauge group SU(3). x SU(2)r, x U(1)y.

For what concerns leptons and quarks we have to take into account that their left-handed
and right-handed parts transform differently under the SM gauge group. For this reason they
must be member of different chiral supermultiplets. Thus the left-handed leptons form chiral
supermultiplets (one for each family generation) with their scalar superpartners which are called
left-handed sleptons. The same holds for the left-handed quarks, where their superpartners
are called left-handed squarks. For what concerns the right-handed fermions we follow the
convention used in [54], where, instead to take them explicitly, are used their conjugate versions.
Also here to each right-handed leptons/quarks is associated a right-handed sleptons/squarks
which together form chiral supermultiplets. In such a manner the MSSM chiral sector is defined
in terms of only left-handed fields.

The SM gauge vector bosons are put, with their gauginos superpartners, into vector super-
multiplets. So the SU(2)y, gauge bosons, W* and W0, have their fermionic superpartner which
are called winos and are indicated as W+ and W°.The definition of W¥ follows directly from
the one for W¥ gauge boson [7], and so we have

Wt Fiw?
\/5 )

where W' and W?2 are the superpartners respectively of W' and W?2 gauge bosons. The
fermionic superpartner of B, the U(1)y gauge boson, is called bino and it is indicated as B. Tt
is worth to note that B and W° can be mixed to form the superpartners of the Z° boson and of
the photon, 7, which are called zino, Z°, and photino, 5. As last gluinos, §, are the fermionic
superpartners of the gluons, g, and also them, they are an SU(3). octet.

W:i:

(3.24)

+
The Higgs sector can be supersymmetrize putting the SM Higgs doublet, H, = (Ié%),
u

. . . . . - = ar
in a chiral supermultiplet with the corresponding fermionic superpartner H, = ( fﬁ)’ called
u
Higgsino. Unfortunately in a SUSY theory this is not enough.
In the SM we can give mass to down type quarks via the Higgs field H,. In order to give

mass also to up type quarks, in the SM, we use the definition[58]

—H-

u

. 0 *
Hy = ioyHY — (Hu ) . (3.25)

This recipe does not work in a SUSY theory, for two reasons. First, recalling what we said above,
the superpotential must be an holomorphic function of its fields and so it cannot contains their
complex conjugate versions. Second, if there is only one chiral supermultiplets the MSSM would
suffer of a gauge anomaly. In the SM this anomaly cancels among the contributions of various
fermions. The condition for anomaly cancellation is [17]

Tr{T3Y} = Tr{Y3} =0 (3.26)

where T3 is the diagonal (usually the third) generator of the SU(2)y, algebra while Y are the
U(1)y hypercharges. Using the hypercharge values given in Tab. (3.1), it is straightforwardly
to check that in SM this relation holds. Now the introduction of a new fermion with ¥, = 1/2,
namely the higgsino H,, definitely spoils the relation in (3.26), restoring the anomaly[17]. This

HO
can be cancelled again introducing a new Higgs doublet, which is define as Hy = Hd_ with
d
an opposite hypercharge, Y; = —1/2. This new Higgs field forms a supermultiplet with its
. 770
higgsino superpartner define as Hy = g‘i) Thus, in this manner, the relation (3.26) is
d

restored, because of the cancellation between Y,, and Y;. Note that H; can be used also to give
mass to up type quarks, preventing the use of complex conjugate fields in the superpotential.
All the particle content of the MSSM is depicted in Tab. (3.1)
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Names Fields (SU3)¢, SU(2)1,Y)
quarks squarks Q= (ZL) Q= C%L) (8,2, %)
L L
’LL%} q;;n (givlv _%)
dR dl*% (37 13 %)
leptons  sleptons L= (VL) L= <Z:/L> (1,2,-1)
er éL )4y T 9
eb & (1,1,1)
. . H+) - <H+> L
Higgs higgsinos H, = u H,=| =% 1,2, 5
g8 g8 ( HO A (1,2,3)
HO - HO
Hd< d_) Hd(~d> (1,2,—3)
H, Hy °
gluons gluinos g g (8,1,0)
Whosons  winos wt wo wE WO (1,3,0)
Bboson bino B B (1,1,0)

Table 3.1: In the table are summarized all the particles of the MSSM model. The convention used for
the hypercharge assignment is Q = T3 + Y where @ is the electric charge normalized with the
electronic one and with 73 we denote the component of the diagonal generator of the SU(2)r,
group.

Now that we know the particle content of the MSSM the other thing that we need to specified
is the superpotential. For the MSSM it is defined as [5]

Wassm = y20* Q7 - Hy, — yid*'Q7 - Hy — y&* Q7 - Hy + pH,, - Hy (3.27)

where the indices 4,j run over family generations and we have suppressed the color indices.
The (-) means the SU(2);, invariant product of doublets i.e. H, - Hy = eaBH{ng where €,
is the total anti-symmetric tensor in two dimensions. The parameters y,, yq, Y. are Yukawa
3 X 3 matrices in family space and in particular they are exactly the same Yukawa matrices
which enter in the SM. In fact, as we can see from Eq. (3.21), when the Higgs fields H, and
H, respectively acquire VEVs these couplings provide the masses to quarks and leptons. On
contrary the p parameter is a new one and it has nothing to do with the u mass parameter of
the SM Higgs scalar potential given in Eq. (3.1).

As we mentioned before, in an unbroken SUSY framework all the members of the same
supermultiplet must have the same mass. In the MSSM this would imply, for example, that
selectrons would have the same mass of the electrons, mz = m, ~ 0.511MeV [60], and this
would made them easily detectable. The fact that no one of the superpartners of the SM
particles have been detected, suggests that at the electroweak energy scale SUSY must be a
broken symmetry. Roughly speaking there are two way to break a symmetry, the first is by
introducing terms which spoil the symmetry explicitly while the second is by spontaneously
breaking it, as it happens to the electroweak symmetry in the SM [5]. Here we adopt the first
approach, taking into account only the effects of an unknown breaking mechanism which is
assumed to operate at some high energy scale.

However there is another subtle point with the SUSY breaking issue. The SUSY braking
parameters must be soft terms, which means that their coupling parameters must have positive
mass dimension [54]. The motivation to this requirement is related to the "hierarchy problem".
As we can see from Eq. (3.8) to resolve (at any radiative order) the problem of the quadratic
divergence, the equality between the coupling constants must holds i.e. Ay = g?. If the SUSY
breaking terms contain coupling constants of null-mass dimension, the radiative corrections due
to these non-soft terms would make the equality between A, and gJ% no longer valid and the
quadratically divergence will be restored [5]. So we require that the breaking terms have to be
soft, because we want that SUSY still resolves the "hierarchy problem".
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The requirement that the relation (3.8) still be resolved, implies that the corrections due to
the soft terms to u2, have to be proportional to In (A/mfoﬂ) [54]. By dimensional analysis this
corrections have the form [5]

Sp ~ mioﬂ ln(A/mfoﬂ) (3.28)

where m,p is the typical energy scale of SUSY breaking terms. From this result we can also
argue that, to ensure that SUSY still provides a solution to the "hierarchy problem", mos
must not be much greater then a few TeV.

For these reasons to provide a phenomenologically viable model we have to introduce in the
unbroken MSSM Langrangian (3.22) a soft Langrangian, having care to write only those soft
terms which do not break the MSSM gauge symmetry, SU(3). x SU(2), x U(1)y. For the
MSSM the general Lg,p is [54].

1
2
—(a@*Q - Hy — aqd*Q - Hy — acé*L - Hy + h.c.)

—m%Qt-Q = miLt L — ml&e — miuti — m3d d"

é

Lsoft = (Mggg + MQWOWO + Mléé + hc) - MQVNVJFWi

(3.29)

—m% Hi-H, —m3 H)-Hy — (bH, - Hy + h.c.),

where we have suppressed all the flavor and color indices. The constants M7, Ms and M3 have
a mass dimension of one and are called respectively bino, wino and gluino mass parameters.
The constants a,, a4, a. and me, Mj, Me, Mg, Mm; are 3 X 3 matrices in the families space and
they have a mass dimension of one. It is worth to remark that in order to resolve the "hierarchy
problem", we must have that

Mla M27M37 Qo y Qdy Ae ™~ Msoft

2 2 2 2 2 2 2 2
vami>mé7mfa7md"a mHuvad’ b~ msoft'

3.4 R-parity

The MSSM superpotential given in Eq. (3.21) is not the most general one. In fact, in principle,
we can also introduce the renormalizable and gauge invariant terms [54]

1 T T =% F A g - 1N ~% Tk Tk
Assign to the sfermions the same Baryon, B, and Lepton, L, numbers of the relative fermionic
partners, we have that B = +1/3 and L = 0 for ); and d;, B = —1/3 and L = 0 for @} and

df, while L =1and B =0 for L; and L = —1 and B = 0 for &;. Therefore as we can see the
first three terms in the Langarngian (3.30) violate the total Lepton number by a unit, AL =1,
while the last term violates the Baryon number by a unit, AB = 1.

At the present time we have no experimental evidences of processes, between SM particles,
which violate B and L. Furthermore if A and A" are both different from zero there would be
the chance to have a proton lifetime extremely short. For example a process like p — 70T,
mediated by a squarks with a mass of about 1 TeV, would lead to a proton lifetime of a small
fraction of a second [54].

So, to neglect terms as those given in Eq. (3.30), the most simple possibility would be to take
L and B exactly conserved. However we know that L and B are violated by non-perturbative
electroweak effects [5]. So neither B nor L can be taken as exact symmetries. Therefore a
new symmetry is needed to prevent the presence of terms such as the ones in (3.30). This new
symmetry is called R-parity and it is defined as [54]

R = (—1)3B-D+2s (3.31)

where S is the spin operator. From the Baryon and Lepton number assignments given above,
it is easily to see that each SM particles have R = +1 while each superpartners have R = —1.
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The R-parity conservation requirement has the consequence that the possible interaction
terms which we can write, must have an even number of odd-particles i.e. particles with odd
R-parity. As a consequence the terms in (3.30) are forbidden.

From a phenomenological point of view, R-parity conservation has three important conse-
quences [5]

e The lightest odd-particle, which is called the lightest supersymmetric particle (LSP), is
absolutely stable. Furthermore if it is also electrically neutral it can provide a viable DM
candidate [37].

e Every odd-particle, more massive than the LSP, must eventually decay into an odd number
of, less massive, odd-particles.

e Conversely when the odd-particles are created, for example in collider experiments, they
must be produced in an even number.

3.5 DM in the MSSM

One of the more interesting feature of a R-parity conserving SUSY models, is that they natu-
rally provide a DM candidate. Following ref. [37] now we briefly analyse, within the R-parity
conserving MSSM, every odd-particle as DM candidate, giving the motivations which prevent
or favour this possibility.

We start considering a charged un-colored particle such as charged sleptons. The possibility
that the masses of the sleptons lays in the right range to give a relic density consistent with the
one given in Eq. (1.13), is ruled out by the failure in the searches of anomalous heavy protons.
In particular this result leads to the conclusion that a generic charged odd-particle cannot be
the LSP. So also charged winos and/or charged higgsinos cannot form the today DM.

The other possibility is provided by squarks. Due to strong interaction they tend to form
new hadrons. So if at least one of these hadrons is stable then the associated squark can be
the LSP. Charged hadrons can be ruled out as every other charged odd-particles invoking the
failure in the searches of heavy protons. For what concern neutral hadrons, the question is
more complicated. However in quite all SUSY models squarks are heavier than sleptons and so
there is no possible squark LSP. Another possibility, a neutral one, is provided by gluinos. Also
them tend to form new hadrons, but as for squarks also gluinos, in many SUSY models, are
more massive than the other gauginos and so they do not provide a good LSP i.e. a good DM
candidate. Sneutrinos for long time have been considered as good DM candidate, but today we
know that their calculated scattering cross-section with nucleons is much more larger than the
limits found by direct detection experiments [19] and so they are ruled out.

What remains in the odd-sector of MSSM are the two neutral gauginos, namely the B and
the WO, and the neutral components of the higgsinos doublets, namely f[g and ffg. Against
them there are no such strong arguments, both experimental and theoretical, as the previous
ones. Thus, in principle, every one of them can provide a good DM candidate. More in detail
because of electroweak symmetry breaking (EWBS) they tend to mix with each other forming
four mass eigenstates called neutralinos. So the less massive of them, in many SUSY models,
can be regarded as the LSP and so it provides a viable DM candidate [19].

As we just said the mixing between B, W, HS and ]Efg is a direct consequence of EWSB.
In the MSSM the breaking of the gauge group SU(2);, x U(1)y is more complicated than in
the SM, because of the presence of two Higgs doublets [54].

We briefly summarize the EWSB in the MSSM context. The MSSM scalar Higgs potential,
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it can be written as [5]
Viriggs =(lul” +m¥,) ([H |+ [HO) + (ul” +md,) (17 [* + [B9])
2 "2 2
(g~ H0HY) + he] + I (om0 P ()
+ gj’H*HOT +H°H‘T’2
(3.32)

where g and ¢ are respectively the SU(2)1, and U(1)y coupling constants. Exploiting the
SU(2)1, symmetry we can rotate one of the two Higgs doublets in order to obtain that its
charged component is setted to zero at the minimum of the Higgs potential, so for instance we
can take H;" = 0 at the minimum. Furthermore the requirement that OViiges/0H, = 0, at the
minimum, implies that also H; = 0. As a consequence we can safely take H;f = H; =0, so
the Higgs potential is simplify as

HO® 4 (|l + m3y, )| HEJ — (bHOH + h.c.)

2
Viiggs =(|u|” + m%)

(6> +9'?)
8

) ) (3.33)
+ (|Ha|” — [Ha]")?
Redefining the phases of HY and HJ it is possible to reabsorb any phase in b and thus we can
regarding to it as a real positive quantity. Furthermore, exploiting the U(1)y gauge symmetry,
we can transform the fields H? and Hg in order to have two real and positive VEVs, namely
(HY) > 0 and (HJ) > 0. Also we take to be satisfied all the necessary conditions to have
(HY) £ 0 and (HY) # 0, given in ref. [54].

From the covariant derivative of the Higgs fields we can find that the VEVs are related to
the masses of W* and Z° bosons by the relations [5]

1 , 1 ,

mp = 59" +9 H)(v; +vi) = 59" +9 ?)? (3.34a)
1 1

my, = 592(1)3 +v3) = 59%2 (3.34b)

where we have redefined (H{) = v,, (H}) = vq and v is the SM Higgs VEV given in Eq. (3.2).

Instead to take v, and v, as new parameters, what is traditionally used is their ratio, which
is defined as v

tan 3 = 2. (3.35)
Vq
Note that, just because v, > 0 and vg > 0, the definition above implies that 0 > 8 > 7 /2.

To the two complex SU(2)-doublet Higgs scalar fields correspond eight real d.o.f. As we
know after the EWSB three of them become the longitudinal modes of the massive gauge bosons
W= and Z°. To the remaining five real d.o.f. correspond five Higgs mass eigenstates which are
two C'P-even neutral fields hg and Hy, one C'P-odd neutral field Ay, and two charge fields H*.
The masses of these Higgs fields are given by [54]

2
m%, = 2|ul” +my, +my,

1 3 -
Mh, = 5 <m1240 +mpo — \/(mi10 —m%,)” +4m%,m? sin® 25)

(3.36)

1 2
2 2 2 .2
mh, = 5 <mA0 +mo + \/(mio —mZ,)” + 4m2zomf40 sin 26)
m?{i = m1240 + m%,v.

Using these results we can define the mixing angle, «, between hy and Hy, as [54]

sin2a m%{O + m%lo tan 2o m1240 + mio (3.37)
sin28 m%lo fm}%o ’ tan28 m?40 —mio ’ ’
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which is traditionally defined to be a negative quantity, and so we have that —7/2 < a < 0.
Returning now to neutralinos we refer to them with y; (i = 1,...,4) with the convention
that the index 7 runs from the lightest to the heavier one, i.e. from x; to x4; note that with this
convention x; denote the LSP. The possible mass terms for neutralinos come from the mass
Lagrangian [45]
g 701570 _ 9 770 g 701770 . 9 70 15
LNeutrahno + \/iquUW ﬁquUB \/ivdeW + \@'UdeB (338)

o o Mi -~ ~ Moy ~ -
+ %(HSHg + HYHS) = BB - EWOW + he.

In the gauge eigenstates basis we can define

B
- WO
0 _
=| = 3.39
= | (3.39)
ﬂ-o
and so, with this definition, the Lagrangian (3.38) can be re-expressed as
1 - -
LNeutralino = _§(wO)TM1;O,(/}O + h~C-, (340)
where M 5o is a symmetric matrix defined as
M,y 0 —gva/V2 g /V2
Mo — 0 M, gua/V2  —gu./V2
0o = ’
v —gva/V2  gua/V2 0 —p
g 'Uu/\/§ _gvu/\/i —H 0 (341)
My 0 —Cg8WwMzo  SgSWwMzo
_ 0 M, CgCwMzo  —SgCwMzo
| —cgswmzgo  cgewmgo 0 —p
S538WMgo  —SgCWMzo —p 0

where in the second equality we have made use of the relations given in Eqs. (3.34), and that
g/g/ = tanfy. We have also introduced the short expressions cg = cos 3,53 = sinf5,cw =
cos By, and sy = sinfy. This matrix can be diagonalized by the use of an unitary matrix N,
such that [48]

my, 0 0 0
0 m 0 0
N*M: o N~'= Moo = X2 3.42
e X 0 0 my, O (3.42)
0 0 0 my,

where the eigenvalues m,, are real and positive. The mass eigenstates i.e. neutralinos, are
given by
Ni =Nt ij=1,...,4 (3.43)

It is worth to note that the parameters M7, Ms and g, in principle, can have arbitrary phases.
However redefining the phases of B and W° we can take M; and M, to be both real and
positive. On contrary the phase of p cannot be reabsorb in this manner, because we have
already redefined the phases of H. 9 and flg to take the parameter b real and positive. However,
in order to avoid C'P violation effects, we can safely take p as real [54]. Note that the sign of
w is still undetermined.

Using Eq. (3.43) the LSP is determined by [49]

X1 =NuB+ NoW° + NisHS + Ny H (3.44)
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Two useful parameters which define the LSP neutralino composition, is the gaugino fraction,
fg and the higgsino fraction, f;, which are defined as [19]

fg = INul” + | Niof? (3.45)
fi = | Nus* + | N1a) . (3.46)

Thus if f; < 0.5 (f; > 0.5) the LSP is primarily a higgsino. Conversely if f; > 0.5 (f; < 0.5)
it is primarily a gaugino . From the matrix M, we can see that the neutralino masses and
mixing angles depend upon four parameters, namely M7, My, u and 3.

The complete expressions for the neutralinos eigenvalues are given in ref. [12]. In this
thesis we specialized in a limit where the electroweak breaking effects are regarded as small
perturbations to the neutralino mass matrix [54], thus we assume that

mgo, my << |My — ul, | Ma — pl. (3.47)

Assuming for example that M; < My < |u|, the four neutralinos masses are given by [54]

m%o s, (M + psin(24))

myg, ~ My — PR TE: (3.48a)
2 .2 i
Mg, ~ My — mZOSWLAfQ_J;\;;m(m ) (3.48D)
e m%o(sgn(p) — sin(26))(u + Micjy + Masyy)
My, ~ |pl + S TAINESIA, (3.48¢)
2 —
g o P S N it )

For later purpose we give also the analytic expressions of the ratios N;;/N;; (with k # 1)
between the mixing matrix elements [12]

Nig _ L M=y, (3.49a)
Ni1 tw My —m,,

Nis _H (M —my,) (M1 — m,,) — m%, sin 8 cos 3 [(Ml — M) ¢}y + My — mxi] (3.490)
Ni mzo (My —my,) sw (—pcos B+ my,) ’

Ny _my, (My — my,) (My —my,) — m%, cos? 8 [(Ml — M) ¢}y + My — mxi] (3.490)
N mzgo (My —my,) sw (—pcos B+ my,) ' .

Now we move more step forward analizing the charginos mass spectrum. These mass eigen-
state are mixing between the charged winos W= and the charged higgsinos H -+ H "
Their mass terms in the MSSM Langrangian are

L Chargino = — MWW~ + u[zljf{d_ - gvuI:[;W7 — gvdI:Id_VT/+ + h.c. (3.50)

As we done for neutralinos also here is convenient to define the two gauge eigenstate [5]

o (VIg) I = <IZ‘;> (3.51)

and consequently the Langrangian (3.50) becomes

()T XY + hee. (3.52)

N =

1 - ~_
LChargino = _§(¢+)TXT1/} -
where the matrix X is defined as

X = <M2 29%) - ( M, ﬁsﬁmw) (3.53)
2gvy V2csmyy Iz
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This 2-dimensional matrix can be diagonalized by a bi-unitary transformation, namely

- 0
USXV~' = M = <m><1i ) . (3.54)
0 mo+
X2
Thus the mass eigenstates are
Xt =Vt (3.55a)
Y =U~ (3.55b)

+
where Yt = <)2+> and Yy~ = (2L
2

Also here we take the limit where the electroweak effects are regarded as small perturbations,
see Eq. (3.47). In this limit the eigenvalues are approximately given by [54]

miy (M + psin(23))

mox ~ My — (3.56a)
% [ — M2
2 .
- myysgn(p) (1 + Mo sin(28))
mgs o |ul + v (3.56b)

where we have assume that My < |y

Comparing Egs. (3.48) and Egs. (3.56), we can argue that, under our assumption that M; <
My < ul, My is nearly equal to mg,. Thus depending on the assumptions made upon the
value of My, My and |u| it is possible to have a LSP, %1, nearly degenerate with the lightest
charginos, )Zli This fact has extraordinarily consequences. In fact co-annihilation effects among
these particles, can be determinant in favouring, or not , some LSP configurations as DM
candidate.

For later purpose we give also the square squark mass matrices. For the up-type squarks it
is given by [5]

M2 = < m% + mgu + AL mqé(au —2,u cotan B)) (3.57)
My, (@, — pcotan ) mz +mg +Aar
where the quantities Az, and Az Rr are respectively defined as
I 2, 2 2 9 2
A1, = 3 ~ 3w ) Mzocos 28, Agr = —3Mzo8w €08 2. (3.58)
For the down-type squarks the matrix is
A2 — m%—i—mgd + AL my, (aqg — ptan 3) (3.50)
Mg(aq — ptanB) w3+ md, + Mg
where here A;; and Agg are respectively defined as
Az = —1—1—152 m%o cos2B, Ag :1m2 5% cos 23 (3.60)
dL — 2 3 w A ) aR = 3 Z0SW . .

Note the appearance of the masses of the associated quarks my, , mq, and of the soft-parameters
given in Eq. (3.29), a,, ag. The orthogonal matrices which diagonalized the above square mass
matrices can be defined as [34]

Uy = < COS% sin%) _ <ni1 7712) (3.61)

3 i 7 i i
—sin 6 cos 0 51 59

where ¢ = 1 for up-type squarks while ¢ = 2 for down-type squarks. The mixing angle 93 is
given by [32]
(s )
sin 207 = 2nj;7j, = 5 3 (3.62)

Mg, = M,

Note that when m%, m2, m% > @y, ag, po the matrices M2 and Mg are nearly diagonal and as a
consequence 14, = nby, — 1 and niy, = —n4; — 0.
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Chapter 4

Dark Matter Phenomenology in the
MSSM

In this Chapter we will analyse LSP neutralinos as DM candidates. As first, we will explore
the limiting cases where the LSP is a pure Bino, a pure Higgsino, or a pure Wino; after
that we will analyse two LSP configurations, called Well-Tempered neutralino [11], which are
particular admixtures of the pure states just listed. Every proposal will be compared with the
experimental limits provided by direct detection experiments. In particular we will take into
account the direct detection experimental bounds provided by LUX-2016 [7], PICO-60 [8] and
XENON100 [10] for the spin-dependent interaction and by LUX-2016 [6] and PANDAX-2016
[64] for the spin-independent one.

The numerical analysis, both for relic density calculation and for neutralino-nucleon scat-
tering cross-section, is performed using the program micrOmegas 4.2.5 [21]. We start by
reviewing direct detection theory, focusing on its application in the MSSM.

4.1 Direct detection of DM

One of the most important experimental evidences of particle DM would be provided by the
direct detection of these particles, while they are passing through the Earth [19]. The idea at the
base of these searches, is the detection of nuclear recoil energies due to nuclei-WIMP (neutralinos
in a SUSY context) elastic scattering processes. The major issue with these experiments is due
to the low scattering cross-section of DM on ordinary matter which makes these processes
difficult to observe. Furthermore the nuclear recoil energies, that have to be measured, are
small. In fact, because the DM particles in our system are moved by the same gravitational
potential which acts on the Sun, it is naturally to assume that they have a rotational velocity
similar to the one of the stars in the neighbourhood of the Sun i.e. of the Local Standard of Rest
(LSR) [23], which, relative to the Galactic rest frame, is about vy ~ 220km/s [57]. This value of
the velocity, implies that for a neutralino mass from 10 GeV to 1 TeV the typical nuclear recoil
energies are from 1keV to 100keV [53]. From an experimental point of view these rather small
energies imply that the direct detection signals can be easily confused with the background, and
so they have to be finely distinguished from it. In order to alleviate this problem the detectors
are placed underground so as to eliminate, as much as possible, the background signal [14].
Note also that this small values of the velocities and the energies transferred, in the scattering
processes, allow us to take into account the non-relativistic limit.

Typically in direct detection experiments, what is measure is the number of events, R, per
day per Kg of detector, as a function of the energy deposited in it, @,

dR = PP (470

dg?d? 4.1
MgMy dg? gcv (4.1)

where ppy is the DM local density, which we take within 0.3 GeV/cm?® < ppy < 0.7 GeV/em?®
[19], m, is the neutralino mass, my is the nuclear mass, ¢ the DM velocity relative to the
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detector frame, and f(?) is a velocity distribution function®. The vector ¥ is the DM velocity
relative to the laboratory frame, which in terms of the DM velocity in the galactic frame v
read as,

U= Ug — Ug, (4.2)

where U is the Earth velocity relative to the galactic rest frame. Note the presence of the
DM-nucleus elastic scattering cross-section, o(q), which depends on the modulus of the three-
dimensional momentum transferred, ¢, that, in the non-relativistic limit, is equal to

¢ = 2m*v*(1 — cosh) (4.3)

where m, = (mymy)/(mg +my) is the reduced mass between the neutralino and the nucleus,
and 6 is the angle, in the CoM frame, between the momentum of the incoming neutralino and
the momentum of outgoing one. Using Eq. (4.3) we can find that the energy deposited in the
detector, is

2 2,2
_ ¢ mpvt
Q= i (1 —cos®). (4.4)

Note that both Eq. (4.3) and Eq. (4.4) are valid in the non-relativistic limit. Now we can
defined the the elastic scattering cross-section at zero momentum transferred as [49]

F2(Q) (4.5)

where the entire ¢ dependence of o(q) is contained in the form factor F2(Q), which is normalized
such that F(0) = 1. Therefore using Eq. (4.4) and Eq. (4.5) we can rewrite the differential event
rate, given in Eq. (4.1), as

_ PPMO0 o, S(T) s
AR = P00 Q) i (4.6)

In order to find R we have to integrate the last equation over all possible DM velocities and
2m3v2

over all deposited energies from Er t0 Quax = ) where Er is the experimental threshold
energy below that no signal can be detected. Integrating over all possible velocities we obtain
that

dR o _,
o= oMY p2() /  ef@dvdo (@7)
X' V2> VUmin
where "
Qm
Umin — ( 2m]2V> ) (48)

is the smallest velocity which can give a deposit energy equal to @ [53], and vyax is the maximal
admitted velocity. The DM velocity distribution in the Earth frame, f(¥) is related to the one
in the galactic frame fg(¢") by

f(¥) = fa(vc) = fa(V+ vg). (4.9)

For fo(?’), assuming an isotropic galactic halo model, we can use a truncated Maxwellian
velocity distribution function, which in term of ¥ and o is defined as [19], [53],

. ef(UG/UU)Q 67("7“"651)2/'”?)
fG(UG) = Tg(vesc - UG) == TG(U%C - ’UG), (410)
where the quantity k is responsible for the normalization of fg(vg), vo ~ 220Km/s is the
typical velocity of the LSR defined above, and ©O(z) is the Heaviside function. The quantity
Vesc is the local escape velocity of DM from the Milky Way?, which in the neighbourhood of

n the next we will denote all the vector quantities with the usual arrow, while the modulus of these vectors
will be denoted simply without the arrow.

2The local escape velocity is the minimum velocity that a body needs in order to escape from the gravitational
attraction due to another body and it is equal to vesc = 1/2|®(r)|, where ®(r) is the gravitational potential [23].
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the Solar system is about vese = 544km/s [27]. Thus substituting the velocity distribution given
in Eq. (4.10) into Eq. (4.7) we obtain

dR _ ppmoo F2(Q)
dQ  2mgym?2  k

/ ve~ TH)* /% Q (e — v )dv dCL. (4.11)
V>Umin (Q)

The velocity integral is computed in Appendix D, and substituting that result into the above
equation we get that

dR __ TPDMO0Vo F2(Q) {%ﬁ [erf <Umin + UE) _ erf <Umin — UE>:| _ e’ugsc/vg} (4 12)
0 ’ ’

4Q mgm?2 k vg 4 o v

where the normalization constant, k, is given in Appendix D, and erf(z) is the error function
which is defined in Appendix D. Note that vy, via Eq. (4.8), is a function of Q. It is worth
to note that o is made up by two components, [27]

T = Tp + U0 (4.13)

where with Uy we denote the Earth’s orbital velocity around the Sun while with ¢y, we denote
the sum of the velocity of the LSR and the Sun’s proper motion. In particular the Earth motion
around the Sun gives rise to an yearly modulation in the event rate [19]. In fact the modulus
of Ug can be expressed as [19]

A {1.05 +0.07 cos (%(tyrtp))] : (4.14)
where t;, = June 2nd £ 1.3days.

From Eq. (4.12) is evident as the expected interaction rate depends from different quantities,
some of which derive from cosmological observations (ppu,vg) others from nuclear physics
(F(Q), mn) and others from the particular particle DM model chosen (o, my). Our interest
is mostly on the latter quantities and in particular on og.

4.1.1 Elastic scattering cross-section in the MSSM

The neutralino-nucleus scattering cross-section, og, strongly depends on the neutralino-quark
interaction. For this reason in order to evaluate oy in the MSSM, we start by evaluating the
scattering between neutralinos and quarks. After that we translate the microscopic interaction,
among elementary particles, into an interaction between neutralinos and nucleons. As last
step we sum the various nucleon contributions in order to find the matrix elements for the
neutralinos-nuclei interaction. An important simplification comes from the fact that we can use
the effective theory because, as we said above, the scattering processes take place in the non-
relativistic limit. In particular from the MSSM Lagrangian given in Appendix D,Eq. (D.13),
we recover the following effective four fermion interaction Lagrangian between neutralinos and
quarks [34],

Lot = S0 XYY XUV G + Oy, XXTi + B3 X" VXU vuts + BuxV°x@v ai. (4.15)

Neglecting all the terms which, in the non-relativistic limit, give rise to a velocity-suppressed
contribution into the scattering cross-section, see Appendix D, the above effective Lagrangian
becomes

Lo = a5 X7 XT7u7 41 + o5, XX G- (4.16)
The index i is ¢ = 1 for up-type quarks and i = 2 for down-type quarks. Note also that we have
suppressed all the flavor and the color indices. The quantity oz%]q)i is equal to, see Appendix D,

SD X +Y? n U + V7 n
Azqi = 2 2 2 2
Xa 4(mqli —m3) 4(mq~2i —m$) (4.17)
2
T3
g |N13|27\N14|2 3

T A2 na2 O ’
4m?, cos? Oy 2
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while OZ)SZEL is
N B
Xai Q(mgli —m3) 2(m§2i —m2)
mg, D; .
- 477911/(/7qm2§ (Nigsina + Nygcosa) (gN12 — g'Nii) (4.18)
B Di
gmlh‘ Cz

-2 L ' (Nyysina — Nizcosa) (gNi2 — ¢'Ni1).
4mwm§{ B; (N14 13 ) (9N12 — g'N11)
In the above equations my, ,ms, are the eigenvalues of the squark square mass matrix given
in Eq. (3.59) and Eq. (3.57), while n;; are the elements of the matrix which diagonalizes it; Yy,
and ey, are respectively the hypercharge and the electric charge of the quark g;. The quantities
B;,C; and D; are defined as in [34]

B; =sinf, By = cosf (4.19)
Ch =sina, Cy =cosa (4.20)
D, =cosa, Dy = —sina. (4.21)

and X;, Y;, U;, V; are defined in Appendix B. Note that in the limit where m2, > m? we can
safely drop out the last term of Eq. (4.18) and using the definition of « given in Eq. (3.37), we
get that

sina ~ — cos §3, cosa ~ sin 3 (4.22)

From Eq. (4.16) we see that the scattering processes can be decomposed in a scalar or spin-
independent (SI) part and a spin-dependent (SD) one.

We start analyzing the SD interaction. As we can read off from CV)SZ]q),- and from the interaction
terms given in Appendix D, the SD interaction, at tree-level, is determined by the following
Feynman diagrams

X q
ZO
q X

X

q 4 (4.23)
The matrix elements of the quark axial-vector current into a nucleons are defined by [49]
(nl @7 a In) = 28¢5V, (4.24)

where sibn) is the nucleon spin four vector and n denotes a nucleon (generally a prot,on or a

neutron). Therefore the axial-vector interaction term in Eq. (4.16) between neutralinos and
quarks is naturally traduced into an axial-vector interaction term between neutralinos and
nucleons, [27]

Ao RV VRGN B = 20 XYY XY (4.25)
where and the coefficients ¢, are defined as in [27]
tn =D 05g 0" (4.26)
a

The A¢(™ terms are experimentally determined, and we give a sample of the possible values
of As®), Au®) and Ad® in Table 4.1. The same quantities for neutrons are found using
the relations As® = As(™ Au®) = Ad™ and Ad® = Aul™. In order to compute the
neutralino-nucleon cross-section, as first, we have to evaluate the scattering average square

amplitude
1

2 ,
= (@sg + (25, 1 1) pIRRlE (4.27)

spins
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Ref. | fiy | f) | £t | £33 [ A7 | Au® | Ad® | As®)

[35] | 0.027 | 0.022 | 0.039 | 0.049 | 0.36 | 0.84 | —0.43 | —0.09
[24] | 0.017 | 0.012 | 0.023 | 0.033 | 0.053 | 0.84 | —0.44 | —0.03
[15] | 0.015 | 0.011 | 0.019 | 0.027 | 0.045 | 0.84 | —0.43 | —0.085

Table 4.1: In the table are listed the values of the SI coefficients and of the SD ones, from three different
references.

where sy and s, denote respectively the spins of the neutralino and the nucleon. The square
amplitude ’M)Szg % s simply computed sandwiching the interaction term given in Eq. (4.25)
between the initial and the final states and then taking the square modulus of the result,

2 ~ - ~ ~ 2
IMED|™ = 4c2 | (%, nl X"y Xy n [, n) |

= 1024m2m2|(8x - 5n)°c?

(4.28)

where we used the non-relativistic expansions of the neutralino-nucleon scattering amplitudes
given in Appendix D. In order to evaluate the average square amplitude we have to sum over all
possible initial and final spin states the scalar product (8% -5, )?. Recalling that both neutralinos
and nucleons are spin 1/2 fermions, when they interact they can form one singlet state with
total spin sy = 0, and three triplet states with total spin si,x = 1. Exploiting this and the
fact that from the relation s, = (5 + 5,,)? we have

S5 -8, = %(sfot - S?Z —52), (4.29)
we find that, in natural units,
(5% - 8n) = —% (4.30)
for a singlet state, while
5y ) = i (4.31)

for a triplet state. Thus substituting these results into Eq. (4.27) and performing the spins

sum, we obtain
2

=192m2m?2c? (4.32)

SD
‘Mfm X

Using the relation dg? = 2u2v2d(cos @), where p,, is the neutralino-nucleon reduced mass, and
the non-relativistic expansion of the invariant s ~ (mg + m,,)?, we can rewrite the differential
scattering cross-section formula, as

do(q) 1 —p?

2 2,2 2‘ xn
dg 64rmimyv

(4.33)

Substituting in the above formula the result given in Eq. (4.32) we obtain that the differential
neutralino-nucleon scattering cross-section at zero momentum transferred is equal to
do(q) 3 5

= —cC,. 4.34
dq2 7T'U2 cn ( )

Now, in order to find the total neutralino-nucleon scattering cross-section at zero momentum
transferred, we have to integrate Eq. (4.34) over dg? obtaining

3 apv? 2
xn / do(q) 42— 12m2 o (4.35)
0

0osp = dg? q 2

As last step, in order to find the neutralino-nucleus (N) scattering cross-section, we should take
into account the effects of the various nucleons inside the nucleus. As first we have to sum the
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contribution of the protons separately from that of neutrons. Furthermore we cannot simply
sum over all protons and neutrons because two protons(neutrons) which belong to the same
orbital must have opposite spins [14] and as a consequence there would be strong compensation
between the various spin currents. The interaction between neutralino and nucleus would be
proportional to the spin of the neutralino and to the total angular momentum of the nucleus
J A, where the subscript A denotes the nuclear mass number. The contribution of the single
nucleon to Jy can be parametrized as [11]

IR = (s,) == (4.36)

where (s,) = (N| s, |N) denotes the expectation value of the spin content of the nucleon n inside
the nucleus N [49]. These quantities are obtained using both nuclear experimantal calculations
and nuclear theory models.

Thus using Eq. (4.28) and replacing m,, with the nucleus mass my we find that the square
amplitude for the neutralino-nucleus scattering is given by

<3n>2
J3

2 . -
IMER | = 256m2Zm3, (5% Ja)

(4.37)

Now in order to find the average square amplitude we should sum over final and average over
initial spin states. Labelling the initial polarization states as sy, s4 and the final ones as s%

X’
'y, the spins summation read as [14]
- 2
> 3 sl Go M lsosi) [ = 30 30 30 Goad s 1sk) (sad ok s x
s)z,s;z SA,S sx,s 5A,8% 1<k,I<3
(sal Ja sih) (shl JX Isa)
Lk Lok (4.38)
= Z Tr{sgss} Tr{JyJx}
1<k,1<3
. (23* + 1)32(8;( + 1)(2JA + 1)JA(JA + 1)
B 3
which can be substituted in Eq. (4.27) obtaining
S 2 o (sn)?
‘M~ ] 250mmi =y Ja(Ja + ) (4.39)

Note that this result is valid separately for protons and neutrons. Summing their contributions
we obtain

Ja
MR ‘ —256m m> Ja + $p)ep + (Sn)en)?
MR NJA<A D((sp)ep + (sn)en) o)

where now the subscript n denotes the neutrons and not a generic nucleon. The quantity A is
defined as [19]

1
A= J—A(<sp>cp + (sn)cn) (4.41)

Substituting the result given in Eq. (4.40) into Eq. (4.33), we obtain the differential neutralino-
nucleus scattering cross-section at zero momentum transferred

do(q) 4 2
a2~ me Ja(Ja + 1A=, (4.42)

which integrates over dg? between 0 and 4u%v? gives the total neutralino-nucleus scattering
cross-section at zero momentum transferred

1643
ol = :N Ja(Ja + 1)A2, (4.43)



4.1 Direct detection of DM 49

Note that now uny = mympy/(mg + my) is the neutralino-nucleus reduced mass. In principle,

relaxing the zero momentum transferred condition, in Eq. (4.42) there would be also a |g|

dependence which, as we said before, can be parametrized using a nuclear form factor Fsp(q)*
do(q) 4

P WJA(JA + 1)A*F25(q). (4.44)

In particular in the SD interaction the nuclear form factor is defined as [19]

S(q)

FED(Q) = W7

(4.45)

note that when ¢ — 0 then Fgy(¢) — 1. The quantity S(q) is equal to [19],[53]

S(lql) = agsoo(Q) + afsn(Q) + apa1S10(q) (4.46)

where ag = ¢, + ¢, and a1 = ¢p — ¢, are respectively the isoscalar and the isovector coefficients
of the scattering amplitude [19], where ¢, and ¢, are defined in Eq. (4.26). The independent
form factors S;;(g) come from detailed nuclear calculations and they can be fitted in terms of
the variable y = 0.254%/3¢2 as [19)]

Sijla) =D cly*, (4.47)
k

. . . k . . .
where A is the atomic mass number and the coefficients, " for various elements are listed in

1)
refs. [49].
Now we redo the above analysis for the spin-independent (SI) interaction. This interaction
is determined by the second term of the effective Lagrangian given in Eq. (4.16) and as we
can read off from O‘>S<£1 , at tree-level, the interaction is determined by the following Feynman

Xqi
diagrams

)
=1

q q X g (4.48)

The scalar interaction term between neutralinos and quarks is naturally traduced into a scalar
interaction term between neutralinos and nucleons

0y XX@ia; — oSy, (n] @igs [n) X0, (4.49)
where n denotes a nucleon. Thus, as first step, we evaluate the matrix elements of quarks in a
nucleon state, (n|g;q; |n). To do this we start by the definition [37]

(n| mqqq |n)

(n) _
Ity =

(4.50)
which is valid for light quarks, namely, u, d and s. In order to compute the contribution for
heavy quarks (c, b and t) we start from the fact that the nucleon matrix element of the trace
of the QCD energy momentum tensor is equal to the mass of the nucleon [27], namely

_ Blas) a v
mn = (n|©f|n) = > (n| mygq|n) + 1o, (M GLGaY In) (4.51)
q S
where oy is the strong coupling constant,
2ny a?
s)=— (11— —) = 4.52
e = (11- 20 ) 52 (4.52)

3Note that Fsp(Q) and Fsp(q) are interchangeable.
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denotes the beta function and Gj;, is the gluon field strength tensor. Using the heavy-quark
expansion which at the lowest order is equivalent to making the substitution [27]

_ s ~q v
mgqq — _EG#VGZ (4.53)

for ¢ = ¢, b,t, it is possible to recast Eq. (4.51) as

mnp

-_— 9 a v
§ <TL| mqeqq ‘n> - ] Qs <n| GMVGZ |’I’L>
= 0 (4.54)

= Y maffy) — oo (] GG [n)

q=u,d,s

where we have used the definition given in Eq. (4.50). In this way the gluon contribution can
be expressed as

9 v n n
s (n| G, GEY [n) =mp | 1= Z f;q) = mw‘%& (4.55)

q=u,d,s

Thus using this result and Eq. (4.53), the matrix element for heavy quarks would be equal to

_ 2 (n
(n|mqqqIn) = ﬁf&?mn. (4.56)

Now using Eq. (4.50) and Eq. (4.56) we can write the effective coupling between neutralinos

and nucleons as 5

My My
fo= Y TR 4 o fE Y Tt (457)

mg 27 mg
q=u,d,s g=c,b,t
A sample of the values of fgfl) for proton and neutron are given in Table 4.1. From this formula
and with the values given in Table 4.1 we expected that f, ~ f,,. Sandwiching between the
initial and final states the term given in Eq. (4.49) and using the results given in Appendix D,

we find that the SI neutralino-nucleon amplitude is
MG, = dmgm,lerele, (4.58)

where ¢ is a numerical two component spinor normalized as £7¢ = 1. Using this result we
can compute the average square amplitude for the neutralino-nucleon SI interaction in the

non-relativistic limit )

‘Jvt;?gn = 64m2m? 2. (4.59)

Substituting this result into Eq. (4.33) we obtain the differential neutralino-nucleon scattering
cross-section in the SI case

do(q) 1 .,
— = — 4.60
dq2 7T’U2 fn7 ( )
which integrate over dg? from 0 to 4m?2v? gives
X1 4:“’721
oo = s (4.61)

that is the total neutralino-nucleon SI scattering cross-section at zero momentum transferred.

The evaluation of the interaction amplitude between the neutralino and the nucleus in the
SI case is more simpler than in the SD one. This is because, contrarily to what happens for the
SD interaction, the various SI nucleon amplitudes sum up coherently in a constructive way, and
so the DM-nucleus amplitude is proportional to the number of the nucleons in the nucleus, i.e.
to the atomic mass number A. Thus the average square amplitude for the neutralino-nucleus
scattering is simply the sum of the proton and the neutron contributions, namely

‘MTQQIN‘Q = 64m3 [Zf, + (A= 2) ful” (4.62)
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where Z is the atomic number. Substituting this equation into Eq. (4.33) and then integrate
over d¢g?, we obtain the total neutralino-nucleus scattering cross-section at zero momentum
transferred

oSN M (7 (A 2) L (4.63)
0SI — T P nl - .

For fp, ~ fn, 082].‘;][ o A? and so it receives a substantial enhancement for heavy nuclei. Thus
what we expect, comparing Eq. (4.43) with Eq. (4.63), is that for heavy nuclei the dominant
contribution to the scattering between the DM and ordinary matter would be provided by the
SI interaction.

As we said for the SD case also here, in principle, there would be a dependence on ¢ in the
the SI differential cross-section. As usual this dependence is parametrized using a nuclear form
factor F(Q). Thus the SI differential cross-section becomes

do(q) _
dg?

— [Zf,+ (A= 2) ) Fai(a), (4.64)

In the case of the scalar interaction the nuclear form factor is related to the Fourier transform
of the nucleon density inside the nucleus. For example Fgi(g) can be the Wood-Saxon form
factor [53]

(4.65)

F2(q) = [‘rﬁjl(qu)} e~ (g fm)?

qRy

where j; is a spherical Bessel function and R; = (R? — 5fm)"/? with R ~ 1.2fmA'/3,

Looking at Eq. (4.1) we observe that the quantity which is relevant for the evaluation of
expected rate of events and which can be extracted from the measurements, is the total DM-
nuclear differential scattering cross-section, namely doy(g)/dg?. This quantity is defined as the
coherent sum of the SD and SI DM-nucleus scattering cross-sections given in Eq. (4.44) and
Eq. (4.64),

don(q) 1

a2 450 [‘70 sifgi(a )+U§JSVDFSZD(Q)} (4.66)
N

which in terms of the related DM-protons scattering cross-sections given in Eq. (4.35) and
Eq. (4.61) read as

do f 4J n )
D [%SI (225 ra@+ 22 (64 602 ) itk

P

where p, is the proton-neutralino reduced mass. From this result we can obtain the total
neutralino-nucleus scattering cross-section at zero-momentum transferred which is

[ n 4 J 1 n 2 X
(>)CN MN OOSI Z+(A- Z)f +* AT <Sp>+<5n>i 55D
I 3 Ja c

2 v
2 [ 2
/’('N 2 Xp 4JA+1 C’I’L Xp
~ = | A0 n)—
2| Tos1 T 3 TIn (sp) + (s >cp 70SD (4.67)

I
=
=
iS|

2
2 xn
My 7 4Jp+1 J0'SD xp
EN | q20Xe 4 ZZA T2 (g )y 4 (s, oX
,U,I% 0 SI 3 JA < p> < > o’%“éD 0SD

where in the last step we assumed that f, ~ f, and m, ~ m,, which using Eq. (4.35) im-

plies that ¢,/cp, ~ \/O'()JZIS)D /O'()JZZS;I . In principle the bounds imposed by the direct-detection
experiments must be compared with this result which take into account both the SD and the
SI interactions However if the SD or the SI contribute is dominant i.e. UOJSVI > op JSVD or

oy SI < 00 gp We can compare the SD and SI bounds separately. In the next we present the
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MSSM Parameter  Value-Range

M, 10 — 250 GeV
mZR 11M1 - 18M1
I 800 GeV

M,y 1.2TeV
M3 1.8 TeV
my > 1TeV
Mg r > 1.5 TeV
tan 8 10

Table 4.2: In the table are listed the values of the MSSM parameters that we take into account.

results of direct-detection analysis taking into account the neutralino-nucleon SD and SI cross-
section®. First we give both contributions separately and then we combine the them finding
the total neutralino-nucleus scattering cross-section.

4.2 Pure Bino LSP

Now we analyse various neutralino LSP configurations as DM candidates. We start analysing
the pure Bino LSP configuration. This is a limiting case, which corresponds to set in the LSP
definition given in Eq. (3.44), the following relations [50]

Nip—1 (4.68)
Ni2, N3, Ny — 0.

In many SUSY scenarios the LSP tends naturally to be a Bino-like fermion [36]. In our case
the pure Bino configuration is achieved imposing at the electroweak scale that

M; <« |,LL| < M. (469)

In particular, imposing this relation into Eqgs. (3.48) and Egs. (3.49), and assuming that
|, (Ju] — M1) > myy, we have that

2
Ni~140 <";3V> (4.70a)
m2, (My + psin23) <m2
Nyp~——W ~0 W) 4.70b
250 — ) (2 - ) O\ (14700)
mw (M7 + psin2p) mwsinﬁ} (mw>

Niz ~t ~0| — 4.70c

B [ (u? — M7)cos B [ 1 (4.70c)
My my (M7 + psin28) chosﬂ] <mw>

Nig ~t — ~0— 4.70d

e W[ po (p? = M7)cos I [ (4.70d)

As a consequence the LSP is nearly a pure Bino, ¥{ = B, with a mass, at the leading order,
equal to mgo ~ M. The values of the others MSSM parameters that we take into account are
defined in Table 4.2.

In order to evaluate the thermal relic density provided by a pure Bino LSP we have to start
computing its annihilation rates into SM particles. In the parameter space region provided
by Table 4.2, a pair of Binos tend to annihilate mostly into SM fermion anti-fermion pairs
[36]. These annihilation processes take place through sfermions exchange in t-u channels [11].
In particular, because we take squarks and left-handed sleptons much heavier than the right-

handed sleptons, the favoured final state would be the SM right-handed leptons and anti-leptons.

4We give the results for the neutralino-nucleon scattering cross-sections instead of the neutralino-nucleus ones
because we want to compare the numerical results with bounds coming from different target nuclei.
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The Feynman diagrams for the processes BB b, Irlr are given in Appendix E, where we
compute the annihilation cross-section times velocity in the limit where the ratio m;/M; — 0,
and with m; we denote the final lepton masses. Using the results given in Eq. (E.42) we can
expand oz zv in the non-relativistic limit which at the first non-zero order read as

_ gttan* Oy (14 r?)

Opav =
BB WmlgR (1+7)4

€+ 0(e?), (4.71)

where r = M2/ ml?R, ¢ is the total kinetic energy per unit of mass given in Eq. (2.54), and note
that we have summed over the three flavor lepton states. From Table 4.2 we can see that r is
varying in the range 0.3 < r < 0.9. Note also that in Eq. (4.71) there is no s-wave contribution
(the zero order term in the e expansion), because it is proportional to the vanishing ratio m;/Mj.

Substituting the o5 5v expansion given in Eq. (4.71), into Eq. (2.57), we recover the thermal
average cross-section times velocity for Bino annihilation, which is equal to

~ 3 gttantOw r(1+1?) 1
<0'BBU>—§ ﬂ.mlgR (14 7)* 2 ) (4.72)

where © = M, /T. Substituting this result into the relic density formula, Eq. (2.59), we obtain
that the relic abundance for a pure Bino LSP is approximately given by

mi. \? (1+7r) V7100 GeV
Qph% =1.1x1072 r 140.07log Y—" ). 4.
B 10 (IOOGeV P14 2) \& T 007Tlos =0 (4.73)

Ir

The values of Qzh? as a function of the LSP mass are given in Fig. 4.1, where we show
the result of the micrOmegas 4.2.5 simulation compared with the analytical one given by
Eq. (4.73). From numerical simulation we find that the DM constraint provided by Eq. (1.13)

Pure Bino LSP
Numerical Vs. Analytical

— Analytical
result

Oh? o — Numerical
result

M, [GeV]

Figure 4.1: In the plot is shown the contribution to Qh? of a pure Bino LSP obtained from the micrOmegas
4.2.5 analysis, compared with the analytical result obtained using Eq. (4.73). The width of
the bands is due to a sleptons mass parameter which varies in the range 1.1M; < mi, <

1.8M7. The region between the dashed lines denotes the observed DM abundance within 2o.

within a range of 20, is satisfied when the mass M; of a pure Bino LSP is in the range 18 GeV <
M; < 85 GeV which, looking at Table 4.2, corresponds to a r.h. sleptons mass in the range
33 GeV S my, < 94 GeV.

For what concern direct detection of a pure Bino LSP, we summarize the results of our
numerical analysis in Table 4.3. These numerical results and the direct detection exclusion
limits provided by the more recent experiments, are depicted in Fig. 4.2. In particular from
these plots we can see that all the cross-sections are well below the experimental excluded
regions.
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Cross-section Value-Range
olr, 14x 107" —55x 10~ pb
T58h 1.5 x 1072 — 4.5 x 1079 pb
o B 33x 10714 52 x 10" pb

Table 4.3: In the table are listed the upper and lower values of the SD and SI neutralino-nucleon cross-
sections computed with micrOmegas 4.2.5 . As usual for the SI interaction we have assumed

that fp >~ fn.
Bino—-Proton SD Bino—Neutron SD
Cross—section Cross—section
2 LUX
10 102 XENON100
= o PICO-60 =

2 2

T e tedetetetetei ittt —— 8

15} [}

5 B ey
- 1010 4
10‘14» 10-14

50 100 200 50 100 200
M, [GeV] M; [GeV]
(a) (b)
Bino—Nucleon SI Bino-Xe
Cross—section Cross—section
1078 ' ' ' ' ' '
9 PANDAX 2016 0.100 LUX
10~ -

g 10’1°é» Lux | g 0.001

= 10711l I

= ]

5 o] £ 108
10_13%’ ____________________________________ 107
10_14 50 100 200 50 100 200

M, [GeV] M, [GeV]
(c) (d)

Figure 4.2: In the figure we show the results of the direct detection analysis performed with micrOmegas
4.2.5 , compared with the analytical results found using the approximate formulae given
in Egs. (4.76). In the panel (a) is shown the SD Bino-proton scattering cross-section (pink
band) with the analytical result (the region between the blue-dashed lines), the shaded areas
are the excluded regions provided by LUX-2016 (green) and PICO-60 (brown) experiments.
In the left panel (b) is shown the SD Bino-neutron scattering cross-section (yellow band) with
the analytical result (the region between the blue-dashed lines), the experimental limits come
from LUX-2016 (green) and XENON100 (purple) experiments. In the below panel (c) we show
the result for the SI Bino-nucleon scattering cross-section (orange band) with the analytical
result (blue-dashed line), and where the excluded limits are given by the LUX-2016 (green)
and the PANDAX-2016 (red) experiments. In every plot the squark masses are varying in
the range 1.5 TeV < mg < 8 TeV. In plot (d) we show the the combined ST and SD Bino-Xe
scattering cross-sections, with the experimental bound from LUX experiment.

These numerical results can be explained using the theoretical ones given in section 4.1.
Substituting into Eq. (4.17) and Eq. (4.18) the expressions of Nj; given in Egs. (4.70), and
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taking the limit where p, M1 o, (1 — My 2) > mw, we find that

oS o 242 Yoo (1)° +4(m2)ey, | deg, (nin)® + Yo, (1p)° + i cos26(~1)’
B w 16(mz, — M7) 16(mz, — M7) 1642
(4.74a)
oSl equqiLQQt%v[ Mae e ] L Stlymy, sin 25 (4.74D)
B 4 (mg~1 — M?) (m?]2 — M%) dpms

where we have assumed that m?%, > m,%, which allow us to neglect the contribution of the heavy
Higgs field and to make the substitutions given in Eq. (4.22). As usual with mg,, ,. we denote
the eigenvalues of the squarks mass matrix, while 7;; are the elements of the matrix which
diagonalizes it. With Y,,, and e, we denote respectively the L.h. hypercharge and the electric
charge of the quarks ¢;, where ¢ = 1 is for up-type quarks while ¢ = 2 is for down-type ones.
Substituting Eqs. (4.74) into Eq. (4.35) and Eq. (4.61) we find respectively the Bino-nucleon
SD and SI scattering cross-sections at zero momentum transferred,

Gop _12( Mimy ’ ZQQD(qi)Aq(p) ’ (4.75a)
0SD T \ M, +m, - B ’
12( Mym, \? _ 2
Bn _ 12 1Mn SD(gi) A (n)
008D = - (M1 n mn) [ Eq agy A" ] (4.75Db)

2
Bp/m _ 4 ( Mym, 3 mp/n p/n) sz<qz> Mp/n  SI(q:)
o8I _w<Ml+mp> [ fT 3 f 6 ) “my B (4.75¢)

q=u,d,s q=c,b,t q

where the quantities Ag®/™, f%;/ ") are given in Table 4.1 and frg is given in Eq. (4.55). First
of all from this results and, in particular from Egs. (4.74), becomes clear that for a pure Bino
configuration the SD scattering processes mediated by the Zy boson and the SI ones mediated
by the neutral Higgs bosons are suppressed respectively by p? and u. In particular assuming
that mg,, ~mg, =mg > M and the limit of heavy squark masses (m2 > a;, p where a, q are
the soft-parameters given in Eq. (3.29)), we have that n; — 1 and ni, — 0 and thus Eqgs. (4.74)
can be approximated as

2,2
SD(q:) ., 9 tW 2 gty Ml 2
o T {qu + 4e2 ] 16,2 cos26(—1)"+ 0 ( 7 i (4.76a)
as}(fh) ~ eqz‘Y:h ngt%/V mqi/l(tanzlﬁ)(il)l + g2t12/qui zin 2p8 o ]\g12 , 77%2 (4.76]?))
B 4 mg 4pmy, mg .,

Ngzt%vmqisinQB o M mgp
- 4pm? 2 7 m?

q1,2 q1,2

where in place of the product n¢;7%, we used relation given in Eq. (3.62). These results confirm
the numerical ones plotted in Fig. 4.2. In particular assuming that ;¢ 2 mg the SD interaction
is determined principally by the squarks exchange term; in fact the band in plots (a) and (b) is
due to a common squark mass which is varying in the range 1.5 TeV < mgz < 8 TeV. Note that
in the ST case, plot (c), this band is quite absent because, consistently with Eq. (4.76b), the
dominant term is the one relative to the Higgs exchange. We take the squark masses greater
than 1.5 TeV because light squarks are nearly ruled out by collider searches, which impose a
lower limit on the squark masses of m; 2 800 GeV for an LSP mass M7 < 300 GeV [60].

The combined contributions of SD and SI interactions can be approximately evaluated using
Eq. (4.67). Exploiting the numerical results and the fact the the LUX experiment uses *!Xe
as nuclear target, we find that Eq. (4.67) becomes

2 -
oBXe ~ ’;—JQVA2 ob?, 416 x 1075652, (4.77)
p
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where for (S,) ~ —0.041 and (S,) ~ —0.236 we used the values listed in [49], and to find the

ratio \/ 082, /o0, ~ 0.29 we used the upper limits for o0%,, and o, given in Table 4.3.
The relative contribution of the the SD Bino-Xe scattering cross-section and the SI one gives
that oS¢ /oPsfe ~ 0.17. From this result we can argue that the SD contribution is not totally
negligible respect to the SI one. To this end we plot also the combined effect of SD and SI
interactions in plot (d) of Fig. 4.2 with the LUX experimental excluded region.

From the micrOmegas 4.2.5 result and also from the analytical one given in Eq. (4.73), we
find that if we want to satisfied the relic density constrain, for » < 0.9, we must have that at

least m;, < 100 GeV. However the limits set by the LHC searches of the r.h. sleptons decays

require that mey, mp, 2 94GeV [60], for degenerate r.h. selectrons and r.h. smuons. The
limits for r.h. staus are slightly lower, in fact the LEP2 analysis imposes that the stau mass
must be mz, 2 87GeV [52], [60]. These experimental limits on the slepton masses can be

traduced in lower limits on the Bino mass which for r ~ 0.3 implies that M; 2 23 GeV while
for r ~ 0.9 we have that M; 2 85GeV. Recalling that from the micrOmegas 4.2.5 analysis
to fit the right value of the DM relic density (within 20) the Bino mass must relies between
18GeV < My < 21GeV for r ~ 0.3 and between 81 GeV < M; < 85GeV for r ~ 0.9, we find
that the experimental constraints from collider searches exclude these mass regions. Thus the
natural conclusion is that a pure Bino LSP configuration tends to give a thermal relic density
which, compared to the observed one for DM, is too large in a broad range of the parameter

space [11].

4.2.1 Pure Bino LSP with co-annihilations

In the context of a pure Bino LSP there is a possibility to reduce its relic abundance, exploiting
the mechanism of the co-annihilations. As we saw in Chapter 2 this chance becomes effective
when the Bino mass is nearly degenerate with the ones of the next to LSP particles (NLSP’s)
[33]. In the Bino LSP scenario, perhaps the most studied configuration of this type, is the one
where the Bino is nearly degenerate in mass with the r.h. sleptons, and in particular with the
r.h. stau [11], [36]. This configuration requires a certain amount of fine tuning between the
MSSM parameters, especially between the Bino mass parameter and the r.h. sleptons ones.
In fact as we can see from Eq. (2.76), the effect of the co-annihilations is maximal when the
exponential factor tends to one. For this reason a good relation that allow us to understand
when the co-annihilations are effective is [11]

m[R — M, 5 i

— 4.78
M, Tfo ( )

where, as in Chapter 2, zt, = M1 /Tt and T, is the freeze-out temperature. Noting that the
value of z,, from "WIMP miracle" argument, is about x¢, ~ (20—30) [36], and using Eq. (4.78),
we find that, the co-annihilations are effective if the square ratio r is at least » 2 0.9. Therefore
we will investigate the effects of co-annihilations between Bino and r.h. sleptons assuming that
r varies in the range 0.9 < r < 1. Furthermore, following ref. [36], we assume that the three
r.h. sleptons are all degenerate in mass, me, = mpa, = Ms,, and so, from now on, we refer to
them simply as [y.

Applying the definition of the effective annihilation cross-section given in Eq. (2.78), in this
scenario we find that

Ocff = O—BBTQB + 120zrpr; + G(Uﬁ + Uﬁ)’rlg + 12(0’[/[ + O—[’f)rlg (4.79)
where a bar denote an antiparticle while a prime denote a different slepton flavor. The quantities
r5 and 77, using Eq. (2.76), are respectively equal to

T3/4 6793(17\/;)/\/F
"B T 8/4 1 30-a(—v/VF L 13/a 4 3e-a(l—VR)/r

(4.80)

Note also that, to obtain Eq. (4.79), we have treated the possible fermion final states as massless.
The possible initial and final states are summarized in Table 4.4. The parameters space that
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Initial state Final state Channels
BB 7] u(lr), t(Ir)
Blg I, 120, Ih s(l), t(Ir)
Irlr 1] t(B), u(B)
IRl u t(B)
Iin i t(B)
vy, 7Z° t(Iw), u(lr), p-i.
WHW- s(h), s(v), 5(2°)
i hh, Z°Z° s(h), t(lr), u(lr), p-i.
R Zoh t(lR)a~u( R)a~5< 0)
vh t(lr), u(lr)
Ir s(7), s(2°), t(B)

Table 4.4: In the table are summarized the possible final state of the co-annihilation processes between
Bino and r.h. sleptons. In the third column we list the channels and the exchanged particles
which contribute to the process; the abbreviation p.i. denotes the point interaction and with
h we refer to the SM Higgs.

we take into account in our numerical analysis of co-annihilations between Bino LSP and r.h.
sleptons is given in Table 4.2 with the difference that m;j, NOw varies between M; —1.1M;. The
results of the micrOmegas 4.2.5 simulation show that a Bino mass in the range 127 GeV <
M, < 232 GeV satisfied the DM relic density constraint, within 20. The situation is summarized
in Fig. 4.3.

Pure Bino LSP
Co—annihilations

0.20 T
0A15:— - r=0.90
[ £ ANNNSARY | r=0.94
Qh? ool ] r=0.98
r=1
0.05; B
0.00 L L L L
100 150 200 250 300
M, [GeV]

Figure 4.3: The plot shows the micrOmegas 4.2.5 result for the relic density provided by a pure Bino
LSP taking into account co-annihilations with r.h. sleptons. Every band denote a different
value of the ratio r = Mf/ml? . Comparing this graph with the one given in Fig. 4.1 is

R

possible to observe how co-annihilations have lowered the Bino relic abundance.

To see how the co-annihilations effects can affect the relic abundance of a particular species,
in Fig. 4.4 we have plotted the ratio between the relic abundance computed considering co-
annihilations and the one computed without considering them, as a function of the Bino mass.
From this graph we can see that un-considering co-annihilations, when they are effective, leads
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to an overestimation of the relic abundance even 6 times grater.

Pure Bino LSP
Co—annihilations Effects

T T T

r=0.90
— r=0.94
— r=0.98

—r=1

100 150 200 250 300

M, [GeV]

Figure 4.4: In the figure is plotted the ratio Qco/Q2noco as a function of the Bino mass, computed using
micrOmegas 4.2.5. As in Fig. 4.3 every different colour level denotes a different value of the
ratio r.

For what concerns direct detection analysis nothing is changed from the case of a pure Bino
without co-annihilations. In fact from Egs. (4.75), is clear that any possible strong degeneracy
between Bino mass and r.h. sleptons ones, cannot affect the previous results. Thus, also in the
case of co-annihilations, no exclusion limit on the Bino mass parameter is possible to impose
exploiting the results of the direct detection experiments. Furthermore the results of the LHC
and LEP searches for slepton decays, show that for a LSP mass my, 2 90GeV [60], [52], no
limits are imposed on slepton masses. Thus, remembering that with co-annihilations the Bino
mass values admitted by the relic density constraint are always greater than 90 GeV, the collider
results do not impose any restriction on the slepton masses and so indirectly on the LSP one.

Summarizing, from our analysis and in a good accord with reference [30], we have found
that, exploiting co-annihilations, with r.h. sleptons, a pure Bino LSP can be a good DM
candidate which satisfies both direct detection and collider constraints, in a fairly broad range
of the Bino mass values. The only possible issue comes from the fact that, in order to activate
the co-annihilations mechanism, we have to fine tune the value of M; and m;_ without any
theoretical arguments which justify this.

4.3 Pure Higgsino LSP

Another pure configuration, in the context of neutralino LSP, is provided by the pure Higgsino.
This purity state is achieved when, in the LSP composition, the matrix elements N3 and N4
tend respectively to [50]

|Nis| = 1/vV2 (4.81)
|N1a| = 1/V2 (4.82)

We note that these relations are well satisfied when®

|M| < Ml,MQ. (483)

5Note that we take the absolute value of the parameter p because, as we said in Chapter 3, we cannot fix its
sign.
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In fact imposing the above relation into Egs. (3.49) and Eqgs. (3.48), and in the limit where
— |p| = My — |u| > mw, we have that

twmw (cos B — sin 3) (mw>
N11 =~ ~0 (4848,)
V2 (M — |ul) M,
lez_mw (cosﬁ—smﬁ) 20(3’\2&/) (4.84D)
V2 (My — |pul) 2
1 mZ, m?
Nz~ —+ 0 -2, W) 4.84c
" \f (#Ml pMa ( )
m%, m?
Ny~ o (Mw W) 4.84d
=0 (i (1.840)

where, as for the pure Bino, we have taken the limit where m?, > mi which implies that
sina ~ —cos 3 and cosa =~ sin 3. Therefore, from these results, we can completely decoupled
the Bino and the Wino states obtaining a neutralino mass matrix which, in the basis (H?, HY),

read as
0 I mwy mwy
(M 0> * O( M, M, > (4.85)

Diagonalizing it we obtain two eigenstates, H,, H,

- HY+ HY
H, = % (4.86a)
_ F0 _ ff0
Hy=—"4_—d (4.86b)

V2

with associated eigenvalue respectively equal to p and —u; note that, as we said in Chapter 3,
the neutralino masses are defined to be the absolute values of the neutralino mass matrix
eigenvalues. Therefore in this case the two Higgsino masses are defined to be |u| and so, up
to corrections of order myy /My or my /Mas, they are equal for both the Higgsino fields. As
a consequence the LSP is completely mass degenerate with the next-to-LSP particle (NLSP).
As a reference we will take as LSP Hy, and as NLSP H,, but in the limit of a pure Higgsino
LSP their roles are interchangeable. Furthermore, observing at Egs. (3.56), we can see that
Eq. (4.83) implies that the lightest chargino is the charged Higgsino, namely H*, which, up to
corrections of order myy /M, has a mass equal to |u]. So in the pure Higgsino LSP conﬁguratlon
we have to face with three (Hy, Hy, H¥) mass degenerate states with mass |;|. Hence to go
further in the computation of the relic abundance of a Higgsino LSP, we have to estimate if the
co-annihilations among the three Higgsino states are relevant or not. As said in the pure Bino
section these become important when the relation given in Eq. (4.78) is satisfied, which, in the
pure Higgsino case read as

omg o 1 (4.87)

N .
mgl Tto

Using Eq. (3.48) and Eq. (3.56), the mass splitting, dmz, between the LSP and the lightest
chargino, in the pure Higgsino LSP limit, becomes [39]

2

my,
dmyg ~ 2M2 2 (1 +sin2p) +

2 2
2M 2.(1 —sin2pB) +O<mzo mZO), (4.88)

ME’ M2

note that a similar result can be obtained for the mass splitting among the LSP and NLSP. So
taking tan 8 ~ 10 and M; ~ M, = M, we have that ém g turns out to be about®

800 GeV?
dmpg ~ 2O ~0.8GeV (4.89)
M,

SWe use Mo ~ 91.188 GeV and sZ, ~ 0.233 from ref. [60].
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Initial states Final states Channels
i WEWF u(H*), t(H*)
1,2°71,2 AVA w(Haz1), t(Ha,1)
- = WEWF t(HF), s(2°)
H\H F :
1 If 5(2°)
L W:tfy B t(f{i)g S(W:t)
H*H, » WEZ0  t(HF), t(Hz1), s(WF)
f'f s(W=)
o WEWF t(Hi2), 5(7), s(Z°)
H*HT Z°7° vy t(H™)
ff s(7), s(2°)
HE*H* wWEw=* t(lfh,Q), U(ﬁl,Q)

Table 4.5: In the table are summarized the possible final state of the co-annihilation processes between
the three Higgsino states. As usual in the last column we give the channels of the tree-level
Feynman diagrams with the exchange particle.

where in the last equality we have assumed M, =~ 1TeV. Therefore substituting this result into
Eq. (4.87) and remembering that zj, lies in the range 20 — 30 is clear that for an LSP mass
mg, > 100 GeV the co-annihilations effects are of a fundamental importance in the evaluation
of the relic abundance of a pure Higgsino LSP [11], [56], [33]. The lower limit in the LSP mass,
mg, > 100GeV, is due to the fact that from searches of chargino decays at LEP, the lightest
chargino must have a mass which is my+ 2 103 GeV. Thus because the mass splitting between
the lightest Higgsino and the charged one is at most of few GeV, the lower limit imposed on
chargino mass by LEP, forced us to take as lower bound for the LSP mass the value of 100 GeV.

In this scenario the most important annihilation and co-annihilations channels are into
gauge bosons and fermion anti-fermion pairs [11]; the possible processes of this types are given
in Table 4.5. In Appendix E we give the tree-level Feynman diagrams of the processes listed in
Table 4.5, with the corresponding cross-sections at leading order in the non-relativistic expan-
sion. Thus taking into account the results of Egs. (E.166), and substituting them into Eq. (2.78)
and then into Eq. (2.86) we obtain that, the thermal average of the effective cross-section times
velocity for a pure Higgsino LSP at the leading order, is given by

4 4

Oij g 4 1
(Teftv) :Zl—é = San (21 + 3t3, + 11t3,) +o<x> (4.90)
2,7

where we have redefined tyy = tanfy,. Note that because we have assumed a quite perfect
degeneration between LSP, NLSP and the lightest chargino and the fact that they have the
same d.o.f.; have reduced the formula for the effective cross-section, given in Eq. (2.78), to
the average of the various co-annihilation cross-sections. Substituting Eq. (4.90) into the relic
density formula, Eq. (2.90), we obtain an approximated expression of the relic abundance of a
pure Higgsino LSP
2
7

Qg h? _0097<1TV> (4.91)
where we have drop out a small logarithmic dependence on .

Our simulation with micrOmegas 4.2.5 takes into account the MSSM parameters given
in Table 4.6, and the result is depicted in Fig. 4.5, where we plot the relic abundance of
a Higgsino LSP as a function of its mass compared with the analytical result provided by
Eq. (4.91). Note that the analytical result generally give a lower relic density in the region of
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MSSM Parameter

Value-Range

L 100 — 1500 GeV
M,y 2.5 TeV
M 3TeV
M3 3.8TeV
mp o > 2TeV
mgL;R > 2TeV
tan 10

Table 4.6: In the table are summarized the MSSM parameters which we take into account for the pure
Higgsino LSP analysis.

interest. This is due to our assumption of a perfect mass degeneration among the LSP, NLSP
and the lightest chargino, in the derivation of the Eq. (4.91). In fact, this has the effect of
maximizing the co-annihilations mechanism and, as a consequence, the resulting effective cross-
section, oef, is maximized and so the relic abundance is more lowered. Conversely with the
numerical simulation, the three Higgsinos are not perfectly mass degenerate and the remaining
small mass differences inhibit the co-annihilation effects resulting in a relic density which is
less lowered than the analytical one. On a quantitative ground, from our numerical anlysis, a

Pure Higgsino LSP
Numerical Vs. Analytical

0.20

— Numerical
result

oh® o Analytical
result

0 50 100 500 1000

M, [GeV]

Figure 4.5: In the figure is shown the contribution to Qh? of a pure Higgsino LSP as a function of its mass,
obtained from the micrOmegas 4.2.5 analysis (blue line) and compared with the analytical
result (green line) obtained using Eq. (4.91). As usual the band between the dashed lines
denotes the observed DM abundance within 2¢.

pure Higgsino LSP satisfies the DM relic density constraint, within 20, if it has a mass which is
about |u| ~ 1 TeV, or more precisely if its mass is within the range 1.034 TeV < || < 1.054 TeV.

For what concerns the direct detection analysis using the results given in Eqgs. (4.84), the
SD and SI coefficients given in Eq. (4.17) and Eq. (4.18) become

(5P _ 9, [(ni1)2+(ni2)2 (n’il)2+(ni2)2]
" 16myy, BY | (m3, — p?) (m3, —u?)
2 2
g i [ tw 1>
-1 —~ 4+ — | cos2 4.92a
s (i ) o028 (4.922)
Si(a) _ 97, [ Manis  nani ]]F
" 16miy B | (mg, —p2)  (m3, —u?)
2 2
gmth' tW 1 ) .
1Fsin2p 4.92b
83 (Ml—m ramyA ) (4.92b)
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Cross-section Value-Range
ogng 7x 10710 — 1.1 x 10~7 pb
a5 5.3x 10719 — 8.5 x 1078 pb
olpn 2.1 x 10712 - 2.5 x 1072 pb

Table 4.7: In the table are listed the upper and lower values of the SD and SI Higgsino-nucleon cross-
sections computed with micrOmegas 4.2.5 .

where the upper signs refers to p > 0 while the lower ones to u < 0, B; is defined as in
Egs. (4.19), and as usual with ¢ = 1 we refer to up-type quarks and with ¢ = 2 to down-type
ones. Substituting these results into Eq. (4.35) and Eq. (4.61) we obtain the Higgsino-nucleon
cross-sections at zero momentum transferred

w120 pm, 2
ap _12( pmy SD(a1) p () SD(g2) A ,(p) 4.93
otk = — <|u|+mp> L—uzctaH q +q:dZSbaH q (4.93a)
g 12 ( o, )2{ Z @SP@) g g 4 Z aSD(Qz)Aq(n)] 2 (4.93b)
i 12 pma ] 5 .
05D ™ |IU/| +my g=u,c,t " q=d,s,b "
, 2
fpm A pmpm Moin pip/m) o, S1(a:) Do/n ST
" _ A pmpm + ——a'- s 4.93¢
08I W(|/~L+mp/n> L_%g frq fTqub;t mg H ] ( )

where as usual the the quantities Ag(/™), fé’;/ ™ and frc are defined in Table 4.1 and in
Eq. (4.55). The numerical results of direct detection analysis are summarized in Table 4.7
while in Fig. 4.6 we depict these results compared with the experimental bounds. Here in the
limit where mg, =~ mg, = mg > [u| and of high squark masses which implies nty — 1 and
niy — 0, the results given in Egs. (4.92) read as

. *my 1 2 A 1 2
Q5P o I Mai + 9 (-1)° <W + ) cos25+ 0 L
m,

) 77%2) (4943.)

H 8miy B m2 - 32|yl M, M, 2
2 2 2
g i [ tw 1 Mg o
~ (Y = ) eos28+ 0
32|H‘( ) (Ml +M2>COS ﬁ"‘ <m3~7’712
23 (-1)*
Si(q)) ., 9"y, p(tan ) A
1(a:) 94b
B Tomd, B md (4.94b)
2 2 2
g'mg, [ty 1 : R
—— + — ) (1 2 ] —
:F Smi <M1 + M2> ( :F S B) + <m§ M172 ’ 7712)
m2
ai

2 2

gmg (ty 1 1
~ W ) (1 Fsin28) + 0
Tem2 ( +J\42)( Fsin2f) + ( m2’ M12>

where in place of the product n{,n, we have substituted the relation given in Eq. (3.62). Note
that, as in the pure Bino LSP case, the SI interaction is completely determined by the Higgs
exchange interaction, because the term relative to the squraks exchange is suppressed by the
factor ,u/mg, see Eq. (4.94b). Furthermore for the SD interaction the term relative to the
squarks exchange is completely dominated by the term relative to the Z° exchange. In fact
as we can see from Eq. (4.94a) the former one is suppressed by m% while the latter one by
product pM 2. Thus assuming that mgz ~ M; ~ M,, we have that the term relative to the
Z° exchange is mg/p times larger than the term due to the squarks exchange. The numerical
results plotted in Fig. 4.6 are confirmed by the analytical ones given in Egs. (4.94). In particular
from plots (a) and (b) is evident the p dependence expected by Eq. (4.94b). Note also that
all the numerical results do not depend on the common squarks mass consistently with the
approximated formulae given in Eqgs. (4.94).
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Figure 4.6: In the figure we show the results of the direct detection analysis performed with micrOmegas
4.2.5 . In the panel (a) is shown the SD Higgsino-proton scattering cross-section (pink)
with the analytical result (blue-dashed line), the shaded regions are the excluded regions by
LUX-2016 (green) and PICO-60 (brown) experiments. In the left panel (b) is shown the
SD Higgsino-neutron scattering cross-section (yellow) and the analytical result (blue-dashed
line), with the experimental bounds from LUX-2016 (green) and XENON100 (purple). In
the below panel (¢) we show the result for the SI Higgsino-nucleon scattering cross-section
(orange) and the analytical result (blue-dashed line), with the excluded limits given by the
LUX-2016 (green) and PANDAX-2016 (red) experiments. The squark masses run from 2 TeV
to 8 TeV and the analytical results are found using Eqgs. (4.94).

The combined effect of the SD and SI interactions can be estimated with the help of
Eq. (4.67) which, using the values of Jy, A and (S, ,) for ¥ Xe nucleus given in the pure
Bino section, reads as

_ 2 . _
off Xe = B A2 [ofit + 8 x 107007 | (4.95)
p

where we used the fact that from the values given in Table 4.7 we have that \/ o/l / Ué{ &y >~ 0.9.
Here the ratio between the SD Higgsino-Xe scattering cross-section and the SI one is about
ol fe Jollfe ~ 0.03. Therefore for a pure Higgsino LSP the relative contribution of the SD
interaction is negligible respect to the SI one. As a consequence a separate analysis of the SD
and SI contribution, as the one performed in Fig. 4.6, is justify.

Anyway from Fig. 4.6 it is appreciable that the expected Higgsino-nucleon scattering cross-
sections (SD and SI) are well below the today’s direct detection bounds. Thus from direct
detection constraints an heavy Higgsino LSP with a mass of about 1TeV seems to be a good
DM candidate.
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Nevertheless with this high |u| value there would be a potential theoretical issue. This
problem is related to the fact that the low energy MSSM model has to reproduce the electroweak
symmetry breaking (EWBS). As we know in order to do this we have to minimize the MSSM
Higgs potential, given in Eq. (3.33). This operation imposes a relation between the Z° boson
mass, myo, the Higgs soft-mass parameters, mpy,,mpy,, and the parameter p [54], [22]. This
relation at tree-level and in terms of tan 5 reads as [22]

mhy _ it
2 tan? g — 1

(4.96)

In the limit of moderate large tan 8 (condition which is desirable in order to avoid the need for
a gigantic stop mass to find the right mass of the lightest Higgs boson [22]) Eq. (4.96) reduces
to [22]
m%,
2

From this relation the EWSB fine tuning problem is more clear. In fact if we take values of u of
order o few TeV the required values of mg, have to be relatively fine tuned in order to obtain
the observed value of mzo. Therefore a pure Higgsino LSP with a mass of about |u| ~ 1 TeV
resolves the DM problem, but has also the effect to reintroduce a fine tuning problem in the
theory [11]. This is in net contrast with the original motivations at the base of SUSY theory,
which was introduced precisely to reproduce the EW scale without too much fine tuning.

Furthermore the possibility of a pure Higgsino DM can be ruled out by future indirect
searches. Indirect detection experiments try to observe the radiation produced by DM anni-
hilations in the galaxy [19]. The flux of these gamma radiation depends on the annihilation
cross-section of the particular DM candidate. In particular these photons come, indirectly, from
the disintegration of the W bosons produced by the DM annihilation and, directly, from the
one-loop annihilation processes such as Yy — vy and Yx — vZ°, where ¥ denotes the DM
candidate.”. The former processes produce a continuous photon spectrum which falls increas-
ing the energy of the processes, while the latter processes give a distinct signature against the
background [17]. In particular, for a Higgsino LSP, the one-loop processes are H Hy — ~vv and
HH, — ~Z9, a sample of the possible Feynman diagrams for these processes is

~ |pf? = I, I (4.97)

H, ¥ i, ¥
H:t f W:I:

YH* H* W=
= = S

H, v,2° H, v, 2"

(4.98)

In the limit of a heavy pure Higgsino LSP the thermal average cross-section times velocity of
these one-loop annihilation processes are nearly constant i.e. they do not depend on the LSP
mass (or the energy of the process) [17], and their values are about (ov)., ~ 10~2cm?/s for
two photons emission and (ov),zo ~ 8 x 1072?cm? /s for one photon emission [39]. In particular
in this energy regime these one-loop processes dominate over the ones for the W+ emission.
Furthermore because the annihilation occurs in a non-relativistic regime, the energy of the
emitted photons would be E, = |u| for two photons emission, while E, = |u|(1 — m%o/(4|x]))
for one photon emission [16]. So what we expect is a narrow line in the emitted gamma spectrum
that would be peaked at an energy roughly equal to the mass of the Higgsino LSP. Nowadays
this typical signal, at E., ~ 1TeV is not yet observed [2], probably because the small values
of the Higgsino annihilation cross-section into photons. Nevertheless a major sensitivity of the
future experiments could exclude pure Higgsino dark matter. However it is worth to note that
indirect detection searches suffer of a certain amount of uncertainty due to the fact that the
flux of gamma-ray emission depends also on the DM density profile, which is not well known.

"Note that these processes are possible when the DM candidate is nearly degenerate with the lightest chargino
and so it can couple with the W* SM bosons.
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Anyway these arguments suggest that the Higgsino LSP mass has to be strictly less of 1 TeV.
This requirement implies that a pure Higgisino LSP has a relic abundance which is too small
to agree with the one observed for DM and so it is not acceptable as DM candidate [11]. Note
that this situation is diametrically opposed to the one of a pure Bino LSP which, as we said in
the previous section, tends to have a relic abundance which is too large compared with the DM
one.

4.4 Pure Wino LSP

The last purity configuration which we consider, is the one provided by the pure Wino LSP.
This configuration is achieved when in the LSP definition, given in Eq. (3.44), we send [50]

Nis —1
Ni1, N3, Ny — 0.

The more direct way to satisfied these relations, is to impose at the electroweak scale that
M, < My < |/L| (499)

where Ms is the Wino mass parameter. In fact taking into account Eqs. (3.48) and Egs. (3.49)
we can see that imposing the above relation we obtain that

twm3y, (Ms + psin 2) ( mé, >
Ny ~ — ~ 0O 4.100a
000G - 2 —13) - O M (141002)
m2
Nipg~1+0 (MgV) (4.100b)
N th%V (Ma 4 psin28)  myy sin 8 N mw
N13 ~ ( (’u2 — M22) COSﬁ + [ = O 0 (4100C)
Mo twm%,v (Mg + psin28)  mw cos 8 my
N = (St Qo LI 2) | mw e s o (20)), (4.100d)

where as above we have assumed that ||, (Jju| — M2) > mw and that m% > m}. As a
consequence the lightest neutralino is nearly a pure Wino, x§ = WO, with a mass, at the
leading order, equal to mygo = M. Observing at Eqgs. (3.56) we note that the above relation
among the neutralino mass parameters, imposes also that the lightest chargino is the charged
Wino, f(li = W+, with a mass equal to Mg o My up to corrections of order myy /u, is. So,
as in the pure Higgsino case, we have a condition of nearly perfect mass degeneration between
the LSP and the lightest chargino. Using Eq. (3.48) and Eq. (3.56) we can evaluate the mass
splitting between the Wino LSP and the charged Wino which is about [39]

m? , _ (1Tev)3 ma, m}
Sy = Mlz/} shycl sin? 28 ~ 5 x 1076 GeVW + o(leg /ﬁO). (4.101)

Comparing this result with the one given in Eq. (4.88) for the pure Higgsino case, we note
that, in the pure Wino case, the mass splitting between LSP and lightest chargino is more
extreme, because it is suppressed by three powers of the mass parameters; conversely, as is
evident from Eq. (4.88), in the pure Higgsino case, the suppression was only of one power of the
mass parameters[39]. Taking into account this and assuming that M, |u| > 1TeV we obtain
that the mass splitting is about

Smy, < 5 x 107% GeV. (4.102)

Therefore in the pure Wino case the condition for the effectiveness of the co-annihilations read

s 5 1
My,
<L 4.103
Mo Tfo ( )
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Initial states  Final states Channels

Wowo WEWF u(W*), t(W*)

e WEL WEZD (W), (W)

r'f s(W*)
WEWF t(WO), s(7y), s(Z2°%)
WEWF ZOZOL vy t(VNVi)
ff 5(7), s(2°)
W WEW* (W), u(W°)

Table 4.8: In the table are summarized the possible final state of the co-annihilation processes between
the neutral and charged Winos. Note that in the table we do not show the processes mediated
by sfermions, because they are suppressed by the high sfermion masses.

MSSM Parameter  Value-Range

Ms 100 — 2500 GeV
M1 3 TeV
1 4TeV
M3 5TeV
m[L’R > 3TeV
Mg r > 2.5 TeV
tan 8 10

Table 4.9: In the table are summarized the MSSM parameters used for the numerical simulation of the
pure Wino LSP configuration.

which for dmy; given above, My > 100GeV and as usual zg, ~ 20 — 30, is certainly satis-
fied. Thus the co-annihilations between the neutral Winos and the chraged ones become of
fundamental importance in the computation of the Wino LSP relic abundance.

For a pure Wino LSP the dominant annihilation and co-annihilations channels are into
gauge bosons and fermion anti-fermion pairs, in Table 4.8 we summarize these processes with
the exchanged particles. In Appendix E we compute the annihilation cross-sections of the
processes given in Table 4.8, in the limit of a perfect degeneration between W and W*. Note
that in principle, as occurred in the Bino LSP case, there is also a possible contribution from
annihilation into final fermion anti-fermion pairs through sfermion exchange. In our analytic
analysis we neglect these processes because they are relatively high suppressed by the high
sfermions masses.

Substituting into Eq. (2.78) the cross-sections given in the Egs. (E.116) and then using
Eq. (2.86), we obtain that the thermal average of the effective cross-section times velocity for
a Wino LSP is

3
Oij 3g* 1
(CeftV)yi, = Z FJ = Tor 012 + o(m> (4.104)

]

Using this result into the relic density formula given in Eq. (2.90), we get that

My, \?
Qs h% =0.1 4.1
wh” =0 5(2.5TeV) ’ (4.105)

which gives a good approximation of the relic density provided by a pure Wino LSP as a
function of its mass. Our numerical analysis of the pure Wino LSP takes into account the
values of the MSSM parameters given in Table 4.9. In particular the results of the micrOmegas
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4.2.5 simulation sets that a Wino LSP fulfill the DM constraint if it has a mass in the range,
2016 GeV < Mo < 2140 GeV. In Fig. 4.7 we compare the result of the numerical analysis with
the analytical one obtained using Eq. (4.105). As is evident both the analytical and numerical

Pure Wino LSP
Numerical Vs. Analytical

0.20

Numerical
result
Qh? o0 — Analytical

result

100 200 500 1000 2000

M, [GeV]

Figure 4.7: In the figure is shown the contribution to Qh? of a pure Wino LSP as a function of its mass,
obtained from the micrOmegas 4.2.5 simulation (green line), compared with the analytical
result (blue line) obtained using Eq. (2.90). The width of band, in the numerical analysis, is
obtained varying the parameters m; and mg from 3 TeV to 10 TeV.

analysis show that a value of the Wino mass as larger as My ~ 2000 GeV is required in order to
reproduce the correct DM relic density. In Fig. 4.7 the band of the numerical result is obtained
varying the slpeton and the squark mass parameters from 3 TeV to 10 TeV. The smallness of
the width of this band, reflects the small contribution of the annihilation processes mediated
by sfermions.

For what concern the direct detection analysis, substituting the results given in Eqs. (4.100)
into Eq. (4.17) and Eq. (4.18) we get that

2000 )2 )
sp(q) _ 9 (M) { 1 1 } g i
“wo T + + (—1)'cos2B  (4.106a)
w 16 (mg-li — M3) (mg% — M2) 16 (M2 — 112)
2 .
SI(@i) _ 9°mgq, ( Mz + psin2p ,
Voo 106b
- (N (4.106b)

note that in the SI independent interaction is absent the term relative to the squarks exchange,
because it is suppressed by a factor (mg,mw)/ (,umq1 . ). Substituting these equations into
Eq. (4.35) and Eq. (4.61) we find that the Wino- nucleon cross-sections at zero momentum
transferred are equal to

v 12( Mym, \2 ?

Wp _ 14 2Mp SD (a:)
o= (o ) [ S aa (1070

o 12 Momy, 2 SD(q; n ?

qi
2

oW/ _ 4 (_Mymy ’ Z mp/n f(p/n SI(qz + 2 fTG Z Mp/n SI(a:) (4.107¢)
0SI m \ Mz +my g—ad.s q=c.b,t mg W o

In Fig. 4.8 we plot the micrOmegas 4.2.5 results for the SD and SI scattering cross-sections on
nucleons for a Wino LSP with the excluded experimental regions and in Table 4.10 we collect
these numerical results.

For a pure Wino LSP in the limit where mg, =~ mg, = mg > M>, and of heavy squark



68 Dark Matter Phenomenology in the MSSM

Cross-section Value-Range
o 1x 1071 — 1.4 x 109 ph
o 45x 107" —2.3x 1072 pb

apbn 7.3 x 10713 — 7.7 x 10~13 pb

Table 4.10: In the table are listed the upper and lower values of the SD and SI Wino-nucleon cross-sections
computed with micrOmegas 4.2.5 .

Wino—-Proton SD Wino—-Neutron SD
Cross—section Cross—section
101 LUX , XENON100
1074 F
| I
— PICO-60 — F LUX
Q 1074 Q
= &6l
10
B e —————————— b s s o e
1010 | 10710 | — |
10-137 10714
500 1000 2000 500 1000 2000
M, [GeV] M, [GeV]
(a) (b)

Wino—-Nucleon SI
Cross—section

1077
PANDAX 2016
'fé 1079 / LUX
%)
b
101 |
B
500 1000 2000
M, [GeV]
(c)

Figure 4.8: In the plot (a) is shown the SD Wino-proton scattering cross-section (pink band) with the
experimental excluded regions (shaded regions) provided by LUX-2016 (green) and PICO-
60 (brown) experiments. In the left panel (b) is shown the SD Wino-neutron scattering
cross-section (yellow band), here the excluded regions are given by the LUX-2016 (green)
and XENON100 (purple) experiments. In the below panel (c¢) we show the result for the SI
Wino-nucleon scattering cross-section with the excluded limits given by the LUX-2016 (green)
and the PANDAX-2016 (red) analysis. In every graph the squark masses are varying within
the range 2.5TeV < mg < 8TeV and the regions between the blue-dashed lines represent
the analytical results which are found using the approximate formulae given in Egs. (4.108).
Note as all the numerical results are well below the forbidden regions.

masses which implies 7{; — 1 and ni, — 0, Eqgs. (4.108) are well approximated by

2 2 2 2
SD(¢:) ., Y g i My My
O{W ~ 873 — 16”2 (—1) COS Qﬁ =+ O mgl ] » T o 7’]12 (4108&)

pSla) o, O sIn28 <M§>

. ~ 4.108b
WS i (A050)
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These results confirm the numerical ones plotted in Fig. 4.8. In particular assuming that
i 2 mg, in the SD interaction the dominant term would be the one relative to squarks ex-
change. In fact the width of the band in plots (a) and (b) of Fig. 4.8, correspond to a common
squark mass which is varying from 2.5 TeV to 8 TeV. In the SI case, plot (¢), this dependence
disappears, consistently with Eq. (4.108b) where the dominant term is the one relative to the
Higgs exchange.

As usual, using Eq. (4.67) and the values of Ja, A and (S, ,,) for *!Xe nucleus given in the
pure Bino section, we can approximately evaluate the total Wino-Xe scattering cross-section,
which becomes equal to

. 2 ~ -
of X o BR A2 [0 8" 115 x 10700 | (4.109)
p

To obtain this result we used the fact that \/O'(‘)/VS% / Ugvsp ~ 1.3, where the values of ag%’]‘)

and JXVS% are given in Table 4.10. For a Wino LSP we have that the ratio between the SD

neutralino-nucleus scattering cross-section and the SI one, is about o/si¢ /oG ® ~ 2.7 x 1072
Thus also for a Wino LSP the contribution of the SI interaction is the dominant one.

Although a pure Wino LSP satisfied both direct detection and DM constraints, just as
occurred for the pure Higgsino LSP configuration, also here the huge LSP mass value, needed
to fit the right DM relic abundance, implies that a significant fine tuning is needed to reproduce
the EW scale. Note that in the pure Wino case the situation is even more extreme than in the
pure Higgsino one [11]. In fact the requirement that the right LSP mass is My ~ 2 TeV imposes
that |u| > 2TeV in order to respect the condition given in Eq. (4.99). As a consequence we
need more fine tuning, in Eq. (4.96), to find the observed value of mzo.

Furthermore also here there are constraints from indirect searches of gamma-ray emission.
For a pure Wino the characteristic one-loop annihilation processes are similar to those for the
pure Higgsino, schematically they are WW — ~vvy and WW — ~vZY, and the possible Feynman
diagrams are similar to those given in Eq. (4.98) with Hy and H* respectively replaced by W
and W*. The thermal average of their annihilation cross-sections times velocity are respectively
equal to (ov),, &~ 1.6 x 10727cm? /s for two photons emission and (gv).z0 ~ 1.1 x 107 20cm? /s
for one photon emission [39]; also here it can be demonstrated that, in the limit of high Wino
LSP mass, the cross-sections do not depend on LSP mass [17]. Thus we expect a characteristic
gamma line at an energy F, = M, in the emitted gamma-ray spectrum. Conversely to what
occurred in the pure Higgsino case, for a pure Wino LSP the cross-section values are well above
the limits reached by the more recent gamma-ray detection experiments such as HESS [2]. So
the non observation of typical the gamma line at I, ~ 2 TeV exclude the possibility that a pure
Wino LSP is a good DM candidate [39].

4.5 Well-Tempering

As we saw in the previous sections varying the mass of the proposed DM candidates, we note
that we pass from a pure Bino configuration (without co-annihilations), which typically gives
a relic abundance which is too large compared to the one of DM, to a pure Higgsino and then
to a pure Wino configurations which, conversely, tend to give a relic abundance which is too
small to fulfill the DM constraints. This pattern suggests that in the regions where the mixing
between Bino and Higgsino or Bino and Wino become important, the resulting neutralino
LSP can fulfill the DM constraint for a LSP mass in the range from 100 GeV to 1TeV. Note
that this is possible because Qh2, via (ov), is a continuous function of the mass parameters
[11]. From our previous analysis is evident that in this mass range the various problems,
theoretical and experimental ones, which affect the purities configurations can be alleviated.
In particular the problem encountered for the pure Higgsino LSP relative to the excessive fine
tuning required to reproduce the Z° mass, in this LSP mass range can be partially avoided
[11], [9]. Furthermore, the fact that the LSP mass is less than 1TeV, implies that the one-
loop annihilation processes into final photons are strongly inhibited, and so the constraints
from indirect detection experiments can be satisfied. Note also that a LSP with a mass grater
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than 100 GeV, naturally satisfied the LEP and LHC constraints on the lightest chargino mass,
mg+ 2 100 GeV, which as we will see it would be nearly degenerate with the LSP [60], [11]. In
the next we will focus on two mixed configurations of this type; in particular the mixing between
Bino, Higgsino and Wino states of these configurations, are adjusted such that the resulting
LSP has a thermal relic abundance, which fits the one observed for DM in a wide range of
the MSSM parameter space. For this reason these configurations are called "Well-Tempered"
neutralino [11] and their realization needs specific relations among neutralino mass parameters,
My, Ms and p.

4.6 Well-Tempered Bino/Higgsino

The configuration of Well-Tempered Bino/Higgsino (B/H) is realized when [11], [27]
My ~ |- (4.110)

Note that, as we said in Chapter 3, we cannot fix the sign of u; as a consequence we can have
a Well-Tempered B/ﬁ configuration both when p is positive i.e. when M; ~ u, and when p
is negative i.e. when M; ~ —u®. We assume that all the others superpartners and the Higgs
scalars are decoupled, exception made for the SM Higgs (mj ~ 125 GeV [60]). In particular we
are assuming that My > M, |p| and hence the DM candidate composition is fully described
by three parameters, namely M7, |u| and 8. The fact that the Wino states is more heavier
than the Higgsino and the Bino states, allow us to take into account the effective mass terms
obtained decoupling the Wino state [11], which are

2
97Uy Vq

2 2 eaol. (4.111)
2

2,2 2,2
Ve ~ o ~ V5 ~n ~
Lewﬁ/ﬁ - gMZ Hch(i) + 7;,‘ [Z Hgﬂg +

Redefining A2 and HY via Eqs. (4.86) we can recast Eq. (4.111) as

o (14 s )MV2V1§01€10_(1—252 )MgVﬁOﬁO—M—VZVcQ H{HY (4.112)
W/ H 62M211 ﬂ2M222 M2B12 :

where we have redefined sin 23 = sy5 and cos 28 = cap. Therefore in the basis B, HY, HY the
effective neutralino mass Lagrangian reads as

o M, ~~ sg+c ~0~ Sg—C ~o0n M rorso Moo s o
Lo = 7133_ BT swmzo HOB+ ﬁﬁ ﬂSWmZoHSB+§H§)H§—§H§H3+h.c.+LVfo/H
(4.113) o
and so the neutralino mass matrix for a B/H configuration with a decoupled Wino is given by

My —(n— M1)b4 (1 + My)6—
m? m? m%/[/
My = | ~(0= M0 = (1 + s0) oy +o<M2),
2
m2 m2
(e + My)6_ — 31, €28 —1 = 5z (1 — s25)
(4.114)
where the quantities 8, and 6_ are defined as
0, = (sg + cg)swmzo - (s — Cﬁ)SWmZO. (4.115)

V2(p — M) V2(pu+ M)

The details of diagonalization of M /i are given in Appendix C. In the limit where My, u,
| My — |p|] > mzo, we can assume that the quantities 1 are moderate, and thus the eigenvalues

8Conversely M is taken to be a positive quantity, see Chapter 3.
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of My /i are approximately given by

mg, = My + 03 (M F p) + 0 (%,91) (4.116a)

My, = Fu+0 (%ﬁi) (4.116b)
m

My, = p— 0L (M1 F p) + 0 <MV2V 03;) (4.116¢)

where the upper signs refer to the case M7 ~ p while the lower ones refer to the case M; ~ —pu
. Using the ortogonal matrix N which diagonalized Mg /it given in Appendix C we can find
that the associated eigenvectors are equal to

) S
X1 = — ? - ? B + 9+H1 + G—HQ (4]‘173’)
. M, — ) - 6%\ -
Vo= —0_B+ e+9(12u”)H? + <1 - 2—) HY (4.117D)
- 02\ - M .
Y3 =—0,B+ <1 — 2*) HY — 9+9,(127+“>Hg (4.117¢)
%

The fact that the Wino state is completely decoupled has also the effect that the lightest
chargino is Higgsino like, namely

XT=H% (4.118)
Its mass can easily read off from Egs. (3.56) and at the leading order is equal to
mex = |p|+0 ( 7 ) : (4.119)

Note that, from Eqs. (4.116), the lightest chargino, up to corrections of order my, /My, is
perfectly degenerate with the neutralino y»°.

From Egs. (4.117) and the definitions given in Egs. (4.115) we can observe that when M; ~ u
we have that _ — 0, and so the B and fllo states mix with an angle 0, while ﬁg becomes
nearly a pure state with mass |u|. Conversely when M; ~ —u we have that 6, — 0 and so B
and HY states mix with an angle §_ while HY is nearly a pure state with mass || [11].

Note that the mixing angles, in particular §_, have also a dependence on the value of tan 3.
Rewriting Eqgs. (4.115) in terms of tan /5 as

_cg(l+tanB)swmzo _cg(l —tanB)swmzo

0, = _= , (4.120)
V2(pu — My) V2(pu+ M)

we can see that when tan 8 — 1 implies that 6 — 0. Hence when M; ~ —pu and tan 8 ~ 1 the

mixing between B and fIS is quite absent. Observing at Eqgs. (4.120) we can also note that,

for large values of tan 3, the configurations M7 ~ u and M; ~ —pu tend to coincide giving the

same results [11].

Relaxing the condition |M; — |p|| > mzo and in particular when |p+ M| < mzo(sg F
c8)Sw/ V2, the mixing angles 6, and #_ become maximal. As a consequence the eigenvalues
given in Eqgs. (4.116) are no longer valid. In this limit, in matrix My, ; we can replace p with
M; and the diagonalization now gives the following eigenvalues, see Appendix C

(sp £ cg)swmzo sHym%e
v, = My — 1 4.121
My, = M 3 +(1F s2) =7 (4.121a)
sZ,m?2
mg, = =My — (1 F s2p) VZMle (4.121b)
B (sp £ cg)swmzo Stym%e
Mgy = M + ﬁ + (]. F 52ﬁ) M, (4121(3)

9As we said in the pure Higgsino LSP section the masses of the particles have always to be intended as the
absolute values of the eigenvalues of the mass matrix, given by Eqs. (4.116).
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where the sign convention is the same as above.

Anyway both when |u+ M;| > mzo and when |u+ M| < mzo(ss F cg)sw/V/?2 the co-
annihilations between the three neutralino states and the lightest chargino are important [25].
To test the entity of the co-annihilations mechanism for the B/H configuration we have to
estimate the mass splitting, between the various relevant neutralino states and the cahrgino
state. In particular when |y £ My| > mzo we get that

omy = |mg, —mg,| ~ |My Fpu|(1+603)+0 ( o, 91) (4.122a)

~ | M, ¢u(1+292)+o< ai) (4.122b)

( .03 ) (4.122¢)

where we have used Egs. (4.116) and the sign convention is as above. Note that the above mass
differences, in the limit of moderate 6, are related by dms < dm; < dms. So the condition
to be satisfied, in order to have a significant co-annihilations mechanism among all the three
neutralinos and the lightest chargino, is

dmg = |m>21 - miz' = ‘m)h —myg

dmz = |mg, —mg,| = ‘m>22 —myg

) 1
om2 < 2 (4.123)
|N| Tto
which at the leading order and redefining (|u| — M1)/|u| = A read as
1
Al < —. (4.124)
Lo

Thus, for xg, ~ 20, this relation implies that —0.05 < A < 0.05. Note that if A < —0.05 we are
moving towards a pure Higgsino LSP configuration, while for A > 0.05 we are moving towards
a pure Bino LSP configuration.

When | + M| < mzo(ss F c5)sw/V/2 the mass differences are given by

omy = |mg, —mg,| =~ V2(sp £ cg)swmzo (4.125a)
+
dmy = |my, —my,| = ‘m>21 — Mgk |~ (55 C\ﬁ/);wmzo (4.125b)
—(sg £
dmg = |myg, —my,| = ‘mx,z —mgE| ~ (55 i%)swmzo (4.125c¢)

where we used Egs. (4.121) with the same signs convention used above. Here the relation among
the mass differences is dms = dms < dmq and so the co-annihilations are effective if

V2(s5 %+ cg)swmzo - 1
|/u‘| 5L'fol

(4.126)

which is quite well satisfied because we are assuming that My, |u] > mzo.

In the limit where 61 are moderate (A1 < 1) the mixing between the Bino and the Higgsino
states is negligible, see Eqgs. (4.117), and providing that Eq. (4.124) is quite satisfied, the relic
abundance of a B / H is practically determined by the co-annihilations between the Higgsino
states [11]. Thus in this limit the thermal average of the effective cross-section times velocity
is approximately given by

OeftV) 7
(out) i = it 2 (4.127)
[1 +1 (Ml)d/zem(ffll)]
"
where we have used Eq. (2.78), Eq. (2.86) and the result for the pure Higgsino LSP given in

Eq. (4.90). Using the relic density formula Eq. (2.90) and substituting into it the above result,
we obtain that the relic abundance for a B / H is approximately given by

) 1
1TeV/ Rgp

Qi = 0097 (i (4.128)
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MSSM Parameter Value-Range

M, 100 — 1200 GeV
L 0.95M; — 1.05M,
Mo 3TeV
M; 3.8TeV
LT > 1.7TeV
Mg, r > 2TeV
tan 8 10

Table 4.11: In the table are listed the values of the MSSM parameters that we take into account for the
numerical analysis of the B/H configuration.

where R /i is defined as

Ood.lf 1 M1 3/2 (M 1) —2
Ron=[ S|1+-(=2 —elan -
BIH /m 2l ( p ) o ]

- /:o dz [1+ i (1 —A)?’/ze‘m(l—AA)]_Q.

2

[ V)

(4.129)

fo

Note that in Eq. (4.128) we have made use of the relic density result for a pure Higgsino
LSP given in Eq. (4.91), because, as we said before, the annihilation rate for a B/H in the
limit of moderate #4 is mostly determined by the Higgsino co-annihilations. When the mixing
angles are not negligible and in particular when they become maximal i.e. when |u+ M| <
mzo(Sp F cp)sw/V/2 the thermal average of the effective annihilation cross-section is no longer
approximate by Eq. (4.127). In fact when the mixing between Bino state and Higgsino state
become important there are more co-annihilation processes to take into account. In particular
a strong mixing between Bino and Higgsino states enhances the possibility of an annihilation
through Higgs exchange into final SM fermions or bosons states.

For our numerical analysis of the B / H configuration we used the MSSM parameters, defined
at the EW scale, given in Table 4.11. Our numerical simulations are depicted in Fig. 4.9
and Fig. 4.10 . In particular in Fig. 4.9 we compare the numerical result with the analytical
one obtained using Eq. (4.128) where the integral Rj /it s computed numerically assuming

A ~ 0.05. In Fig. 4.10 we analyse the B/H configuration varying the Bino mass parameter M,
for different fixed values of the Higgsino mass parameter |p|. The numerical results show that
the DM constraint is satisfied by a B/ﬁ configuration with a LSP mass, Mpyr, within a range
305 GeV < Mpy < 715 GeV which correspond to A varying in the range —0.05 < A < 0.05. As
we said before the most sensitive configuration to small values of tan 3 is for negative values of
the Higgsino mass parameter p. In Fig. 4.11 we show the numerical results for the relic density
provided by B / H configuration assuming 1 < 0 and tan 8 ~ 1.1. As is evident the small mixing
between Bino fraction and the Higgsino one as the effect to enlarge the right LSP mass region,
which is now 261 GeV < Mpum < 994 GeV. Nevertheless it is worth to note that small values of
tan 8 are less favourable. In fact in order to avoid the need of a gigantic stop mass, we have to
maximize the Higgs mass at the tree-level, which requires large values of tan 3 [22].

For what concern the direct detection analysis we encounter a situation which is radically
different from the purity cases studied above. For a Well-Tempered B /I:I , in the limit of
moderate 01, using Eq. (4.17) and Eq. (4.18) we get that

2

SD(gi) _ i 9 2 9 SD 3
g = (1) TomZ, co? Oy (03 — 6] +a3P + 0 (63) (4.130a)
2
SI(Qi) _ g mqitW . SI 3
Op ——W[9+COSB—9, sin 8] + az! + O (63) (4.130D)

where as usual we have assumed that m?% > m? and so sina ~ —cos and cosa ~ sin .
Substituting Eqgs. (4.130) respectively into Eq. (4.35) and into Eq. (4.61) we have that the SD
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Figure 4.9: In the figure is shown the contribution to Qh2 of a Well-Tempered B / H as a function of the
LSP mass, obtained from the micrOmegas 4.2.5 analysis and compared with the analytical
result. The width of the lighter green band correspond to our numerical simulation with A
varying in the range —0.05 < A < 0.05 while the darker line is obtained using Eq. (4.128)
and assuming A ~ 0.05. As usual the band between the dashed lines denotes the observed
DM abundance within 20.
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Figure 4.10: In the plot we use an alternative method of analysis of the B / H configuration. We show
the contribution to Qh? as a function of the Bino mass parameter M7 taking fixed the value
of |u|. The dark gray region correspond to an over-abundant relic density Qh2 > 1 which
has not physical sense, while the dashed line correspond to the observed DM relic density.
The zone well above of this line corresponds to a pure Bino LSP configuration while the
region well below corresponds to a pure Higgsino LSP configuration.

and SI B/H-nucleon scattering cross-section at zero momentum transferred are equal to

2
SB/iD _ 12/ Mpumy, oSP() A ()
oobp | = <—MDM+mp> [ q Y5h Aql (4.131a)
2
B/Hn o 1_2 MDMmp SD q.L n)
2 Y[ g sy
9 2
B/Hp/n _ 4 Mpum, Mop/n (p/n), Sl(a:) Myp/n  Sl(a:)
Jost (MDM+mp> q:uzds ETRAA f q;)t my B/
(4.131c)

In the above results, with agiD and oquiI, we refer respectively to the coefficients of the processes
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Figure 4.11: In the figure is shown the contribution to Qh? of a Well-Tempered B/H as a function of
the LSP mass assuming p < 0 and imposing tan 8 ~ 1.1. As above the width of the band
correspond to —0.05 < A < 0.05.

Cross-section Value-Range
ol/IP 2951070 —8.5x 1074 pb
oodn™ 2.3%x107% — 6.5 x 10~ pb

o™ 59 %1079 = 1.1 x 105 pb

Table 4.12: In the table we list the upper and lower values of the SD and SI B/H-nucleon cross-sections
for A ~ 0.05.

mediated by squarks in the SD and in the SI cases. From these results we can observe that
the presence of a mixing between the Bino and the Higgsino states, implies that the scattering
processes which proceed through Higgs boson exchange for the SI interaction, and through the
Z9 boson exchange for the SD one, are highly enhanced. In particular in the SI case, as is
evident from Eq. (4.130b), the dominant contribution is the one relative to the Higgs exchange
which, being suppressed only by the square of the SM Higgs mass, is less suppressed than the
terms relative to the squarks exchange whose are always suppressed by the square of the heavy
squark masses (mz > 2TeV). The same thing occur in the SD case where the coefficient of
the scattering process mediated by the Z° boson is suppressed only by the square of its mass,
mgzo ~ 80 GeV [60]. These facts strongly enhance both the SI and SD LSP-nucleon scattering
cross-section. In particular as we can see from Fig. 4.12 this enhancement is so strong that the
SI B / H-nucleon cross-section is moved, nearly completely, towards the experimental excluded
regions. Note that the enhancement effect is stronger when M; = |u| i.e. when the mixing
angle is maximal, while tends to be alleviated when A ~ —0.05 or A ~ 0.05.

The analytical results in Egs. (4.131) confirm the numerical behaviours, and in Fig. 4.12
they are plotted using a red dashed line. Note that Eqgs. (4.131) have to be compared with the
numerical results for and A ~ 0.05 i.e. the blue continuous line in Fig. 4.12.

As we done in the previous sections the total neutralino-nucleus cross-section can be obtained
using Eq. (4.67). For B/ﬂ we present the approximate result for A ~ 0.05, which is

o 2
ol Xe o *:TJ;’AQ 051+ 6.8 x 107665P] (4.132)
p
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Figure 4.12: In the plot (a) is shown the SD B/ﬁ—proton scattering cross-section with the experimental
excluded regions (shaded regions) provided by LUX-2016 (green) and PICO (brown) obser-
vations. In the left panel (b) is shown the SD B/H-neutron scattering cross-section, with the
excluded regions given by the LUX-2016 (green) and XENON100 (purple) experiments. In
the below panel (c¢) we show the result for the SI é/f]—nucleon scattering cross-section with
the excluded limits given by the LUX-2016 (green) and the PANDAX-2016 (red) analysis.
In every plot the two continuous lines correspond respectively to A ~ 0.05 (blue line) and
A ~ 0 (orange line) and the red-dashed lines are the analytical results found with formulae
given in Egs. (4.131) . Comparing these results with the ones for a pure Higgsino LSP,
Fig. 4.6, or a pure Bino LSP, Fig. 4.2, we note the strong enhancement of the LSP-nucleon
scattering cross-section, in particular for the SI case.

where we use the values of the B/H-nucleon scattering cross-section given in Table 4.12. For
the B / H configuration the comparison between the SD nuclear cross-sections and the SI one
gives Jf ég e 068 éf X~ 0.04 . Therefore, as occurred in the pure Higgsino and in the pure
Wino cases, the SI interaction is dominant respectively to the SD one, and so we can study
them separately.

For what concern the negative p values, assuming tan S # 1, the situation is quite similar
to the one for positive values of 1 [25]. Nevertheless when p is negative and tan 8 — 1, as we
said before, the mixing angle #_ vanishes. As a consequence the processes mediated by Z° and
Higgs bosons become more weaker than before. In fact noting that when tan 8 — 1 we have
that sin28 — 1 and cos28 — 0, the results given in Eqs. (4.131), with the lower signs, vanish
(remember that for 4 < 0 we have 6, — 0). As a consequence the SD and SI B/H-nucleon
scattering cross-sections are lowered. In Fig. 4.13 we give the numerical results for ¢ < 0 and
tan 5 ~ 1.1.

Concluding except in the case when p < 0 and tan 5 = 1, the Well-Tempered B / H configu-
ration although it greatly satisfies the DM constraint in a wide range of the MSSM parameters
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Figure 4.13: In figure are shown the SD B/H-proton (a), SD B/H-neutron (b) and SI B/H-nucleon
scattering cross-sections assuming negative p values, tanf ~ 1.1 and taking M; ~ —pu.
Comparing these results with ones given in Fig. 4.12 we note that the small mixing between
Bino and Higgsino states has the effect of lower the scattering cross-sections below the
experimental limits.

space, it is nearly ruled out by direct detection constraints. Therefore a Well-Tempered B / H
cannot provide a viable DM candidate.

4.7 Well-Tempered Bino/Wino

As last we analyse the Well-Tempered Bino/Wino (B/W) configuration. Remembering that
we take M7 and My to be real and positive, the condition to obtain a Well-Tempered B/W
configuration is

Also here we assume that all the others super-particles and the Higgs scalars except the SM
Higgs, are more heavier than the Bino and the Wino. In particular here we will assume that
|| > My, My. This relation between the neutralino mass parameters, allow us to take into
account the effective mass terms between Bino and Wino states, obtained decoupling the two
Higgsinos, namely

2 2 2 2 2
Sy S28M ~ Cyyy S28MM — 28VVCVV5 m ~
Loft o= S SWERRTZ0 By SWERBZN yiyy g SRS By,

o 4.134
B/w 0 I I (4.134)
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Thus in the B / W configuration the neutralino mass Langrangian is given by

mass M1 R M2 1 eff

from which we can define the effective B / W mass matrix with decoupled Higgsinos

. (Mp 0 —tw 1 1
Mg i = ( 0 MQ) + M0A ( . _th> +0 (uz) (4.136)

where we have redefined tanfy = ty and cotanfy = cty and the quantities A and 6 are
respectively defined as

My — M,y o= Sow S28M %0

A .
M, 2|p| My A

(4.137)

Note that although we have taken the Higssino states completely decoupled the parameter |yl
continues to have an important role. In fact from the mass matrix M W is evident that the
mixing between Bino and Wino is possible only at the first order in an expansion on myy /|p|.
This situation is different from the one of the B / H case studied in the previous section, where the
mixing between Bino and Higgsinos was appreciable also at the leading order in an expansion
in mw /Ms. In particular the fact that the mixing angle 6 is always suppressed by the |u|
parameter, implies that the mixing between the Bino and the Wino states is less stronger than
the mixing between the Bino and Higgsino states in the B / H case.

Diagonalizing the matrix MB/W? in the limit where My, My > mgzo and |My — M| >
sapmyo, we find that the eigenvalues are equal to

2
mg, = My [1— A (tw0)] + O (”;g) (4.138a)
m2,
My, = Mi[L+A(1—ctwo)] +0 e (4.138b)
with associated eigenvectors given by
X1~ B—60W (4.139a)
X2 > 0B + W (4.139b)

where we used the orthogonal matrix Nz W which diagonalized the mass matrix Mg W given
in Appendix C. Note that in the case of a Well-Tempered B / W, the lightest chargino is Wino
like R

XE =Wt (4.140)

Its mass can be read off from Eq. (3.56), and at the first order is
SapMiy miy
My =My = ZEEE 4O (5 ) = my. (4.141)

Note that from the definition of 6 given in Eq. (4.137), when the difference |M; — M;| — 0,
the mixing angle # — oo and Egs. (4.138) and Egs. (4.139) are no longer valid. So when
|My — Mi| < saws2sm%,/(2|p]), in the mass matrix Mg i, we can replace Mz with My and
the eigenvalues are now given by

m2,
mg, =M1 +0 < MZ > (4.142a)
M (1 méos”) +O ( mQZ(’) (4.142D)
myg., = - .
S T ?

2 2
mo+ = M (1 - Swmw) +0 (mg‘/> (4.142¢)
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where we have also included the lightest chargino mass.
Furthermore the mixing angle depends also on tan 3, in fact Eq. (4.137) can be recast as

_ tan 3 82wm220
1+ tan B2 2|u| M A

(4.143)

In particular this equation shows that the mixing angle reaches its maximum value (taking A
and p fixed) when tan 8 = 1. Note that for large value of tan 8 the mixing angle § — 0 and so
the mixing effects are more weaker [11].
Also here the co-annihilations between LSP, NLSP and the lightest chargino are effective if
the condition
5m,‘j 1
M 1 Tfo
is satisfied. In the limit of moderate value of the mixing angle § < 1, the mass differences are
given by

(4.144)

m2
0mag = |myg, — Mg, | = [M1A[1 = 20taw]| + O ( Mg(’) (4.145a)
omi4 = ’mili — My, | = 0mia (4.145D)
2
Omoy = ’m>22 — M| = V) (n;?) (4.145¢)

where we used Egs. (4.138) and Eq. (4.141). As is evident from these results the only mass
difference which survives, up to corrections of order m220 /2, is dmyo. Thus considering that,
as usual, xg, ~ 20 the co-annihilations condition, Eq. (4.144), at the leading order read as

|A] <0.05. (4.146)
When the difference |[Mz — M;| — 0, from Egs. (4.142), the mass differences are equal
2
1
dmig = [myg, — Mg, | = 525 g0 +0 <2> (4.147a)
|1l p
5 ‘ S Mz | g ( ! ) (4.147b)
mi4+ = M.+ m = —_ - .
W 1l n?
_ _ tanpB?  sapmi, 1
Smas = ‘mgz R e ey el (4.147¢)

and thus, in this limit, the co-annihilations condition is approximately given by

2
§28M 70

20720 < 0.05. (4.148)
||

As occurred for the B / H configuration, the relic abundance can be analytically approximate
when the mixing angle, 6, is moderate. In particular when 6 < 1 the effective annihilation cross-
section is dominated by the Wino co-annihilations [11]. This is due to the fact that all of the
co-annihilation processes between Bino and Winos are proportional to 62, while the annihilation
among two Binos are mediated by squarks and as a consequence are suppressed by the high
squark masses. Therefore in this limit the thermal average of the effective annihilation cross-
section times velocity for a Well-Tempered B / W is

(o)
(op/mwv) = Lid 5 (4.149)
3/2 —z(ﬂ—1>
e ()" ()
Putting this result into the relic density formula, Eq. (2.90), we obtain that
My \* 1
Qs h?~0.13 ( ) (4.150)
B/w 25TeV ) Rp )y
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MSSM Parameter Value-Range

M, 100 — 1000 GeV
My 0.98M; — 1.02M;
L 1000 GeV
M3 1.8 TeV
LT > 1.2TeV
Mg, r > 2TeV
tan 3 1.5—-10

Table 4.13: In the table are listed the values of the MSSM parameters that we take into account for the
numerical analysis of the B/W configuration.

where Rz % is defined as

3\ My

_[daf, 1/ 1 e

_/ 278 <A+1) ‘
Our analysis with micrOmegas 4.2.5 is performed taking into account the MSSM parameter
space given in Table 4.13. Fixing tan S = 10 and varying M; and M, within the range given
in the Table 4.13, the micrOmegas 4.2.5 simulation shows that an LSP with a mass, Mp,
in the range 260.14 GeV < Mpy < 999.48 GeV satisfied the DM constraint within 20. In
Fig. 4.14 we plot the numerical contribution of a Well-Tempered B / W to the relic density as
a function of Mpy, compared with the analytical result found using Eq. (4.150) where the
integral Rz /w18 computed numerically, and we have assumed that A ~ 0.02; the width of
the band correspond to A varying in the range —0.02 < A < 0.02. In Fig. 4.15 we plot the
contribution to relic density as a function of M; fixing the value of M. Lowering the value of

3/2 -2
L1 (Ml) (- >]

(4.151)
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Figure 4.14: In the figure is shown the contribution to Qh? of a Well-Tempered B/W as a function
of the LSP mass, obtained from the micrOmegas 4.2.5 analysis. The width of the band
correspond to —0.02 S A < 0.02 and the darker blue line is obtained using Eq. (4.150)
assuming A ~ 0.02. As usual the band between the dashed lines denotes the observed DM
abundance within 20.

tan 8 and fixing it at tan 8 = 1.5, accordingly with Eq. (4.137) the mixing effect is enhanced.
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Figure 4.15: In the plot is shown the contribution to Qh? of a Well-Tempered B/W as a function of
the Bino mass parameter M; taking various fixed values of M>. The dark gray region
correspond to an over-abundant relic density Qh? > 1 which has not physical sense. The
dashed line correspond to the observed DM relic density. Comparing this result with the
one for B/H configuration given in Fig. 4.10, we note the effect of the parametrically smaller
mixing angle in the B/W case, which leads to a more abrupt transition between the pure
Bino configuration (the region above the dashed line) to the pure Wino one (the region
below the dashed line).

This leads to a more consistent Wino fraction in the LSP composition. In fact imposing this
value of tan 3, the micrOmegas 4.2.5 analysis shows that the right LSP mass is now within the
range 422 GeV < Mpy < 1148 GeV, resulting in a B/W configuration which is lifted towards
the pure Wino region. The numerical result for tan 5 = 1.5 is depicted in Fig. 4.16.

Bino/Wino LSP
(tp=1.5)

0.25 T

0.20

0.15

on ]

0.10

0.05

0-00 1 L L
100 200 500 1000

Mpwm [GeV]

Figure 4.16: In the figure is shown the contribution to Qh? of a Well-Tempered B/W as a function of the
LSP mass, obtained from the micrOmegas 4.2.5 analysis, imposing tan 3 = 1.5. As usual
the width of the band correspond to —0.02 < A < 0.02.

In the case of a B / W the matrix elements Ny5 and N4 are respectively given by Eqgs. (4.70)
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and Egs. (4.100) which after the substitution M; ~ My = Mpy read as

my (Mpm + psin28)  myy sin 8 m,
Nyz ~ 0 4.152
13 (12 = M2,) cos B + + 5 ( a)
M
v (o) s
i
Thus using these results into Eq. (4.17) and Eq. (4.18), we obtain that
242 Y2
SD(g:) 9 tw [ i V2 diL i 2,2
Cpw = (1) + (m12)7€y,
BW T A(mZ, — M3y 4 e
2,2 2
9 tw i 2 YaiL 2,2
+ 4(m§2 . MI%M) |:(7712) 4 + (7711) qz
+ g (—1)"cos 23 (4.153a)
1642
oSl _ 9 2ty Ya, 1 €q M1 Mo { 1 B 1 }
B/w 4 (méli - M]%M) (mézi - M]%M)
2 e
_ gtwmg, sin (4.153b)

2m3 p

which substituted into Eq. (4.35) and into Eq. (4.61) give respectively the SD and SI scattering
cross-sections at zero momentum transferred for a B/W configuration

12 [ Mpum SD(qi) 2
SD _ P i (p)
TBWp T (MDM+mp> [Za Aq } (4.154a)
12 ( Mpum . 2
sp_ _ 24 _“DMp SD(a:) A ,(n)
UB/Wn T (MDM 4 mp) [; aB/W Aq :| (4154b)
2
4 Mpym 2 2 m )
oSl _ = DMt Mp/n o(p/n) QSHa) 2 p/n _SI(gi)
9B/Wop/n = 5 (MDM +mp) [q;ls frq Y T 27fTG q:czbt g YB/w
(4.154c¢)

where to obtain Eqgs. (4.153) we have assumed the limit m% > m2. Note that in the above

results does not appear the mixing angle # between Bino and Wino states. This is because it
gives rise to terms which are suppressed by 1/(umg , ). In the limit where mg, =~ mg, =

mg > Mpw, and of heavy squark masses, which implies ni, — 1 and niy — 0, we have that
Egs. (4.153) can be approximated as

2,2 1Yy2 2 M2,
sD(¢:) . 9 tw | Ya 2 g
oG = [ = +qu} + 12V’ coszﬁ+o< i 77712) (4.155a)
(3) ~ 2t%/Vqu' LCq mlhu(tanﬁ)(_l)i 92mqitW Sinﬁ O M]%M
B/W — 4 mg QmZu Z
Zmg, tw si M2 .
~ I VQVSIHB +o(=by, Mal) (4.155b)
2mi mg mg

Thus as occurred to the pure Bino LSP and to the pure Wino LSP, in the SI interaction the
squarks term is suppressed by the vanishing factor (mg, )/ mg, see Eq. (4.155b). Therefore the
ST cross-section is nearly completely determined by the term associated to the Higgs exchange.
Furthermore, assuming that p 2 mg, the SD interaction is determined by the term relative
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Cross-section Value-Range
oodn " 34 %1071 — 1.5 x 10~8pb
oA 3.7x10712 - 1.1 x 10~%pb
oPm 814 % 1071 — 1.7 x 10713 pb

Table 4.14: In the table we list the upper and lower values of the SD and SI é/VV—nucleon cross-sections
from our numerical analysis.

to the squarks exchange, as we can see from Eq. (4.155a). These theoretical behaviours are
confirmed by the numerical analysis which is summarized in Fig. 4.17 and in Table 4.14. In
particular in plots (a) and (b) we can appreciate the squarks dependence of the SD scattering
cross-section, where the width of the band is due to a common squark mass which varies in the
range 2 TeV < mz < 8TeV. On contrary from plot (c) we can observe that the band is nearly
completely absent, i.e. the SI scattering cross-section does not depend on the squark masses.

For the Well-Tempered B / W configuration, the analysis of the combined contribution of
the SD and SI interactions gives the following neutralino-nucleus scattering cross-section

o 2
gD/ Xe %VAQ (05T + 1.4 x 107565P] (4.156)
p

where we use the values of the B/W-Xe scattering cross-sections given in Table 4.14. In
particular for the B / W configuration the ratio between the SD neutralino-nucleus scattering
cross-section and the SI one is about 069 ég Xe 063 gv Xe ~ 0.12. This result shows that the
contribution of the SD interaction is not entirely negligible respect to the SI one. For this
reason in plot (d) of Fig. 4.17 is shown the total B/W-Xe scattering cross-section with the
LUX experimental bound.

Concluding a Well-Tempered B/W satisfies both the DM and the direct detection con-
straints. Furthermore it is not excluded by indirect detection searches because its one-loop
annihilation cross-section into final photons is well below the today’s experimental bounds.
Therefore a Well-Tempered B / W is still a good DM candidate which satisfied all today exper-
imental constraints from direct, indirect and collider searches.
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Figure 4.17: In the plot (a) is shown the SD B/W—proton scattering cross-section with the experimen-
tal excluded regions (shaded regions) provided by LUX-2016 (green) and PICO (brown)
results. In the left panel (b) is shown the SD B/W—neutron scattering cross-section, with
the excluded regions given by the LUX-2016 (green) and XENON100 (purple) experiments.
In the below panel (c¢) we show the result for the SI B/W-nucleon scattering cross-section
with the excluded limits given by the LUX-2016 (green) and the PANDAX-2016 (red) ex-
periments. In every plot the width of the band corresponds to squark masses in the range
2TeV < mg S 8TeV and the regions between the blue-dashed lines represent the analytical

results which are found using the approximate formulae given in Eqgs. (4.155).

As last in

plot (d) we show the total B / W-Xe scattering cross-section with the experimental bound

provided by LUX experiment.



Conclusions

In this thesis we have investigated the nature of the non-visible gravitating matter present in
the Universe, the so-called Dark Matter (DM). We focused on the hypothesis of particle DM
specializing on the proposal that DM is a thermal relic produced in the early Universe. The
theoretical framework chosen to describe particle DM is the one provided by supersymmetric
theories, in particular the Minimal Supersymmetric Standard Model (MSSM). In this framework
the DM candidate is the lightest supersymmetric neutralino. In this thesis we considered the
famous “Well-Tempered” neutralino scenario introduced by N. Arkani-Hamed, A. Delgado and
G.F. Giudice [11].

We started taking into account the pure Bino configuration finding that, once the experi-
mental constraints from sleptons searches at LEP are satisfied, its relic density is too large. In
order to reduce the relic density, we have studied the possibility that the Bino is nearly degen-
erate in mass with a right-handed slepton. Exploiting the co-annhilation mechanism, we found
the correct relic abundance in a region of the MSSM parameter space which is not ruled out by
collider experiments. We have also analysed the possible constraints from direct searches. We
found that the Bino-nucleon cross section is well below the current experimental limits both for
spin-independent and spin-dependent interactions. This is due to the fact that in the pure Bino
configuration the LSP-Higgs and LSP-Z° couplings are vanishing and therefore the scattering
cross-section is highly suppressed. As a consequence, the Bino is a good DM candidate.

Afterwards we have studied the pure Higgsino and Wino scenarios. The relic density analysis
has shown that both of them have a too small relic abundance, unless their masses are heavier
then ~ 1TeV. Such high values of the masses compromise the possibility that the “hierarchy
problem” can be solved by supersymmetry. After that, we have performed the direct detection
analysis of these two scenarios. We have found that, as in the pure Bino case, also for the pure
Higgsino and Wino cases their vanishing couplings with the Higgs and Z° bosons reduce the
LSP-nucleon scattering cross-section below the direct detection experimental limits.

At last we have analysed the “Well-Tempered” neutralino scenarios. In particular, we have
considered the mixing between the Bino and Higgsino and between Bino and Wino. We com-
puted the relic density of these candidates, finding that they can satisfy the DM constraints
in wide regions of the parameter space. From the analysis of direct-detection experiments, we
found that a Well-Tempered Bino/Higgsino is excluded for masses below the TeV scale. In
particular, the spin-independent scattering cross-section with nucleons is well above the bounds
imposed by the LUX-2016 and PANDAX-2016 analyses. For what concerns the Well-Tempered
Bino/Wino scenario, we have found that its scattering cross-section with nucleons is well below
the direct search limits. This is again due to the absence of LSP couplings with Higgs and Z°
bosons.

Summarizing, from our analysis it follows that the only scenarios which satisfy both relic
density and direct detection constraints are those featuring a Well-Tempered Bino/Wino LSP
and where a pure Bino LSP co-annihilates with a slepton.

Further investigations beyond our analysis would be welcome. First of all, it would be
interesting to implement both the indirect detection and collider experimental results in a more
systematic way, in order to further constrain the various models proposed. In particular a
deeper study of the current and future indirect detection experimental results could further
constrain our scenarios. Finally, it would be interesting to study the impact of future direct
detection experiments such as XENON1T, LZ, and DARWIN.
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Appendix A

In this appendix we resolve, in an approximate way, the Boltzmann equation demonstrating
the solutions for Y, and for xg, respectively given in Eq. (2.32) and in Eq. (2.35). After that
we compute the thermal average of the annihilation cross-section times velocity in the non-
relativistic limit finding the approximate solution given in Eq. (2.57). At last we summarize
the principal steps that we follow to obtain the exact solution of thermal average of {o.gv) in
the case of co-annihilations given in Eq. (2.57).

A.1 Approximate solution for the Boltzmann equation

We start from the Boltzmann equation in the form given in Eq. (2.31)

oy (oUM)S (<9 9
O oy yope), (A1)

where 2 = m/T and H is the Hubble constant. Using Eq. (2.24) and Eq. (2.28) we re-express
the factor s/(Hz) as

s T Ges MmMp) A
S _ " =2 A2
Hx 41:5gl/2 x2 x2 (A-2)
and Eq. (A.1) becomes
oy _ (oom) (0 (0)\2
B - o {y?— ") } (A.3)

Now we consider the above equation in terms of the variable A = Y — Y () which expresses the
departure from equilibrium, obtaining

oA oY@ | fovn)

T = A{A+2v@O) (A.4)

At early times, before the “freeze-out” when z < zg,, Y tracks very closely Y(®): thus both A

and |%—§’ are small and so an approximate solution is obtained by setting % =0,

A z? e
T onMA+2Y @) 9
(o) {A+2Y©} Oz (A.5)
.
T 2XMowvy)
Note that the quantity Y(°) in terms of the variable z read as
0
_n _4 1 9 3/2 —x _ . 3/2 —x
YW = s = 20 @y g*sx e ¥ =wx e (A.6)
where we used Eq. (2.13) and Eq. (2.24); thus the derivative of Y(©) would be equal to
oy © 3 1
—— =Y [ = 1) =—vO40(-= AT
Ox 2x + x (A7)
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which is a good approximation in the non-relativistic limit i.e. when x > 1.
At later times, after the “freeze-out” when x > xg,, Y tracks Y () very poorly [51] [19], so

A ~Y > Y and the terms involving agio) and Y(©) can be safely neglected. Then Eq. (A.4)
becomes

1 0A - <O"UM>
Integrating this equation from x, to oo we get for the left-hand side
/A(‘”) dA ( 1 1 )
A(zto) A2 \Azp) A (A.9)
oo b
T A Yo

where we have used the facts that A(zg) > Ay and Y — 0 as 2 — 0o, as we can see from
Eq. (A.6). For what concerns the right-hand side remembering the definition given in Eq. (2.33)
we have

Y / h <”;’2M> de = —\J(z10), (A.10)

fo

thus equating Eq. (A.9) and Eq. (2.33) we get a solution for Y

1 15 gi/? 1
Yoo::\/7' A1l
A (250) T gus mMp1J(2s0) ( )

To determine z¢,, we recall that when = ~ z,, Y ceases to track Y(?); equivalently we can say
that A becomes of order Y. In fact, schematically, we have

Y

—vO[_~  _1)l=vO®

Azg) =Y (Y(O) 1>_ cY (A.12)
with the numerical constant ¢ of order unity. Taking into account the early time solution, given
by Eq. (A.5), and the condition (A.12), we have that

T3 oy (©

v ~ _
¢ (oom)AY O (¢ +2) Oz

(A.13)

Using for Y(® the expression in Eq. (A.6), evaluated at g, we rewrite the previous equation
as

e—mfo — m%o 1
(ovm)Ac(e + 2) g/
fo (A.14)
1/2
_ Lto
~ {ovm) A we(c+2)
With this result we can find an iterative solution for g, given in Eq. (2.35)
Awe(ce + 2)(ovn) c(c+2)y/ T gMpim(ovn)
Tho = In 1/2 =In 3 1/2_1/2
Lo 4m Gxs Tgg (A15)
~1 00380(6 + 2)9Mp1m<O'UM>
= 172 172 :
*s “fo

A.2 Non-relativistic approximate solution for the thermal
average of ov
Here we give an approximate solution, in the non-relativistic limit, for (cv) in the case of two

annihilating particles with equal mass m. Recalling Eq. (2.56) we have that

lab _ [ ovian, e B/ Te=B2/T @%p, d%p,
J e P TemB/T dPpyd’py

(oV1an) (A.16)
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where lab means that we are performing the computation in the laboratory frame of particle
1; note that the relation given in Eq. (2.53) assures that the result will be valid in a generic
comoving frame.

In the non-relativistic limit we have that

/ p? p; i

and so (ovjap )P becomes

2 2
— 2mT — 2mT 13 3
b J oviap e P12 T empa/2mT @5, 3% py

<U"U1ab>n.r. - f e‘Pf/QmTe_p%/QmT d3p1d3p2 (A18)
where the subscript n.r. means non-relativistic.
We start by computing the denominator, which we redefined as
2
/ e—pf/QmTe—pg/%nT d3p1d3p2 :(/ e—p2/2mT d3p> =D, (A.lg)

Performing the integral over the solid angle  and changing variable from |p] to y = |p]/v2mT
we have

1 o0
/ 67p2/2mT d3p _ 47r(2mT)3/27/ 6792 dy
2 Jo (A.20)

= (2nemT)>/?

where we have first performed an integration by parts and then a gaussian integration. Therefore
the denominator D is equal to
D = 8(rmT)3. (A.21)

To compute the numerator of Eq. (A.18) we start by changing the integration variables as

ﬁl _ ptot;_ Pr (A22a)
ﬁQ — ptOtQ_ Dr (A.22b)

where pio¢ is the total momentum vector defined as pioy = p1 + P2 and p; is the relative
momentum vector, defined as p, = py — po. After this operation the numerator becomes

N = / OVl efp?/2mT67p§/2mT d3p1d3p2
1 2 2 (A.23)
= §/ O Ulap € Prot/AmT =P /AmT q3p - 43p,

where the pre-factor, 1/8, is the determinant of the Jacobian of the transformation (A.22).
Noting that ov),, depends only on p,, we can integrate over pit obtaining

1
N = g/ e—pfot/élmT dgptot / TVlab e—pf/4mT d3pr
(A.24)

1 o0
=3 (47rmT)3/27r/ v € P/ AT dlpe|.
0

To go further we have to find the relation between |p;| and the total kinetic energy per unit of
mass in the laboratory frame, ¢, defined in Eq. (2.54) which here we recall

(Ellab - m) + (E21ab - m) _ EQlab -m
2m om

(A.25)
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In the case of particles of equal masses we have that
Uy — U
I — (A.26)
2
where v, is the velocity of particle 1 in the center-of-mass frame from which we find that pj__
is simply given by

— —

b1 — P2

ﬁlcm = 17lcmm = 2 = _ﬁQClI) (A'27)
Comparing this relation with the definition of p; in Eq. (A.22), we get
H | . Pr
o] = P2l = ] = 1L (A.28)
Expressing both || and € in terms of the invariant s we find
2
2 L2 2 s —4m
8 — 4 em = g — 4 s = A.29
Pe” = 4|Pem|” = s — 4m €= 13 (A.29)
and so
15:]? = 4m?e. (A.30)

Thanks to this relation we can change the integration variables in the numerator N which
becomes

oo
N = 16(7mT)/?xm? / ovap e\ /e de
(7rmT)3/27rm3 Z / —'me/T 1/2+n de

where in the last equality we have substituted the expansion for cwvp,p given in Eq. (2.55).
Performing another change of variable from € to ¢t = me/T we have

Za™ fm\ " e
N — 16 5/2 T 3 a o / —t t1/2+n dt
w0/ (mT) E T\ ; e

n=0
= 167r5/2(mT)3iﬁ m\ /OO et (3221 gy (A.32)
0 n' T 0 ’
= a™ 1 _[3+2n
= 167°2(mT? S Le =T
™ (mT) T;) n! zm 2

where as usual m/T = z and T'(z) denotes the Eulero-Gamma function. Now thanks to the
propriety of the Eulero-Gamma function [1]

l 1—2)l
r(g) = (20_71)22\/7? (A.33)

where [ is an integer, the last factor in Eq. (A.32) becomes

F(3—i-22n):(2n2—21)!!\/277. (A.34)

Replacing this result in Eq. (A.32) we obtain the final form of the numerator N

= a™ 1 (2n+ 1)
a n
n=0 )

(A.35)

Finally, taking the ratio between Eq. (A.35) and Eq. (A.21), we obtain the expansion in powers
of 1/z of the thermal average, (avlab>lab in the non-relativistic approximation [43]

n.r.’

™) 1 (2n+ 1)
a n
<leab nr. — @ Z  on

TL' xn mn

3a 15 a® 1
S () e A Wit =
R R +O<x3>'

(A.36)
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A.3 Thermal average of o.gv

Following [33] we start re-expressing the definition of (c.gv), given in Eq. (2.78), into a more
convenient form,

al ny nf A
(Terv) = Azl<aijwj>n717(j = EC)ER (A.37)
ij=

First we simplify the denominator as
3
=X [ e
—Z / AE; B\ E? — m2e~ T

where we have used the relation p; = \/E? — m?. Integrating the last integral by parts we get

(A.38)

0) _ gi T o0 2E2 — m2 _E;
W0 =N [ B (4.39)
Thus making the substitution
Ei = cosht (A.40)
myg

the above integral becomes

00 2
’I’L(O) — &Tmf/ dt sinh t M — T cosht
— 272 0 sinh ¢
i (A1)

(2

Ji_pp2 dt cosh (2t)e™ T cosht,
27'('2 0

Now, remembering that the integral form of the modified Bessel functions of second kind of
order v is [1],

K, (z)= /0 dt cosh (vt)e=® cosht (A.42)

we can write n(® as

0 — N I pp2p, (T4 A4
;2”2 m3 2(T . (A.43)

The numerator of Eq. (A.37), for generic distribution functions f;, f; is equal to

9ig;
A= Z (2;-;6 /d3pid3pjfifj0ijvij~ (A.44)
1,3
It is convenient to recast it in a explicit covariant form, as

d Di d3pj
A= Zglgj/Wijlfj 32E (27T)32Ej (A.45)

where W;; is the un-polarized annihilation rate per unit volume which is equal to

Wij = 4EiEjJijUij = 40'”' \/(pl . pj)2 — mfmf = 4pij\/gaij (A46)

where we used the definition of the Mgller velocity given in Eq. (2.19) and as usual (-) means
the Lorentz scalar product. The quantity p;; is the modulus of the 3-momentum of particle
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X, (or X;) in the center-of-mass frame of the pair of particles X;X;, which in terms of the
invariant s read as

pij = /(i ;)2 — mim? = Vs = (mi+ mjz)i}és = (ma =my)), (A.47)

The general expression of W;; for a n-body final state is

1 d®py
Wijon = ——= / M (2m)*0W (p; +

J— gngf lngnl | | ( ) p p] pr rf[ 27T)32Ef
f.

d.o.

where we averaged over initial and summed over final spins and M is the amplitude of the
processes; Sy is a symmetry factor accounting for identical final state particles. In particular
for a two-body final state we have

1 d*py, d’p
Wijsm = > M 2m) 4™ (i + pj — pi — A.48
k= internal/I *(2m)*8 (i + p; — P P) Gy anes A1
d

.o.f.

where now Sy is equal to 2 if the final particles are identical or 1 if they are different and with
1,7 we denote the initial particles, while with k,[ the final ones. Performing the integral over
d®py, and after the integral over d|p;| we get that [33]

Wij—ki =

Z / dQ|mv? (A.49)

16’/T glg] Sf\[ mternal

Now we want to reduce the integral in the definition of A, given in Eq. (A.45), from a 6
dimensional to a 1 dimensional integral. Using the Maxwell-Boltzmann statistics instead of
generics statistics f;, f;, it reads

e, & dp d>p;
A=Y gg; [ Wiye T S L J AS
Zgg]/ 1T T G aE, @n)2E, (4.50)

Following ref. [43], we can rewrite the momentum volume element as

d3pid3pj = 47rp?dpi27rp§dpj sin #d6é
1 (A.51)
= 47T|p1|EZdEz47T|p] |EJdE] §d cosf

where 0 is the angle between p; and p;. Then we perform a change of the integration variables
from E;, E; and 6 to E, E_ and s, defined as

E. =FE; +E (A.52)
E_=FE;, - E (A.53)
s=m? + m? + sE;E; — 2|p;||p;| cos (A.54)

Therefore the volume element becomes equal to

d’p; d’p; 1 |pillpj] 1

= det{J dE, dE_d

Gry2E; emy2E, ot 2 oI dE A (A.55)
1 dE,dE_ds '
- (2m)t 8

where J is the Jacobian of the transformation and
11 2F;
det{J}=1]1 -1 2F; = 4|p;||p;| (A.56)

0 0 —2pilpsl
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Note that the new integration region, which in terms of the old variables was E; > m;, E; > mj,
|cos @] < 1, now reads as

5> (m; +mj)? (A.57)
By > (A.58)

m2 —m? E? —5 m? —m? E? —s
Byt~ 2pij\/T <E < B —— 42\ — (A.59)

With the substitutions given in Egs. (A.52) the integral in Eq. (A.45) becomes

—Z / gzgﬂ Wii(s)e™ T dEdE_ds. (A.60)

Note that W;; depends only on s , and the equilibrium distribution function depends only on
E,, and so we can immediately integrate over E_. Taking into account the region of integration
(A.59), we get

A= Z / dp;; —° gﬂ _Wij(s)e™ T B, ds. (A.61)
Now we perform the mtegral over F; first we integrate by parts obtaining
T By By
ij s\ ——
then changing variable as
E. = /s coshz = dE, = /s sinhzdz (A.63)

and remembering the form of modified Bessel functions of second kind, given in Eq. (A.42), the
integral becomes

T s )
= 3954 E /gigjpijWij(S)dS/ cosh z e~ 7 cosh@ g,
ﬂ- /4 . 0

/e (A.64)
S
= 394 Z/ ) ds.gigjpijWinl <T> :
Now we define the quantities
/s —4m?
Peft =P11 = ———5 ! (A.65)
and
_ 26 — (s — 1121 s 1
W = Z Dij 9i9; WU Z S mz + mj) ][5 (mz m]) } gz.gj Wij~ (A.66)

pet g5 s(s —4m3) 93

Note that Weg is well defined because W;j(s) = 0 iff s < (m; + m;)?, so the radicand in
Eq. (A.66) cannot be negative; with these definitions Eq. (A.64) now reads

= WeagK1| —
5amt |, Q5 PerrWVert 1( T
T2 o ! e (A.67)
91 2 s
= Weag K1 | —
4rd dpeffpeff eff 1( T >

where in the last equality we have changed variable from s to peg using the definition (A.65)
and the consequent relation ds = 8pegdpes. To conclude using Eq. (A.67) and Eq. (A.43) we
can perform the ratio A/(n(9)2, finding that

Jo7 dpest P2 West K1 (%)
2°
mlT[ 9 (T }

v g1 mf

(Oefiv) = (A.68)
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Note that the above exact formula for the thermal average of cross-section in the case of co-
annihilations can be reduced to an exact formula for the thermal average of the cross-section in
the standard case i.e. two equal mass annihilating particles. This can be done observing that
the definition for Weg in the standard case becomes

Wegt = Wis. (A.69)
Thus Eq. (A.68) turns out to be

I © 3
(ov) = W/(J dp11p11W11K1(?)- (A.70)



Appendix B

MSSM Feynman rules

In this appendix we list the MSSM Feynman rules, which will be useful in the evaluation of
the neutralino annihilation cross-sections and neutralino-quark scattering cross-sections. We
follows ref [63].

We start from the interaction between neutralino/chargino with gauge bosons:

Xi

Z M< = —E%WE)) It (Ny Nyj — N3;N3j) = aggz0 (B.1a)

. 1 1
I/VjE M.< = —igv, KN%UU - \/§N4iU2j> P+ (N2ivlj + \/§N3iv2j> PR:| (B.1b)

Xi

Z) W< = —ﬁ% (U1;Ur; Pr + ViiVii P + 69 cow) (B.1c)
Xi

Vu W< = —igsw.0", (B.1d)

where with ¥ we denote a neutralino, with Y a chargino and N;;,U;;,Vi; are the matrix
elements respectively of the matrices which diagonalize the neutralinos and the charginos mass
matrices. Note that the indices ¢ and j run from 1 to 4 for neutralinos, X;, and from 1 to 2 for
charginos, )ch
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For the interaction between the lightest neutralino quark and squark we have:

u
‘ u [ Yu Nig Mug
Uy ---- :“/5{—[7711<9N1+9 B) >+7712MN14]PL+
X1
wend' Nuy — i —9 N ) PR b = iv2{— X\ P+ Y P
<7712€9 11 n112mwsinﬁ 14 | Pr iV2{-X1 P, + Y1 Pr}
(B.2a)
u
. v [ Yu Ny My
Uy ---- :Z\/i{_["bl( 2L g Ni1+9—- 5 >+n222mBN14]PL+
X1
u u m g -_—
(7722%9/1\711 - U212quSmBN14) PR} =iV2{-U P, + V1 Pr}
(B.2b)
d
B ) Yy Nio mag
A Z\/i{ [Thl< £g'Niy — g—— > )+77122mS,6N13 P+
X1
d / d mqg .
Ny — — N P = 2{—-Xo P Y, P
(Thg@dg 11 n112mwcosﬁ 13) R} iV2{—-XoP, + Yo PR}
(B.2¢)
d
. Yy Ny mqg
TP —_ :Z\/i{— [%11( “g'Niy — g—— > )+T722MN18 Pr+
X1

mag .
<77§l2€d9/N11 - nngTnv[/COSBNB) PR} =iV2{-UsP + VoPr}

(B.2d)
where we have redefined, consistently with ref [34], the quantities X;,Y;, U;, V; respectively as
(Y ir1 N2 i Mg 1
Xi = _7711 <2LQ/N11 +(-1) +192> + M2y, B N1(5—'i)_ (B.3)
— i i g
Yi = niseig’ N — iy le(S—i) (B.4)
AY Nis m;g ]
U= |n% | ==¢'N —1)*t — ; B.5
_7721(29 1+ (=1) 92 +222m B, Nies =] (B.5)
i mig
Vi = nyeeig' N11 — 7721ﬁ 1(5—i)- (B.6)

The index ¢ is ¢ = 1 for up-type quarks or i = 2 for down-type quarks. The quantity B; is
B; = sin 3 while By = cos 8 and 7}, are the matrix elements of the orthogonal matrices which
diagonalize the square mass squark matrix. With Y;, we refer to the hypercharge of the Lh.
quarks while with e; to the quark electric charge.
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For what concern the interaction between the the lightest neutralino and the neutral Higgs
bosons we have

X1

B = —% [(Nissina + Nigcos ) (N11g' — N12g)] = agzn
X1
X1

H---- = % [(N1zcosa — Nygsina) (N11g' — N129)] = agxm
X1
X1

P = %75 [(N13sin 8 — Nigcos B) (N11g" — Ni29)] = azza,
X1

while for the interaction between quarks and Higgs bosons we have

U U
_ 9 my, Sin o — oW _ g mucose _ ()
ho=--- 2mpysing 9 H---- 2mpysing 9
U U
U d
_ Y9 5 M _ (1) _.g mgcosa _ (2)
A< ——zgfy chotanﬁ:aqqA, [ —z§m:aqqh
U d
d d
g mgsina (2 _.g mg _ (®
H< ——Zim:aqq}[, A o —Ziwtanﬁ:aqw‘.
d d

As last we recall some useful SM Feynman rules. For the interaction between gauge bosons and
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SM fermions

f e
. . g
Y \M< = —igesyy, ZB = ZQCW Vi (PL — 25124,)
f e
u e v
. g . g . g
+ = —) — + —_ —] — 0 = —)—-
W,u W< Z\/i’yﬂpl-” WH Z\/i’y,uPLu ZN Z2CW
d v v
d
, 25 _ @) 5 .(2)
d
U
. g 45\ _ (1) 5 (1)
ZS :—’LE'}/M PL_§SW :'yu ('U —l—’ya )7
U

where f = u,d, e and with e; we mean the electric charge of the fermion f. The quantities v’
and a' are respectively defined as

P— (1)t g } _ 2

vt =(-1) Ser (2 2eZsW) (B.7)
= (cnyitt L, B.8
o = (D" 0 (B.8)

The Feynman rules for the SM triple gauge interactions are

q
VA /p =1igcw [gaﬂ(k - p)ﬂ + gﬂu(q - k)a + gua(p - Q)ﬁ}

Wi
W:I:
N
Y /p = —igsw [gap(k — P)pu + 98.(0 — k)a + Gua(p — @)5]
AN
W:F
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For what concern the propagators we have

b .
e 2
ONNNNANANNS -

p'p”
P2 —m? [‘gw " m]

(H+m)

-
hd > d p2_m2

where with m we denote the mass of the exchange particle.
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Appendix C

Matrix diagonalization

In this appendix we perform the diagonalization of the mass matrices for the Well-Tempered
neutralino configurations. We start from the mass matrix for the B/H, given in Eq. (4.114)

M,y —(p—=My)0y  (n+ Mo
(1 + M)o— 0 —H

where 04 are defined in Egs. (4.115). The characteristic polynomial of this matrix is
PO = —(My — N2 = N) + 02 (5 — M)+ A) — 62 (u+ Mi)*(u— ). (C2)

In the case of p > 0 from Egs. (4.115) we see that §_ — 0 so we can approximate the above
characteristic polynomial as

PN = (u+A) [(My = X)X = p) + 03 (u — Mq)?] + 0(6°) (C.3)

which give the three approximated eigenvalues

A =DMy + 0% (M —p)+ 0 (62,6%) (C.4)
Ao =—p+0(6%,6%) (C.5)
Ag=p—03(M; —p)+0(62,6%). (C.6)

In the case of p < 0 the situation is reverse, so from Eqgs. (4.115) we have 6, — 0 and the
characteristic polynomial in Eq. (C.2) can be approximated as

P = (1= X) [~(My = N)(pe+A) = 02 (i + M1)?] + 0(67) (C.7)

with zeros approximated by

Ao =p+0(0%,6°) (C.9)
A =—p— 02 (M +p)+0(03,6). (C.10)

Resolving the relation Mg Javi = A;v; where v; denotes an eigenvectors, we have that, up to
corrections of order 6%, they are respectively given by

oy —04 —6_
vp=0+], va= +J\(/);2 , U= %9,9+ . (C.11)
0_ —Hg 004 as
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The parameters a1, as, az can be fixed requiring that the above vectors are normalized to one,
obtaining that

Qi 02 —0+ —0_
T2 T 2 92 M, —
v = 0. , V2= — 7+ , U3 = QT”GEQJF (C.12)
+M 6%
0 —7”2/L10_0+ 1- .

Note that the above eigenvectors are equal both in the case p > 0 that u < 0. Using this
eigenvectors we can find that the orthogonal matrix N which diagonalizes Mz i is

Bz 9, 9
N - 0+ - % _,U";fyl 9,9+ . (013)
o_ Mizpg ¢, 1-%

When 6 are not moderate and in particular when is verified the relation |pu £ M| S mzo(sgF
c8)Sw/ V2, we cannot expand the characteristic polynomial and its zeros for #5+ — 0. In this
situation the above results are not longer valid. However in this limit we can assume that M;
is nearly equal to p (—p), and so we can rewrite the matrix MB/FI as

M, — 3828 gm0 2B2C8 syrmgo
ohtes V2 V2
SB\;;ﬁ Swimzo 0 :FMl
where the upper signs are for M; = p configuration, while the lower ones for the M; = —pu

configuration. The associated characteristic polynomial is given by

sg+c 2 sg—c 2
?(A)——(Ml—k)(Mf—Az)w{HSWmZo} (M1+A)—[ & ﬂswmzo} (My—)) (C.15)

V2 V2

Using the NewtonRaphson method we can find that the three eigenvalues are given by

Sz cg)swm s2,m> m2
A\ = M, — (ss f/)EW A (1 F s2p) Vg’Mle +0 ( ]\/[Z20> (C.16)

1

2 2 2
AT SwMzo Mmzo

(sg £ cg)swmzo shm, m%,
A3 = M- 1 9] . C.18
3 1+ NG + (1 F s2p) RIL, + M2 (C.18)

For what concern the B/W configuration the mass matrix is give in Eq. (4.136)

M, —M10Atw MOA > (méo) (Clg)

Mpw = ( My0A My — My0A ety 2
where A and 0 are given in Eqs. (4.137). The associated characteristic polynomial is given by

P(N\) = (My — M10Atyy — \) (Mg — MiOA ety — \) — ME6*A? (C.20)
which, at the second order in 6, gives the following eigenvalues

A1 =My — (My — My) [tw0 + 6°] + 0 (6%) (C.21)
=M [1-A(twb+6%)] +0(6°) (C.22)
Ay = My — (My — My) [etw8 — %] + 0 (6%) (C.23)
=M [1+A(1-ctwd+06%)] +0(6°). (C.24)
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The associated eigenvectors are equal to

— ﬁ —0 — (tW — th)92
= 2 = C.25
. (9 + (tw — wa)92> P ( -Z ) 7 (©2)
thus the orthogonal matrix N which diagonalized the B/W mass matrix is
-2 0+ (tw — ctw )62
N — 2 o2 . (C.26)
—6 — (tW — th)92 -5

As occurred in the B/]EI case when the difference between M; and My approaches zero the
value of 6 diverges and the above results, which are all obtained expanding in terms of 6 — 0,
are non longer valid. Thus when 6 is not moderate the B/W mass matrix can be rewrite as

2 2
Moo — [ M= see T swewsas T ) (M c.27
W= m2e T R (C.27)
SWeW 25— My — ¢y s2s m

where we have approximate My with M;. Its characteristic polynomial is given by

2 2
PA) = A2 + A <sw”éf° - 2M1> + M, <M1 — 525 mj) (C.28)

which has the following zeros

2
A =M +0 (”;g) (C.29)

2 2
A2=M1—mz‘)sw+o<m20>. (C.30)
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Appendix D

In this appendix we evaluate the normalization constant k& and the velocity integral given in
Eq. (4.11). Then we review the principal steps that lead us to find the effective four-fermions
Langragian, which suitable describes the neutralino-quark elastic scattering. After that we give
the non-relativistic expansion of the scattering of the neutralino-nucleon amplitudes, which are
useful in computing the associated scattering cross-sections. We always assume C'P conserva-
tion neglecting terms which are not C P-invariant. We principally follows refs. [34], [27].

D.1 Velocity integral
The normalization condition of the velocity distribution function fg(vg) is

/fG(aG)d% = %/e%“w/v%@(vem —vg)dPv=1 (D.1)

where we have used the definition given in Eq. (4.10). Therefore the normalization constant
would be equal to

k= %/1}26_(6+6E)2/v(2’@(1}esc — v ) dvdQ2
(D.2)

Umax 2 2 2 Cmax 2
= 27r/ v2e~ (v HvR)/v / e 2vve s 0/v0 4 (cos B)dw.
0 ~1

In order to find vyax and cpax we use the condition imposed by the ©(z) which is that vg < Vegse
where vesc is the local escape velocity. In terms of ¢ and ¢ this condition reads as

(T4 U5)* < vl (D.3)

esc

Thus to find vyax We have to resolve the system

2 4,2 2
v® 4+ v + 2vvg cos 0 < i,
{1 <cosf <1 (D-4)
which can be recast as
2 2 _ 2
Vise — V7 — U = —200R
{vgsc —v? —vE < 2vvg (D:5)

Imposing that v > 0 the solutions of the above equations are

v g Vesc 1+ VE
{'U < Vese — VE (DG)

which imply that vyax = Vese +vE. In particular when v < vesc —vg we have that —1 < cosf < 1
always, and S0 cpax = 1. When vese — Vg < v < Ugge + vg we have that —1 < cosf <
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(vi, —v? —vd)/2vvg and S0 Cpax = (V2. — v? — v3)/2vvE. Therefore the integral in Eq. (D.2)
becomes

Vese—UR 2y 2v,2 1 2
k= 27r{ / v2e” (V" HUR)/% / e~ 2vvE cos0/v ((cos ) dw
0 —1

VescTVE (2 —vi—vE)/2vvE
2,2y, 2 s 2
+/ ,U2e—(v +UE)/1)O/ 6—21)1)]; cos 0/v§ d(COS H)dv}
v, _

QeSC—UE 1 (D.7)
Vesc —VE

— Vo {/ ,Ue—(v2+v]23)/vg |:62va/1)§ _ G_QMJE/U&:| dv
VE 0

VescHURm 2,2 2 2 2 2.2 2
+/ ,Ue—(v +og) /vy [62111113/1}0 _ e—(vesc—v —UE)/'UO} dv}

Vesc —VE

where in the second equality we have performed the integral over d(cos#). After some manip-
ulations the above result can be recast as

2 VescTVE Vesc —VE v4+vE
k= 7”’0{ / v o= (=) /08 gy _ / R TR / Udv}.
0 0 v

VE —VE

Now making the substitutions (v —vg)/vo = y and (v +vg)/vo = y respectively in the first and
in the second integral, and computing the last integral we obtain

2 1)esc/UO 7)esc/”0
k= % {UO |:/ (on + UE) e_y2 dy - / (on + UE) e_y2 dy:| - 2Uesch6_UgSC/vg}

VE —vE/vo vE /vo
2 vE /vo Vese / Vo
T, .2 a2 2 2
= O{US/ ye Y dy+/ e Y dy — 2uescUre ”esc/”(’}
UE —vE/vo 0
2 Vese / V0
™ .2 .2 2
= 0{ / e Y dy _ Qchche Vose/ Vo }
VE 0

Recalling the definition of the error function [I]

erf(z) = % /Ow e dx (D.8)

we can rewrite k as

k = 2mv8 {\/27? erf (Uesc) - Uesce_”gsc/”g} . (D.9)

Vo Vo
For what concern the velocity integral what we have to compute is
A(Vmin, VB, Vese) = / ve™ (TR qudQ. (D.10)
v<VUmax

This integral is similar to the one given in Eq. (D.2), thus following the same steps made above
we obtain that

Vesc—VE 2, 2y, 2 1 9 L0 /02
A(Vmin, VE, Vesc) = 277{/ ve~ @ +“E)/”0/ e~ 2vvE cos 0/vg d(cos 0)dv

VUmin 1
Vesc VB (v —v2—vE)/2vvR
(22 Ja2 _ 2
+/ ve™ +UE)/”D/ e~ 2vvm cosb/v d(cos@)dv}
Vesc —VE —1

2 Vesc+VE Vesc —VE
_ ””0{/ o~ (v—v8)? /93 dv_/ o= (vFvE)? /02 4,
VE Umin

Umin
v+vg
2 2
— e_vesc/vo / dv}
V—VE

(D.11)
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where we have assumed that vmin < (Vesc — vg). Now, as before, making the substitutions
(v —wvg)/vo =y and (v+ vE)/vy = y in the first and in the second integral and performing the
last one, we obtain

2 Vese / V0 Vesc /U0
™ 2 2 2 2
0 - - —vZ
A(Umin;UEavcsc) = —13% / eV dy 7/ eV dy - 2UEe Vese/ V0
VE (Vmin—vE)/v0 (Vmin+vE)/v0
2 (Vmin+vE)/v0
™, a2 a2 2
_ % UO/ e ¥ dy — 2uge Vese/ Vo
UE (Vmin—vE)/v0

2 (Vmin+vE)/v0 (Vmin—vE)/v0
_ ™o {Uo l/ eV dy — / ey2dy] _ QvEevgsc/vg} _
VE 0 0

Using the definition of the error function given in Eq. (D.8) the last result can be rewritten as

2 , o
A(Vmmin, VE, Vese) = g [vov/T orf [ Lmin T orf ((Lmin TUB A Qe Vese/ V8 |
VR 2 Vo Vo
(D.12)

D.2 Effective Langrangian for neutralino-quark interaction

As we said in Chapter 4 the tree-level scattering processes between neutralinos and quarks
can be mediated by the Z° boson, the squarks § and the Higgs bosons h, H, A, where with
h we refer to the SM Higgs, with H to the heavier neutral Higgs scalar and with A to the
neutral pseudo-scalar Higgs boson. Therefore the relevant interaction terms from the MSSM
Langrangian are

Lgq =iV241, X (=X PL + YiPr)q; + V24, X (Ui PL + ViPr)¢; + aggz X7V’ X2,
+ T (' + @)V G2+ A Taih + Ay TGaiH + oggn XX (D.13)
+ ogxr XXH + agza XV° XA + dlya GY° @A + hec.

where the coefficients X;, Y;, a, v and the a’s are given in Appendix A and ¢ = 1 denotes up-type
quarks while i = 2 denotes down-type quarks. Note that we are considered the eigenvectors of
the squark mass matrices given in Chapter 3 which are denote respectively with the subscripts
1 and 2. With P, and Pg we refer respectively to the left-handed (L.h.) and to the right-handed
(r.h.) chirality projectors which are defined as [61]

1—4° 1++°
27, Pr = 27. (D.14)

PLE

This interaction terms lead to the following effective neutralino-quark interaction Langrangian

2

f
L% = —

Xa —m2
; X

X(=XiPy + Y;Pr)q:q;(—X;Pr + Y; PL)x

o 2 X(=U; P, + V;Pr)qiq;(—U; Pr + Vi PL)x
q2; X
Qssy o . (D.15)
=, ~— ) 3 V= .

+ 25E XY XA (0 + @' g + = XX

mZU mh

a; HOYXH — __ o AQRRA — =

T N+ e XX 4

mH mA

Now we want to rewrite the first two terms in the form YI'xg,I'¢; where I' denotes a generic
combination of gamma matrices. To do this we start expliciting the L.h. and r.h. projectors, so
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the first term read as

X7 = = E5, = B TAB, = T A5
— oz (XGTx — X0 4@ x = XV ailix + Xadx) +
(mfhi mf()
Y2 = =5 5 =5 = 5
- m (X%’@'X = XY GG X — XY G X+ XGY X) =+
+ s (R@i@ix + X7V 077" X) -
(mﬁli o mf()

(D.16)

note that the same result holds for the second term in Eq. (D.15) with o, U;, V; respectively
in place of ¢1,, X;, Y;. Using the Fierz transformations [59] the above result can be rewritten as

1 oy ~— oy ~—
+7 (=Xo" X@;0 7 4 + XO“”75xququ)} +

T omZ —m2) (XXT19i + X" XTi0 09 + XV XTY @) -
q1; X

Knowing that a Majorana fermion must satisfied

- —T

xi = CXi
the following equalities hold

XV X = —X;7"Xi
?io‘“’f(j = _z‘UWXi

Xio" X = X0 X
XX = X" X

and in particular when i = j we have

XY'X = XX = Xo"'v°x = 0.

Taking into account this some of the terms in Eq. (D.17) cancel leaving us with

X24+Vv2 _ . XY -
ﬁxv”f’xqivwg’% — 3y it + XY XA 6)-
Mg, —Mx (malt ms)

Using this result we can rewrite the effective Langarngian given in Eq. (D.15) as

L = BLXy" VXU vu Y @ + BaiX @i + BsixX "V X Vuts + BaiXV° XA @i

(D.17)

(D.18)

(D.25)

(D.26)

(D.27)
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where the [’s are defined as

X2 +Y? U? + V2 agezal
B =t gy e et
Mg, —Mx Ma,, =M% mzo
62‘ — X;Y; _ U;V; + qqhaXXh qqH XX H
v Q(mgli — m%) 2(m§2i — m%) m3 m?

Bsi = QaxzV
i =

m2,
By = X,Yi UGiVi A0z 3A
4 = — -
Q(mgl — m%) 2(m§2 — m?() m?

D.3 Non-relativistic expansion of scattering amplitudes

From the effective Langrangian given in Eq. (D.27) we can read off four effective operators
which describe the interaction between neutralinos and quarks. This effective operators induce
an effective Langrangian which describes the interaction between neutralinos and nucleons, in
particular

L = faXXN + XYY XYY" n 4 an Xy Y XAym + bn XXy 0 (D.28)
where the quantities ¢, and f, are given in Chapter 4. Because the scattering processes between
DM and ordinary matter occur at low energies, we want to express the amplitudes of the various

processes in the non-relativistic limit. To do this we start from the Dirac equation expresses in
the momentum space

(V'pu —m)u(p)® =0 (D-29)
where m is the mass of the particle (nucleon or neutralino) and p,, = (E, p) is its four momentum.
The solution u(p)® can be expressed as [61]

- ()

where 0, = (1,0;), 5, = (1,—0;) and with o; we denote the Pauli matrices. Taking into
account that

(p"0u)(p"T,) = m® (D.31)
we have that the quantity
pho, + +/phe,)” = pPo, + pHe, + 2m = 2(E +m) (D.32)

where we used the definitions of o, and 7,. Using this result we can usefully re-express the
spinor expression in Eq. (D.30) as

u(p)® = VP'ou + /Phoy <vp“‘7u fs) _ 1 ((p”aﬂ +m) 58) (D.33)
VIO, + /PPT, \\VPPTLE 2(E +m) \(Pro,+m)& ) '

Using this result an taking the non-relativistic limit, (F — m) we obtain that
1 [((2m—pic;)€* P’
S ?
- 4 +0(= D.34
With this expression we can express the relevant spinor bilinears at the first order in the 3-
momentum expansion, as

u® (p)ug (p/) ~ 2m§T555
i¢ts ;o €8 i
correi= (£3525) - ()

(o) () = o (2
Prrup ) = P+ euq'€0;6") — \ P+ 2ei1q's7

@ (p)yout (p) = ¢’ 03" ~ 24 s,
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where P; = pl + pi, ¢i = p;, — p; and we have redefined s; = 5“%55.
Using the above non-relativistic expressions for Dirac bilinears we can see that the terms of
the effective Langrangian in Eq. (D.28) give rise to amplitudes respectively equal to

(X, nl XX7n X, n) ~ dmgma, (D.35)
(X, n| XYY Xy, X, ) ~ —16mgmy, 5y - S (D.36)
~ = ~— ~ #" —ﬁn = PN =
(X, nl XV Xyun [X, n) = 8my lmn < X — ) Er i (8, x ) SX]
myg my,
~ 8my |my, (217— q) -85 +1(8, x q) s,z] (D.37)
Hn
(Xl XXy n X, n) = 4(7- 8%) (T 5n) (D.38)
In the third line we have used the fact that
Py=2py—q (D.39)
which implies that
P; P, 7
X_on gy L (D.41)
my mp Hn

where ' = ¥y —), is the relative velocity between the incoming particles, and p,, = mym,, /(mgy+
my) is the reduced mass. Note that the quantities ¥ ,§ and the spins 53 and §,, are all invariant
under Galilean velocity transformations [27].

Because we are interested in processes at zero momentum transferred and which occur
at small relative velocities we can neglect the last two amplitudes of the above list, because
they depend on ¢ and on ¢. Note that this is equivalent to neglect the last two terms in the
Langrangians given in Eq. (D.28) and in Eq. (D.27). As a consequence the relevant effective four
fermion Langrangian which we take into account when we analyse neutralino-quarks scattering
processes will be

L5 = BuXy" v’ Xam 7 @i + BaiXXdidi- (D.42)



Appendix E

In this appendix we perform the calculation of the neutralinos annihilation/co-annihilation
cross-sections. We start summarizing the kinematical invariants and their expansion in terms
of the total kinetic energy per unit of mass e, which will be useful in the non relativistic
expansion of the cross-sections. After that we explain our convention and Feynman rules for
Majorana fermions. In the last part of this appendix we compute the neutralino annihilation/co-
annihilation cross-sections.

E.1 Kinematical quantities

In the next we will refer to 2 — 2 annihilation processes calculated in the center of mass frame,

k1 ko
'/]5'2

where ki, ko are the four-momentum vectors of the initial particles and pq,ps are the four-
momentum vectors for final particles.

Choosing the z axes in the direction of the outgoing particles and the x axes perpendicular
to it the various four-momentum vectors are defined as

B B E E,
" ‘k’l‘siHQ " —‘kl‘siné’ B 0 " 0
k= kY = , P = N E ph = 0 (E.1)
’Ellcosﬂ —‘El‘cosﬂ 1P| —|p1l
remember that in the center-of-mass (CoM) frame we have that pj = —ps and El = —EQ’ and

0 is the angle between k1 and p1 in the CoM frame.

Because the processes in which we are interested involve also massive vector bosons we give
the expressions of the polarization vectors. The two transverse polarizations, in the chosen
frame, can be expressed as [61]

0 0
1 |1 1 1
+=__ T = —
€, = Al € = 7| il (E.2)
0 0

where the upper-scripts + and — means respectively right-handed and left-handed. For massive
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vector bosons there is also the longitudinal polarization, which can be defined as [(1]

: 1Pl
0
L = oe—
€, = el INE R (E.3)
E

where p, E and my are respectively the three-momentum vector the energy and the mass of
the vector boson. In the limit where £ > my we have that the longitudinal polarization vector
can be approximated as [61]

2

L., Pu my
~ E.4
“u my +O< E ) (E-4)

where as usual the (-) means the Lorentz scalar product.
Now we go further recalling the Mandelstam variables [61]

s = (k1 +k2)” = (p1 +p2)° (E.6a)

t= (ki —p1)? = (k2 —p2)? (E.6b)

u=(ky —p1)? = (k1 — p2)*. (E.6c)
Considering the identity

stt+u=>» (mi+M}), (E.7)

i
where m; is the mass of the final i-particle and M; is the mass of the initial i-particle, we can
rewrite Eq. (E.6b) and Eq. (E.6c¢) as

- ;(Z(m?—i-Mf) —s—I—(t—u)) (E.8a)

1 2 2
u:2<2 (mi—i—Mi)—s—(t—u)). (E.8b)
The quantity (¢t — u) is equal to

(M} — M3)(mt —
S

2
t—u=— m3) +’k1’\ﬁ1\0059 (E.9)

where ‘El‘ and |p;| are the magnitude of the three-momentum in the CoM frame, which are

given by
o1 /(s = (My + M)?)(s — (My — M)?)
il = NG (E.10a)
V(s = (ma+ ma))(s — (m1 —ma)?) (E.10b)

‘pl‘: 2\/5

Now thanks to the relations given in Egs. (E.9), Eq. (E.10a) and Eq. (E.10b) we can rewrite
the Mandelstam variables ¢ and u as functions of s and 6.

Now, since our computation of the annihilation cross-sections will performed in the non-
relativistic limit, we are more interested in the non-relativistic expansion of s, ¢, and u variables
in terms of the total kinetic energy per unit of mass, €, given in Eq. (A.25), or, equivalently, in
terms of the relative velocity of incoming particles, v. Assuming equal masses for the colliding
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particles (M; = My = M) and the limit of massless final particles (m; = mg = 0), the
expansions in terms of ¢ of the Mandelstam variables E.6a, E.6b and E.6c are

s~ 4M?(1+€) + O(e?) (E.11a)
t o~ —M?(1+ 2¢ — 2y/ecosOcn) + O(€2) (E.11b)
u = —M?(1+ 2¢ + 2y/ecosOan) + O(€?). (E.11c)

To finish this section we recall the cross-section formula [61]

1 - R
|p1|‘ /|M|2dQ (E.12)

o =
6471'2 S‘kl
with |p;| and ‘El‘ given by Egs. (E.10).

Since in the relic density formula enters (ov), namely the thermal average of the cross-section
times velocity, another important formula is

o IV 7] Ete (E.13)
E\E, (E1E5)6412./s '

where E; and Fs are the energies of the colliding particles; In the laboratory frame of particle
1 and in the limit (M; = My = M) and (m; = mg = 0) Eq. (E.13) becomes

1 =2
= M| dQ E.14
70T 128M2(2¢ + 1)m2 / [ (E-14)

where we have used the explicit expression of € in the laboratory frame given in Eq. (A.25).
As last we give some useful formulae for the computation of the trace of gamma matrices

[61]

Tr {y#~"} = g™ (E.15a)
Tr {y#7/7*7"} = 4 (9" ¢*" — 9" g"" + g% 9"*) (E.15b)
Tr {’Y#’YV’YQ'Yﬁ'YS} — _QjtvaB (E.15¢)

where e#7*# is the total anti-symmetric tensor.

E.2 Majorana fermions and Feynman rules

When we compute annihilation cross-sections in supersymmetry we have often to deal with
neutralinos, which are Majorana particles. For this reason we dedicate this paragraph to list a
useful set of Feynman rules involving Majorana fermions. We start recalling some proprieties
of the charge conjugation matrix

() cict
(ii) CT=-(,
(iii) With T'; = 1,4v°,9#4%, o* we have CT;C = n;,T'7,

where 1; = +1 for the first six I'; = 1,i7°,v*4° and 7; = —1 for the last ten I'; = y*, o, The
operation of charge conjugation of a generic fermion field is defined as

W=Cg,  gr=—¢TCh (E.16)
where 1)° means charge conjugated field and ) = T~°. In particular a Majorana field satisfied

Yo = Chy =, O = —vhCH =Ty (E.17)
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The most important consequence of the Eq. (E.17) is the fact that a Majorana field cannot be
invariant under any U (1), global or local, symmetry. In particular this implies that a Majorana
fermion cannot carry any conserved additive quantum number, such as the electric charge or
the fermion number. Thus any interaction that involves both Majorana and Dirac fermions
violates the conservation of the fermion quantum number, and so we cannot use the ordinary
Feynman rules. What we need is a more extended set of rules that takes into account the fact
that a Majorana fermion cannot be associated with any fermion number flow. We will denote
a Majorana fermion with a solid line without any arrow and a Dirac fermion with a solid line
with an arrow, which indicates the flow of the conserved fermionic number. For the Feynman
rules involving Majorana fermion we follow reference [30], which gives the following rules for
the vertices,

PM Yt Y Vg
iTap = iTap = iTap = i, =
ey Uy Wy Uy
(E.18)
(N PpM (N YpM
Z.Fab = iFab = iF:zb = il“;b =
P! Py P! Uy

where I' = CI'TC' and the thin arrows indicate the verse of the fermionc flow. The Feynman
rules for propagators are

— > " =1iS(q)
e —iS(—q) (E.19)
% —iS(q)

with S(q) = ﬁ, m the fermion mass, and we take the momentum flow from left to right. The

Feynman rules for external fermion legs are

— > e ﬂ(p,s)

— > <« v(p,s)

(E.20)

— e —> 9+ ——<«— u(p,s)

e ——P>—9 —a«— E(p,s)

where like before the momentum flow is from left to right.

The idea is to follow a fermionic flow (the thin arrow), which corresponds to an orientation
of the complete fermions chain, formed by Dirac and/or Majorana fermions, instead to follow
the fermionic number flow (the arrows over Dirac fermions). The choice of the orientation, of
the fermionic flow, is totally arbitrary and a matter of convenience.

Following [30] we can summarize the Feynman rules as:

e Draw all independents Feynman diagrams that contribute to a given process.

e Fix a fermion flow for each fermionic chain (the choice of the direction of the flow is
arbitrary) .
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e Write down Dirac matrices and the appropriate spinors following in the opposite direction
the chosen fermion flow.

e For each fermion line, propagator and vertices use the analytic expressions given in E.18,
E.19 and E.20.

e To find any relative signs between different Feynman diagrams, multiply by (—1) every
odd permutation of the spinors with respect to an already fixed reference order.

As last when we have to compute cross-sections or decay rates we usually average and sum
over initial and final spin state of the fermions involved in the interaction. To do this we use
the familiar spins sum formulas [61]

> ulp, s)u(p, s) = (p+m) (E.21a)

S

> o(p, s)v(p, s) = (p—m) (E.21b)

S

where m is the fermion mass. However when we have to deal with Majorana fermions Egs. (E.21)
are not enough. Using the relations
u(p,s) = Colp, )" (E.22a)
v(p,5) = Ca(p, )7 (E.22b)
which are valid for every spinor that satisfied the Dirac equations, (/f — m)u(p,s) = 0 and

(p+ m)v(p,s) = 0, we can obtain other spins sum formulas that will be useful in processes
which involve Majorana fermions

> ulp, )" (p,5) = (f+m)(~C) (E.23a)
ZS:UT(I% s)o(p,s) = C'(p—m) (E.23b)
ES:UT(P, s)u(p,s) = C'(p+m) (E.23¢c)
i: v(p, s)u’ (p,s) = (p—m)(=C). (E.23d)

S

E.3 Pure Bino LSP annihilation cross-section

Here we compute the tree-level annihilation cross-section times velocity which is important in
the evaluation of the relic abundance provided by a pure Bino LSP, without co-annihilations.

As we said in Chapter 3 the Bino, B, is the fermionic superpartner of the B SM gauge boson.
It is a gauge singlet whose annihilation into a pair of fermion and anti-fermion occurs through

sfermion exchange, in wu/t-channel, BB L ff, where f denotes a sfermion. The associated
interaction terms in the supersymmetric lagrangian are given by

-~ - =Y = - =Y,
Ly =—g fafa B=E — ¢/ fu fuB=2= + h.c. E.24
i =9 /rfr 73 g fufu 7 (E.24)
where ¢’ is the U(1)y coupling constant and Yy, and Y7, are respectively the right-handed and
left-handed fermion hypercharges, defined by

Y,
e T (E.25)

2

where T?L denote the component of the SU(2);, diagonal generator associated to the fermion
fu, and Qy, ; denote the electric charge of the fermion fi, r. The associated Feynman rule for
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the vertex in Eq. (E.24) is

fr.L
/

Y, Y,
= g IRL = jgtan Ow oL (E.26)

V) NG

&
//L

frL

The relevant Feynman diagrams for the annihilation process BB ER ff are the t-channel
diagram

Ba kl f_R,Lv P1
s
|
B.ky  frRL,P2
and, because the two annihilating particles are equals, there is also the u-channel diagram

obtained exchanging the two initial particles

B, k1 JFR,L7P1
dfar

B,kz fR,LaPQ

Following the rules given in Eqs. (E.18), Egs. (E.19) and Egs. (E.20), the amplitude of the
t-channel diagram is equal to

g® tan? 9wa2L . B
20— mZ ) )" af(p1,r1)Prrug(ki, 51)05(k2, 52) ProLvs(p2,72) (E.27)
fL,R

My =

where the k; and s; denotes respectively the four momentum and the spin of the incoming
Bino particles while the p; and r; denotes the four momentum and the spin of the outgoing
fermion and anti-fermion particles; with m Fon We denote the mass of the exchange sfermion.
The u-channel has an amplitude given by

g° tan? OwYF .
_Wﬂf(pl7 r1)PrLrug(ke, s2)05(k1, s1)Pr,Lvs(p2,72) (E.28)
fL,R

M, =
note the appearance of the minus sign in front of the amplitude for the u-channel diagram due
to the fact that we have exchange the two initial fermions. The total amplitude is given by

iMB’B =iM; +iM,. (E.29)

Now in order to find the cross-section of the process, we have to square the total amplitude and
then to average over initial spins, s;, and sum over final ones, namely ones, r;

2 1 1
Masl =72 Maal =1 50 MG+ M. - 2Re [M] (E.30)

SiyTi SisTi

where we have explicited the relative minus sign in front of the interference term.
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We perform the computation assuming massless final state, m; = 0. In this limit the first
term of the sum Eq. (E.30) is

g*tan? Ow Y 3
Z|Mt2—Tf)RTr{?1PLR(/k1+M )PRr.L} X

| Tr{ p2PLr(f2 — Mp)Pr 1L}
_ St A E.31
- m_ﬂ%;)[ (prk1) (p2k2)] (E.31)
(t— M2)?

_ B

= g*tan? 0WYfLR4( 2
where M is the Bino mass parameter. The second term of the sum in Eq. (E.30) is equal to
the t-channel result given in Eq. (E.31), with the variable ¢ replaced by the variable u, thus we
have

fLR

2\2
2 4. 4 . (u—=M3)
Si,Ti fLRr

For what concern the interference term, MUMI , we have that

4 4 4
qg tan ewa
MM = LR
> Z it —m% Yu—m? )

Si,Ti fur
uf(plarl)PLRUB(k%SQ) 5(k1,81)PrLvp(p2, m2) X
Uf(p2,72)Prrvg(ka, s2)ug (K1, 51) Prouus(p1,71)

g tan49WYf n

- Z = Ju—mi )~

fur fur

[tg(k1,51)Pr p1PrLrug(k2,s2)]x
v (k1,51)PrL p2PLrvg (K2, s2).

As it stands there is no obvious way to perform the sum over initial spins using standard trace
technologies. However taking the transpose of the term in the square brackets and using the
spins sum formulae given in Eq. (E.23) we obtain

(E.33)

Ytan Ow Y2
T 9 WL r
2 MM =D S )

SisTi fLR fur

[u (k2782)PL R /f’TPR LUj L(ky,s1)]x
vg(k1,81)PrL p2PLrvg (K2, 52)
g* tan* QwaLR

A, =) o
Te{( k2 — Mp)(— )PLR p{PR LC'(k1 — Mg)Pry p2PLr}

4,4
g~ tan QwaLR

)
Tr{( k2 — Mz)PLr p1PrL(k1 — Mg)PrL p2PLr}

where C is the charge conjugation operator, and we made explicit use of the proprieties of
charge conjugation matrix given in the previous section. Performing the trace we have

Ytan* OwY 2
) r___ WIRR_ 19(pipa) M2
M M t7m2 )(uim2 )[ (p1p2) B]

SiyT5 fL,R

frr (E.35)

5M2~
4, 4 4
=g tan” OwYy . 5
4(t me,R)(

u—mz )
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Finally, summing up all these results, we obtain that the total average square amplitude for

the process BB EiN ff,is

o St W [ (- M) MR 2sM3 (E.36)
BBl — — 2 2 — 2 2 r_ 2 — 2 : :
16 (t me7R) (u me,n) (t meYR)(u me,R)

Now to compute the relic density what we need is the expansion of 055, FpU in terms of
the kinetic energy per unit of mass, e. Thus what we have to do now is to expand the total
average square amplitude, Eq. (E.36), in terms of €. Using the expansions of the Mandelstam
variables given in Eqgs. (E.11) we can expand Eq. (E.36) at the first order in e. Thus, defining
A= (M]2§ + m?;L R), for the first term of Eq. (E.36) we have

(t—MZ)?  4aM} 4M?2 12ML  8M?2
(t — m%B )2 ~ AQB {1 + |:2 _ __B + <]_ + A2B _ AB>C082 HCM:| E}+O(E2), (E37)
fur

while the second term of Eq. (E.36) becomes

u— M?2)? 4ME 4 M2 12M%  8M32
( 23) ~ B{1+ [2— By (1+ B _ B)cos2 QCM]G}—FO(GQ), (E.38)

_ 2 2 2
(u me,R) A A A A

and as last the interference term is equal to

25 M2 84 aAM?2  4MA4
B ~ B 1—- —£ B o520 2). E.
(t—m2 Yu—-—m2 ) A2 [ " < A T a8 fom e +0(€") (E-39)

fur fLr

Note that we have neglected terms proportional to /€ or to €1/€ because they are always multiply
by odd powers of cos 8¢y and they will vanish, upon an integration over d{2. Summing up the

— 9
above equations we obtain the expansion, at first order of the total amplitude | M|, which is

- Ltant Oy Y i 8M2  8M4
\M]Qz—g W i {1+ (1— B

B 2 2
SA? A + e )COS GCM]6+ O(e”). (E.40)
Note the absence of the leading order term in this expansion. This is due to fact that we
have considered massless final states. Substituting Eq. (E.40) in the formula for ov given in
Eq. (E.14) and then integrate over df2, at the first order in ¢ we obtain that

oy SO (1)
BB=[f"— 487Tm?; (1+7)4
L.R

€+ 0(e?) (E.41)

where r is defined as r = M]% /mfgL o In order to obtain the total cross-section times velocity,

this result must be summed over all possible final states, so

g* tan* 9WY,§L,R r(1+1r?)
UBBU ~ Z

4. E.42
487rmfc~LR (1+7r)* €+0(e) ( )

fur

E.4 Pure Wino LSP annihilation and co-annihilation cross-
sections

Here we compute the relevant annihilation and co-annihilation cross-sections times velocity, at
tree-level, which are relevant in the evaluation of the pure Wino LSP relic abundance. We take
into account three annihilating states (W, Wi) with equal mass My, and we assume the limit
My > my, where myy is the mass of the W+ SM gauge bosons. We also assume that all
the supersymmetric scalars, such as squarks and sleptons, and the Higgs scalars (except the
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SM Higgs, h), are more heavier than the LSP. All the relevant processes are summarized in
Table 4.8. The fundamental Feynman rules which we need can be obtained from the general
ones listed in Appendix B with the substitutions Ni1, N13, N14 — 0, N12 — 1 and U1, Vi1 — 1,
(]127 Vis — 0.

The annihilation process between two neutral Winos into final gauge bosons occur via the

~ ~ it
exchange, in t/u-channel, of a charged Wino, schematically WW W, WHW~. The associated
Feynman diagrams are

W, k1 W=, m W,k W=, p
o] o "y
W,ky W7, ps Wokye WT,ps

Y

which are respectively the t-channel and u-channel process. The associated amplitudes are

2

M= —gMZ@(kz, s2)7" (4 + M2)v"u(ky, s1)ev (p2)en(pr), (E.43)
2
for the t-channel process and
g2
My = =30l 517" (4" + M)y u(ka, s2)e, (p2)eu(p1), (E.44)
2

for the u-channel one. In the above expressions the exchange four-momentums are ¢* = kf' — p
and q;L = ko, — p1p. Note that in order to write down the amplitudes for both processes we
have chosen the verse of the fermionic flow from up to down. Using the Dirac equations

(p — M2)u(p) =0, (p+ Mz)v(p) =0 (E.45)
the amplitudes given in Eq. (E.43) and Eq. (E.44) can be rewritten as

2

Mo = 200k, s2)7 ks s1)ew () (0 u(01))

+ 0(ka, s2)7" " prulky, s1)en(p2)en(pr)], (E.46a)
M = — Tl 17wl 26 (02) (0 (1)

+ 0(k1, 51)7" " pru(ks, s2)en(p2)en(p1)]. (E.46b)

Now in order to find the total average square amplitude of the process we first compute the
average square amplitudes for definite final polarization states and then we sum up the various
results. We start by considering the transverse polarizations. Considering the expressions given
in Egs. (E.2) and in Eqgs. (E.1) we have that

e pra=0 (E.47)

and
+ ki
€ k1o = j:ﬁ sinf ~ O(\/e) (E.48)
where with eff we refer to one of the transverse polarization vectors given in Egs. (E.2) and € is
the total kinetic energy for unit of mass given in Eq. (A.25). In particular we ignore terms of
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order /€ because we are interested to find the leading order of the expansion of the cross-section
times velocity in e. Using these results the amplitudes given in Eqs. (E.46) become

g2
thQ
2

iM, = — fM2 (k1 s1)77y" prulks, s2)e; € + O(VVe). (E.49b)

My = (k‘g, 82)’}/ ’)/ /f)l’u,(kl, 81> + O(\[) (E49a)

where with eliH we refer to the polarization vector associated to the vector boson with momen-
tum p; while with eQi# to the one associated to the vector boson with momentum ps. Squaring
and averaging over initial states the t-channel amplitude, we obtain

—a 1 4 *
M= D (97217(/42752)7"7“ prulky, sk, s1) pry°y v(ks, s2)et €5, (eliaezig)

4 = (t—M3)
4
Zél(t_gng)gTr{(/f — M) &5 A i(ki+ M) 1 A A
g* + 4+ + g'miy M3 +
=g agE Tk A A bk b AT - T e AT AT
4 2
T U 4 A kb £ A }+O(M22,e)

(E.50)

where in the last equality we dropped out terms which would be suppressed by the ratio
m#,/M3. Using the Clifford algebra

{77} =2g" (E.51)
the above trace, of eight gamma matrices, is equal to

Te{ o 5 45 b1 v by 57 7 =20 k)Te { k2 45 AT 1 AT7 457}
+mWTr{/f2 /éz /él K1 T *}
2(p1 - k1) (p1 - k) Tr { A5 /é1 C T
=8(p1 - k1)(p1 - k2) [ (egi eli) (6{E Eét)
—(Ga)@ a) (e -ar)(d )
(E.52)

}

where in the second passage we have neglect term proportional to m%v and in the last step we
made use of the formula for the trace of four gamma matrices given in Eq. (E.15). Substituting
this result into Eq. (E.50) we find that

51 k) (pr k) [(65 -6 (6 - e5)”
_ €i ei* ei =+ €i €i* ei_ei* % € )
(G a) @ a) g (dea)) v () E)

2
gt u—
=< +, £) +
2t—M29)( ) O(MQ’s)

2p1 k1) =2(py - ko) = M3 +m3y, —t (E.54a)
2(p1 - ko) = 2(p2 - k1) = M3 +miy — u, (E.54b)

and we have redefined

(&)@ a) (6 a)(ad a)+(G e &)

P(+, £).  (E.55)
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The average over initial states of the square of the u-channel amplitude can be calculated
following the same steps used for the t-channel one, obtaining that

2 g t— M3 2
M| = SR P+, j:)—k(‘)(]\ﬂ7 . (E.56)

The average over initial states of the interference term Re [M;M],| read as

1 4
Re [MM}| = 1 > = M%)g(u— Mzz)ﬁ(kg,SQ)v”v“ pru(ky, s1)u(ks, 52) p17*y vk, s1)x

81, 82

ezltVGg:;L ( itaeg:ﬁ) .
(E.57)

Following the same procedure applied for the computation of the interference for the Bino
annihilation process we obtain that

4
Re M| = — T e = Me) & A hi(k+ M) 7 4 )

4

9
4(t — M32)(u— M3)

Tr { ko ol N /é1i*}
(E.58)

where in the last step we used the Clifford algebra and we neglected term proportional to m¥,.
The above trace can be performed following the same method used above obtaining

(p1 - k1) (p1 - k2) * . .
Re J\/[tJ\/[T = —2g 4( — M22)(u — MQ) [(ei ef) (61i . eQi) — (62i eéﬁ ) (ef 61i )
(e ) (e )] +0(e (E.59)

- —%ﬂ)’(i, +) + 0 (e)

where we used Eqs. (E.54) and the redefinition
[(e . eli) (efE . 63:)* - (63: 62i*) (eli . f*) + (63: eli*) (Git eét*)] =P'(4, +) (E.60)

The possible transverse polarizations are the four configurations (+, —), (—, +), (+,+), (—, —)
and using the definitions of P(+, +) and of P'(£, £), respectively given in Eq. (E.55) and
Eq. (E.60), we can observe that

P(+,—) =P(—,+) =2, P(+,4+)=P(—,—)=0 (E.61a)
P(+,—) =P (=, +) =P (+,+) =P (-, —) =0. (E.61b)
For what concern longitudinal polarizations, taking into account the approximation for

the longitudinal polarization vector given in Eq. (E.4) and substituting it into the ¢-channel
amplitude given in Eqgs. (E.46a) we obtain that

2
iMpL = : _9M2 [20(ky, 52)7” u(kl’sl):zw (g p)
v m2
O(ka, s2)7"y* /ﬁlu(klasl)%]—k@(ﬂé)
- L[217(76‘2 s2) pou(ks 81)(q-p1)
t— M2 : )T .
2 .
+U(k2,82) ﬁQFyM /f)lu k1,81 (]\4”5)
2
: 2
9 (k1 -p1)
-3 {2 my 1} 0(ka, 52) paulk, 51) + (Vé’)
2
g~ _ mW
= ———0(ko, s2) poulky,s1)+ 0O ( )
m%/V M2
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where in the last passage we used the relations given in Egs. (E.54). Following the same steps
the u-channel amplitude given in Eq. (E.46b) becomes
LL g m;
M, = Wﬁ(k1781)7”7“ Pru(ks, s2) +0 <M‘5> (E.63)
w 2

which using the relations given in Egs. (E.22) can be recast as

[V

NLL __
M =

<

2
(k1,51) pou(ks,s2) + 0O <WJ\ZQV>

NJ%[\.’J

[0(ky, 51) pau(ks, s2)]” + 0O <7]T\22/>
(E.64)

[0(ka, s2)CT p3 Culky, 81)]T +0 (m%g)
M2

SREIRNEIRNETE
S S

_ mi
= %U(kg, 82) /fjg’u,(kl, 81> + O (é)

where in the last line we used the proprieties of the charge conjugation operator. Thus summing
up the two amplitudes we get that

2
IMEL = i MEL 4+ iMEE > 0 (”};%) (E.65)
2

So in the limit where M2 > m%[, and at the leading order the non-relativistic expansion, we have
that the longitudinal polarizations do not contribute to the total amplitude of the annihilation

. . T
process WW W=, WH+W—. Note that the amplitudes for the emission of one longitudinal and
one transverse vector boson give rise to an identical result. In fact taking, for example, e’ (p;)
and ¢*(py) we would obtain the same result as above with the vector ¢*(py) in place of ps.

~ ~ +
In light of this the total average square amplitudes for the process WW N WHW s

Vgl = S VG + VG + 2Re [V (F.66)

(+4)

where the sum runs over all possible transverse polarization configurations because the lon-
—2 —2
gitudinal ones are of order m3;, /M3. Thus using the expressions found for [M;|", |M,| and
Re | MM}, |, and exploiting the results found in Eqgs. (E.61), we obtain that
4 2
g u— M;
P+, +) + =
(&, +) + 2 t— M2
2 2 2
g u— M; g t— M my
2 o5,
iz 0 e P\ e

2
Pk, +) - g P(&, £) 4 O (’”W )
M2

(E.67)

where in the last step we used the expansions of the Mandelstam variables given in Egs. (E.6).
Substituting this result into the cross-section times velocity formula given in Eq. (E.14) and
integrating over d2 we find that

4 2
qg mW

Now we go further computing the cross-section times velocity, at the leading order in the
non-relativistic expansion, for the co-annihilation process between a Wino LSP, W, and a
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charged Wino, W*. The possible final states of this annihilation are summarized in Table 4.8.
We start from the process WW* — ZOW=. The tree-level Feynman diagrams are

Wi,kl Zo,pl W:t;kl Zoap2
>Mvzi<
W .
W, k2 Wiapl

W7 k2 W:t y P2
The t-channel process has an amplitude equal to

M, = LW ok Yulk
iMy = m[ 0(ka, s2)7 u(k1, s1)€n(p2) (¢ €4(p1))
+ (K2, s2)7" " prulks, s1)ev(p2)eu(pr)]

while the s-channel process has an amplitude given by

, Zew § ki + ko) (k1 +k2)u] va
M = LW (0, 0)9 (k1) | g+ B ED IR e ey ) (E09)
Sme mW

where for the massive vector boson propagator we used the Feynman rules given in Appendix B.
Note that both the t-channel and s-channel amplitudes are obtained choosing the verse of the
fermionc flow from up to down. The tensor I'?®# is defined as

e = (g% (p2 = p1)” — 7 (2p2 — p1)* + g™ (2p1 +p2)”] . (E.70)

Using the Dirac equation and the fact that the masses of W and W¥ are equal, the s-channel
amplitude reduce to

2
C
O Bk, $2)7 (R, $1) G TP ea(pr)es(pa). (E.71)

S — My,

Mg = —

As first we compute the average square amplitudes for specific final polarization configurations
and then we sum up, the various results. We start by considering the transverse polarizations.
Using the relation in Eq. (E.47) and the explicit form of the tensor I'”*% the s-channel amplitude
on transverse polarization read as

gew

M, = *W”E(k27 so)vHu(ky, s1) |:(€2:t ef) (p2 *p1)u — 26§tu (pg . eli) + 26:1|:# (p1 eQi)]
w

2. m2
~_9 Swl_’(k2752)7uu(k1751) (fzi : ﬁli) (p2 *pl),t +0 <W> .
(E.72)

This expression can be further simplify using the Dirac equation and the four momentum
conservation, obtaining

M, = —2922W@(k2732) pau(ky, s1) (ﬁzi . ef) +0 (Tj‘;) . (E.73)
2
The average over initial states of the square of this amplitude is equal to
L = C0 (e = 3 daC M3) ) () ()
=4 e b o )+ () (B.74)

4

QC%V 2 o (L _E)[2
=2 =2 (thQ)(ufMQ)’(e2 ~61)| +0

)

S
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where as usual we with €; o we refer to the polarization vectors associated respectively to the
outgoing gauge bosons with momentums p; 5. The t-channel amplitude given in Eq. (E.69) on
transverse polarization read as

g’ew

A —
R th2

0(ka, $2)7"y" prulky, s1)e; e + O(VVe) (E.75)

where we dropped out terms which are of order y/e. In order to calculate the average over initial
states of the square of the ¢-channel amplitude given in Eq. (E.69) we can exploit the result of
Eq. (E.53), so using the right coefficients we get that

‘2 gt u— M3

| M > T P+, i)+O<M2, ) (E.76)

As last the average over initial states of the interference term Re [M;M{] is equal to

1 42
Re [ MM} | = 1 Z —297%17(]?2782)7’}7“ pru(ky, s1)u(ks, s1) /ﬁzv(k27$2)€f5fx

—_ 2
s (E=My)
+ =+ mj
(62'61) +O<M27>
:EZQﬁ@(k $2)77 " prulky, s))alky, s1) prv(ks, so)efer x
1 (t_MQQ) 2,52)7 Y 1U(F1, 51 1,51) P1U(R2,52)€, €,
51,52

2
() +o (o)
4 .2 2
= %Tr{(/@ — M3) f2 f1 pr( K1+ M3) po} (5 )+ 0O <M2(]:: 7)7)

where in the second passage we used the conservation of the four momentum and the Dirac
equation. Computing the trace with the help of the Clifford algebra, we obtain that

2 m2
Re [M;M (tg Z\ZV) (k2 - p2) (k1 - p2)] |(62jE : 61jt)l2 +0 <Z\4V;2/a €>
4

QC%V + + 2
= (u M2)|(€2'51)| +0 MQ?

(E.78)

where we made use of the relations given in Egs. (E.54). Now we consider the amplitude
for the emission of two longitudinal boson in the limit £ > m3,. The ¢-channel amplitude
for longitudinal polarizations is similar, apart for the vertex coefficients, to the one given in
Eq. (E.62) for the two neutral Winos annihilation. So we have that

2 2
MEE = Ly s52) ol 1) + 0 ( i ) (£.79)
w

Substituting the approximation given in Eq. (E.4) into the expression of the s-channel amplitude
given in Eq. (E.71) we obtain

2
MLL — _ g ‘w k k VFyaﬁpl aP2p o
1M 7simw U(k2, s2)v"u(ki, s1)g, m2, + M2
2C m2
= — L0k, s2)7" ulky, 51) [(p;n P) 1} (p1 — p2) + O (Mvg) (E.80)
w 2
2, . m2
= 29 SW/I_)(ICQ,SQ) /{)Qu(khsl) [(p:n%j/h) :| +O <M2>
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where we used the explicit expression of I'V®#, the conservation of the four momentum and the
Dirac equation. Remembering that 2(p; - p2) = s + 2m%,[, the above result becomes

2 2
ZM?L — ng (k‘Q,SQ) /{)gu(kl,sl) + 0 <M2> (E81)

Summing the ¢-channel contribution, given Eq. (E.79), with s-channel the one, we have that
m2,
iMEE = iMEE i ~ 0 ( e ) (E.82)

and as a consequence up to correction of order mW /M2 the longitudinal polarizations do not
contribute to the total amplitude of the process WW= — ZOW=. Note that we have a similar
result for the emission of one longitudinal and one transverse vector bosons. Thus the total
average square amplitude, , for the annihilation process WIW* — ZOW=, at the
leading order in € and m#, /M3 is determined only by the transverse polarization configurations.
So we get

}Mzowif: Z !EI2+|E\2+2Re MM

()

== gCW“ M2 > i)+2
(£ +) B

42

(t_Mz)(“_Mz)‘( 3 6ft)|

4

2 2
gie méy,
+ 2 SW(U—M22)|(€2i'€1i)| +O<M22,e>

M gC g 2 2
— 2ty Yo AT - M- ) 4T - ) o (G

M3’
2
:ch+O<M27€)

(E.83)

where we used the results for |Wt|2, |E|2 and Re MtMl . Note that in the last two steps we
used the relations given in Egs. (E.61) and Egs. (E.5), and the expansions of the Mandelstam
variables given in Egs. (E.6). .

_ From Table 4.8 the other process which contribute to the co-annihilation between W and
W= is WW* — yW=, where v denotes a photon, which has associated Feynman diagrams

W:t Ky Y, P Y, P2
I 7p1
W k2 7P2

Choosing the verse of the fermionic flow from up to down and using the Feynman rules given
in Appendix B the associated amplitudes are

2
. 5 _ y
M, = LW 120k, s2)7"ulkr, 51)e (p2) (4 €(p1))
t— M2
+ 0(kz2, 82)7" " prulk, s1)en(p2)en(pr)]
for the t-channel process and

BV, = =Lk o) (s, 1) TP (1) () (E.81)
S mW
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for the s-channel one. Note that apart for the vertex coefficients these amplitudes are identical
to the one given in Eq. (E.69) and in Eq. (E.71). Therefore following the same procedures used
above we obtain that on transverse polarizations the average of the square amplitudes and of
the interference term are respectively equal to

—2 gc u— My M? m?
12 v A2\ e AV (L £ (2 ﬁ b
M| = (t—M3)(u— M3)|(ez - )| +0 i (E.85b)
2
Re (MM} | = ng(ufM2)|(i )| +0<M2, ) (E.85¢)

Furthermore also here the total amplitude for the emission of one transverse and one longitudinal
bosons' is of order (m¥,/M3) and so don not contribute to the total amplitude of the process.
Therefore as above the total average square amplitude for the process WwW* - YW= is equal
to

el = 3 Pl + P + 2Re o]

(x+5)

w— M2 442 442 m2
=2g%sY, - M§ +4982W (t — M2)(u— M2) + 47 SW (w—M2)+0 (MV‘Q’, e)
2

2
gSW+O<M23 >
(E.86)

The last process which contributes to the co-annihilation between W and W+ is WIW* — fy, fi
where with f1, and f{ we denote two SM left-handed fermions®. The Feynman diagram for this
process is

W:tvkl fLapQ
W
W7k2 f[/,7p1

with associated amplitude given by

92

V(s — i)
2

= —W@(km so) v uky, s1)u(p1, 1) v Pro(p2, 72)
- w

(k1 + k2)u (k‘l + ka),,

mi,

My = 0(k2, s2)7"u(ky, 51) [—gpu + w(p1, 1)y PLu(pe, r2)

(E.87)

where we have chosen the verse of the fermionic flow from up to down for both the fermion
chains and we used the Feynman rules given in Appendix B. Note that the second term in the
square bracket can be removed using the Dirac equation. In the limit My > my, m; where
with m; we denote the mass of an outgoing fermion, the average of the square amplitude given

INote that, here, this is the only possible configuration which involve longitudinal polarizations; in fact the
photon, being a massless gauge boson, has only two transverse polarizations.
2Note that from charge and flavor conservation the possible couples of SM fermions are

(e, ve), (s vu), (Tyv7), (g, d), (¢, 5), (¢, b).
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in Eq. (E.87) is equal to

2
* = LUy~ Mo o+ M Y i)+ 0 ()

4
= 2;{(% -p2) (k2 - p1) + (k1 - p1) (k2 - p2) + (p1 - p2) M3
(E.88)

2
— ieapu [R5 + kgkY — 9" (k1 - ko) + M3)] pips } +0 ( >

M3
4 2\2 2\2 2
g* [ (u— M35) (t— M3)
—52[ g Tyt Ms| 40 M2

where we used the trace formulae given in Egs. (E.15). Note that the term proportional to the
antisymmetric tensor €,g,, vanishes because of the symmetry, under the exchange of u < v
indices, of the tensor [k5kY + k¥kY' — g"”((k1 - k2) + M3)]. Substituting into the above result
the expansions of the Mandelstam variables given in Eqs. (E.6) we find that

2:+0(M2,>. (E.89)

To find the total cross-section for the co-annihilation among W and W= we have to sum the
total average square amplitudes associated to the various contributing processes. Note that this
is possible, at this level, because in the assumed limit (Ma > my, mzo, my) the final states
can be considered all massless and so the phase spaces associated to them would be identical.
Thus the total average square amplitude for the co-annihilation between W and W is

| M 5

(- |2 = ZNchf'}Z + | M, |2 + | Mzo s |2
TNz

m3,
=6g"+ g'cly +g'sty + 0O ( ) (E.90)

M3’
2
=7 O
s+ ()

where we used the results given in Eq. (E.83), Eq. (E.86) and Eq. (E.89). Note that in the
above expression the sum run over the admitted final SM fermion states and N, is a colour
factor, which is N, = 3 for quarks and N, = 1 for leptons. Inserting this expression into the
cross-section times velocity formula, Eq. (E.14), we obtain that

7g* miy
OV = +0 JE€ . E.91
WW=ETT 32n M3 <M22 (E.91)
Now we go on computing the co-annihilation between two charge Winos with opposite
charge. The processes which contribute to this co-annihilation are listed in Table 4.8. We start

by considering the process WEWTF — WEWTF, which is described by the following Feynman
diagrams

Wk W* p W ky £, p2 W=,k £, pa

M (E.92)

W
W:F7p1 W:F k2 W:F7p1

W:FJ k2 W:Fap2

The related amplitudes are equal to

g2

A
Ry

[217(k327 SQ)VVU(kla 81)6V<p2) (q . €u<pl>)

+ 0(ka, s2)V" " pru(ks, s1)en(p2)en(pr))
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for the t-channel process,

920%/[/ (kl + k2),u, (kl + k2)u

iMg 70 = Wﬁ(k%@)v“u(/ﬁ,sl) —Guw + m2, I*Peq(p1)es(pa)
928W — vaf
= ————50(k2, 52)7"ulk1, 1) g T ea(p1)es(p2)
s—my,
(E.93)
for the s-channel process mediated by the Z° boson and
g2s2
Mgy = *ﬁ@(kg,@)y”u(kl,sl)gw F”aﬁea(p1)65(p2). (E.94)
w

for the s-channel process mediated by the photon. Note that in the expression for the amplitude
mediated by the Z° boson we used the Dirac equation. As usual we compute the average over
initial states of the square amplitudes and of the interference terms for definite final polarization
states. As first we consider the transverse polarizations. Exploiting the results found for the
previous processes it is possible to argue that the average of the square amplitudes and of the
interference terms on transverse polarizations read as

4.2 2 2
—2  g'ciy u— M; My
|M|” = SRS P££)+0 <M22 , e> (E.95a)
4.4 2
—2 g-c 2 m
M 20" =2 52W (t—M3)(u—M3)|(e5 - &) +0 <MV2§> (E.95b)
2 94S€V 2 2\ (£ _*)|2 m%[,
M, |" =2 = (t—=M3$)(u—M3)|(e3 -e7)| +0O 5 (E.95¢)
2
4.2 2
Re [MM, 70| = 9w EW (w—M2)|(£ - E)|* + 0 (’;\”‘g e> (E.95d)
482 m2
Re | MM, 1| = g W - M3)| (e )P +0 (]\}25 e) (E.95¢)
S — 4.2 .2 2
g Cyys 2 m
Re [M ZUMM*_ = 2%@ — M3)(u—M3)|( - €)| +0 <MV§> . (E.95f)

For what concern the longitudinal polarizations, replacing the polarization vectors with the
approximation given Eq. (E.4) into the three amplitudes given in Eq. (E.93), Eq. (E.93) and
Eq. (E.94), and applying the same methods used in the previous cases we find that

Mt = —ﬁﬁ(/@, s2) poulky, s1) + O miy (E.96a)
miy Mj
. 202 m2
MLy = CW oy 5) foulk, 1) + O <Mvg> (E.96b)
w 2
. 242 m2
ZMsL»e =9 QWI_)(kQaSQ) bpau(ky, s1) +0 (Vg) . (E.96¢)
mW 5

Thus summing up together these contributes we have that

2
iMPE =M i L + il =0 <’Eg> (E.97)
2

and so as occurred for the previous processes the longitudinal bosons, in the assumed limit,
give a contribution which is of order (m#,/M3). Therefore the total average square amplitude
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for the annihilation process WEWF — WEW T becomes

> NG|+ Moz |” + VG| + 2Re [MA 207 | +2Re [0, ]

(£ %)
+2Re [ M, zoM, '
g W(t—M2><u—M2>

M= we|” =
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=2g%c}, t_Mg +4 SW(t—M2)(u—M2)
4.2 4.2 2 2
+4M(u—M§)+4M(u—M§) + 8L WEW (4 A2 (u— MZ) + O <T]’\‘4V2V e)
s s s 3

2
4 myy
g 10 ( )
M3
(E.98)

where in the last step we used the expansion of the Mandelstam variables given in Eqgs. (E.6).
The other processes which contributes to the co-annihilation among W+ and WF are WEWF —

v, WEWF = 2920 and WEWF — 4~ with associated Feynman diagrams given by

W kl Z07p1 W 7k1 Zoapl

Wi7]€1 Zoapl Wi,kl 7 P1
Wi WI I Wi
ZOaPZ

WH ky Z%ps WFky Z%ps  WTF ky

W k’l Y, P Wi, kl Y, P1

V~V¥7k'2 7, P2 W$,k2 s P2

W:F7 kz Y, P2

Choosing the verse of the fermionic flow from up to down, we have that the related amplitudes

are equal to
92CW3W _ v
[20(ka, s2)v"u(k1, s1)€u(p2) (¢ - €u(p1))

iMy 70, = W
+ 0(ka, s2)7" 7" prulky, s1)ew(p2)en(pr)] (E.99a)
gchSW[ 0(ka, s2)y u(k1,51)e(p1) (¢ - €u(p2))
(E.99b)

Muzor ="z
+ 0(k2, 52)7"Y" paulk, s1)en (p1)en(p2)]

for the process WEWT — Z0~,

_ 202 - ,
My o0 = 73y 20k, 527wk, s1)e (p2) (4 - eu(pr))
2
+ 0(ka, s2)7" 7" prulky, s1)en(p2)eu(pr)] (E.100a)

€u (pQ))

9’y o v !
[20(ka, s2)v"u(k1, s1)eu(p1) (¢

M, zoz0 = - M22
+ 0(ka, s2)7" " paulky, s1)en(p1)en(p2)] (E.100b)
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for the process WEWF — 2020 and

) 282
iMiyy = LW 190k, 85)7 ulkr, 51)€w (92) (4 - (1))

t— M2
+ 0(ka, s2)7" " pru(k, s1)€n (p2)en(p1)] (E.101a)
' 22 ) V
My = g 1200, 5207 ulhs,s1)ew () (0 u(r2)
+ (ka, 52)7"y" pau(ky, s1)en(p1)en(p2)] (E.101b)

for the process WEWF — ~vv. In the above expressions the transferred momentum ¢’ is
qL = ki, — p2u. Noting that the amplitudes just given, apart some vertex coeflicients, are
identical to the ones given for the Wino annihilation process, see Eqs. (E.46), we can use the
results found above to write down the average over initial states of the square amplitudes for
transverse polarizations. In particular note that for the u-channel processes the first term of
the amplitudes is unimportant for transverse polarizations. Thus on transverse polarizations
we have

4.2 2 2
yzzgswcwu—MQ:P

2
m
| M 70, 5 T (+, i)+o(v2g,e> (E.102a)

4.2 2 2 2
2 g sycy t— M miy
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i 9 St Civ miy
Re [Mo 020 o, | = ~ S50, ) 10 (K € (E.102c)
for the process WEWF — Z0~,
4.4 2 2
2 g Cy u— M; miyy
Mt 7070 = :P(i, i) + O (7 6) (E103a)
‘ | 2 t— M3 M3
4.4 2 2
2  g'cy t—M; miyy
| My, zoz0|” = SR P(£, £)+ 0O (Mg e> (E.103b)
gl m2
Re {Mt 7020 M z0zoJ — 2W P+, +) + O (MVg € (E.103c)
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for what concern the process WEWF — 2020 and

)
2 B, )+ 0 (mig
(

4.4
—2  gsy u— M.
|Mtw| = 2W t— M2 M2 6) (E.104a)
4.4 2 2
—2  gsy t— M. m
Moy | = =5 — M'} P(£, £) + 0 F? e> (E.104b)
T 945?/1/ / m%/V
Re [MWMW = LW (1) + 0 <M2 : e> (E.104c)
2

for the process WEWT — v7y. The longitudinal polarizations as in the previous cases, in the
limit where My > my do not contribute. To see this we can substitute the approximation
for longitudinal polarization vectors given in Eq. (E.4) into the various amplitudes given in
Egs. (E.99) and Egs. (E.100)?. Thus for example the amplitudes in Egs. (E.100) on longitudinal
bosons read as

NrLL 9>y mé,
iMy Zoz0 = — " 0(ka, s2) pou(ki,s1)+ O (MQ) (E.105a)
w 2
NLL g*cly miy
iMy, Zoz0 = — 2, 0(ka, s2) pru(ky,s1) +0O (]\/[22)
9y m,
=+ " ’T}(kg, 82) /f)g’u,(k‘l, 81) + 0O (M2 ) (E105b)
w D)

3Note that these arguments do not apply to the process WEWTF — vy because the two final photons can
have only transverse polarizations.
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where in the last step we used the conservation of the four momentum and the Dirac equation.
The sum of the two contributes is

2
. ) . m
IMEE ) — iMEEy o 4 iMEE 0 = O (Mvg) (E.106)
2
which shows that, at the leading order, the longitudinal polarizations do not contribute to the
total amplitude. Note that a similar result can be found for the emission of one longitudinal
and one transverse boson final states. As a consequence the total average square amplitudes
for the processes WEWT — Z0y, WEWT — 2020 and W*WTF — 4~ are respectively equal
to

Naonl* = > Wz |” + Mo zos]” + 2Re [ M 20, M, 20, ]
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2 2 2
9 |u—Ms; t—DM;
=2ty [F 3+ ] 4o (o)
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44 |u—M; t— M miy
2gCW|:t_M2 +U—M22 +O M27

= dg*ch, + 0O (M22 : ) (E.107b)
|M77’y|2: Z |Mtw‘ +|Muw|2+2Re Mthu'wT
(£4)
= 2g%sd, [?_Aj\ﬁ + i_]\j\g} +0 (Tj‘g )
= 4g%st, + O (MQQ ) (E.107¢)

From Table 4.8 the last process which contributes to the WWTF co-annihilation is WEWF —
f f where as usual f denote a SM fermion. Not that now the final states are fermion anti-fermion
pairs. The Feynman diagrams which describe this process are

W L kq
W¥ , ko [ VVI , ko

which have amplitudes equal to

2
. g _
iMgo pp = 72(5 = m%jv)v(kg, so)vHu(ky, s1) [glw +

(k1 + k2), (k1 + k2)u] y
m%,
a(p1, )y (PL— 2€q5%/V) v(p2,72)

2 m,
—%17(]{2, so) v u(ky, s1)a(p1, 1) Y (PL - Zeqs%,v) (p2,72) + O ( 2 ) (E.108a)
2

. 8
My pf = i SW v(kz, so)y"u(k1, s1)a(p1,m1)7uv (P2, 72)- (E.108b)

where with e, we refer to the electric charge of the outgoing fermions in unit of e. Summing
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these contributions we have that the total amplitude for the process WEWF — ff is

2 my (E.109)
= gislf}(k27SQ)’YHU;(]C17Sl)a(pl,rl)’y“PL’U(p27r2) + O (]\4{/‘;) )
2

Thus using the result found for the process WIW* — f_}: fi given in Eq. (E.89) we have that
the total square amplitude for the annihilation between W*W T into final fermion anti fermion

pairs is equal to
4 _ M2)? £ M2)2 2
P = L [(“ : 2)” | 22) +M§s]+o<’;\?§>

(E.110)

Remembering that in the limit where My > mw, mzo, my all the final states can be con-
sidered massless, to find the total cross-section times velocity for the co-annihilation between
WEWT, we sum all the total average square amplitudes of the various contributing processes
and then we substitute the result into Eq. (E.14). So using the results given in Eq. (E.98),
Egs. (E.107) and Eq. (E.110) the total average square amplitude for the W=W¥ co-annihilation
is

. 1 1
L e A K i ey e e K P = e
f

2
= 69"+ g* + 29" (2 sy +cly +shy) O (m ) (B.111)

w
M2
4 m%{/
=9¢g +O< ,e).

M3

where NV, is the colour factor defined above. Note the appearance of the pre-factor 1/2 in front

of |Mzo Zo|2 and ’M'w|2- This is a symmetry factor which is due to the fact that the final
particles are equals. Substituting this result into Eq. (E.14) we find that

9g* my,
Ozl = ESLSVE +0 <M22 NP (E.112)

The last co-annihilation process which is important for the computation of the relic density
associated to a pure Wino LSP, is the one between two charge Winos with identical charge,
schematically WEW+ — WEW=. This process can occur only via t/u-channel exchange of a
neutral Wino. The related Feynman diagrams are

Wiakl W:t7p1 Wi;kl Wi7p1

w W

Wiv k2 WiapQ Wi, k2 WiapZ

with associated amplitudes given by

iM, J [20(k2, s2)7"u(k1, s1)en(p2) (q - €4(p1))

T t— M2
+ 0(ka, s2)7" " prulky, s1)en(p2)en(p1)], (E.113a)
2
My = ———[20(ky, 51)7"ulka, $2)6n(p2) (' - €u(p1))
u — Ms;

+ 0(k1, s1)7" " prulks, s2)en(p2)eu(pr)]- (E.113b)
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Note that, because we have assumed that W and W+ have the same mass, these amplitudes are
exactly identical to the one given in Egs. (E.46) for the annihilation between two neutral Winos.
Therefore performing the same steps as above the total average square amplitude associated to
the process WEWE — WEW= is

2
|MW1W1’ =4g"+0 <M2 5 6) (E.114)
and so substituting this result into Eq. (E.14), the cross-section times velocity is equal to

1 gt 2 gt m2
T+l = 5 <87rM22> +0 (M2 , 6) = 16702 +0 (M22 , e) . (E.115)

where appears the symmetry factor 1/2 because the final particles are identical.
Summarizing we have that the total annihilation/co-annihilation cross-sections times veloc-
ity at the leading order in € and m?, /M3 expansions, for a Wino LSP are

it = 8:;422 +0 <"Af§ e) (E.116a)
TV = 3219;422 +0 (mig e> (E.116b)
Ot wFl = 32?1_9;422 +0 (m%;z,7 6) (E.116¢)
Oy = 1&{;\422 +0 (ﬁg e) . (E.116d)

E.5 Pure Higgsino LSP annihilation and co-annihilation
cross-sections

In this section we compute the relevant cross-section times velocity for the evaluation of the relic
abundance associated to a pure Higgsino LSP. We consider annihilations and co-annihilations
among four Higgsino states with equal mass |u|, namely Hy, H,, H* where H; and H, are
defined in Eqs. (4.86). In the computation we assume the limit where |u| > my and we take
heavy supersymmetric scalars. The various processes are listed in Table 4.5.

The relevant Feynman rules which involve the four Higgsino states can be deduced from the
general ones given in Appendix B with the substitutions N14, N3, Nog — 1/v/2, Noy — —1/v/2,
Ni1,Nis — 0 and Uso, Voo — 1, Uyg,Vis — 0. As we will see many processes will have
amplitudes which, apart some vertex coefficients, will be similar to those encountered in the
previous section, and so, in the next, we will often refer them.

Looking at Table 4.5 the first process which we take into account is the annihilation between
two Higgsino LSP*. This annihilation can occur via t/u-channel exchange of a charged Higgsino,
H* , into charged SM vector bosons, W= , schematically H1 QH 1,2 = VVi WF. The associated
Feynman diagrams are

H1,2,k1 W, p1 Hl,z,kl W, p1
Y |a i |d
Hiz ks WH po Hio ke WH ps

)

4Note that because we assumed that H; and Hy are mass degenerate the annihilation process among two
Higgsino LSPs is identical to the one between two Higgsino NLSPs.



134

Thus we have that the associated amplitudes are

2
iMywews = ﬁ[%(kza s2)7" u(ky, s1)en(p2) (q - €u(p1))
+ 0(ka, 52)7" " pru(kr, s1)en(p2)en(p1)], (E.117a)
iMy wrws = —ﬁ[%(kh s51)7 u(kz2, s2)e,(p2) (¢ - €4(p1))

+0(k1,81)7" " pru(ke, s2)en(p2)eu(p1)]- (E.117b)

Using the results given in the above section for the annihilation process WW — WEWF, we
have that the average over initial states of the square amplitudes and of the interference term
for final transverse polarizations, are equal to

- 2
_ t 2
Mo wewe| = % u_“ P(+, £) + O ("ZLW e) (E.118b)
2
Re {MtWiW;MLWiWJ - iP’(i i)+0( - ,e). (E.118¢)

The longitudinal polarizations, as occurrcd in the Wino annihilation case, also here give a
contribution which is of order mW /p?. Thus the total average square amplitude associated to
the process H1 2H1 2 = W WTis equal to

MW:EW¥|2 — Z ’Mt W:th:|2 + }M’U‘ W:th:|2 +2Re \‘Mt W:thZML WiW:FJ
(ii

2 2
K my
-5 [ il o () .

%o (u )

where we used the relations given in Egs. (E.61) and the expansions of the Mandelstam variables
given in Egs. (E.6).

The annihilation between two f{l,g can also occur via t/u-channel exchange of a neutral
Higgsino, ﬁz’l, into two Z° bosons, schematically HLQFILQ — 7970, The associated Feynman
diagrams are

Hio ki Z%p Hiz, kv Z°,p;
f{2,1 lq f{2,1lq/
Hyo, ke Z°,p2 Hyo, ke Z°,p2

note that the exchange Higgsino must be different from the annihilating ones i.e. if the an-
nihilation occurs between two H; the exchange Higgsino would be H, and vice versa. The
amplitudes for the ¢ and u channels are

92

iMy gozo = m[%(kxsz)v u(ky,s1)e(p2) (q - €u(pr))

+ 0(ka, s2)7" 7" prulks, s1)ev(p2)en(p1)], (E.120a)
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+ (k1 s1)7"Y" prulke, s2)e(p2)en(p1)]- (E.120b)
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Exploiting the results for the process H 1,2H 1,2 = WEWT we have that, for transverse outgoing
bosons, the average over initial states of the squares of the amplitudes just given are

NG, z020| g’ NT&:”+O<%/Q (E.121a)
070 = —_ .
Lz cW32 t— 12
M | gt t—i _P(+, £)+ 0 ( miy e) (E.121b)
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uatz cW32 u— p? 12
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€ |:Mt ZOZOML Zozo | = C ﬂ)/(:l: :l:) + O ( M 3 6> . (E121C)
W

As before the contribution of the longitudinal polarizations to the total amplitude is of order
m¥, /p?, this can be seen applying the same procedure used for the annihilation between two
Winos, see Eq. (E.62). Thus the total average square amplitude for the process Hq2H1 2 —
7970 is

’J\/tzozo‘2 = Z ’Mt Z(Jzo’2 + ’Mu ZOZ0’2 + 2Re {Mt ZOZOML ZOZOJ
(££)

4 2 2 2
e {“ Pt “2} Lo <mgV 6) (E.122)
w8 I

t—p?  u—p
4 4 2
g myy g 2 \2 myy
=40 =>(1+t¢ O —
04‘14/4+ (ﬂ2 76) 4( + W) + (,U/Q 76)

where in the last step we have used the identity 1/c%, = (1 + t3,).
Therefore the total average square amplitude associated to the annihilation process between
two identical neutral Higgsinos H; o and H; o is

1
= ’MWi we| + 5 Mzo 2|’

+g§(1+tw) +o<u ,e) (E.123)

3 t4 2
t — O .
{2+W+2]+ (u’6>

where as usual the term associated to the process with identical final particles is multiply by
the symmetry factor 1/2. Substituting this result into Eq. (E.14), we find that the cross-section
times velocity for the annihilation among two identical Higgsinos at the leading order in € and
m¥, /u? is equal to

9" [3 ot 2
THio 2" = 1972 [ il +2}+0<“ a€>~ (E.124)

Now we move on considering the co-annihilation between H, 2 and ]~{2 1. From Table 4.5
can see that the final states can be two charged vector bosons of opposite charge, or fermlon
anti-fermion pairs, schematically H1 QHQ 1 — WEWTF and H1 2H2 1 = f f. The Feynman
diagram associated to the former process are

Hl,zakl W:tapl

~ H1,27k1 W, ps
1 >MZ°W<
Hyp,ke WTF,py  Hap, ko W=,

(E.125)
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with associated amplitudes

2
iM, = 2(tg_ 12) [20(k2, 52)7" u(k1, s1)€u(p2) (¢ - €u(p1))
+ 0(k2, s2)7"y" prulky, s1)en(p2)en(p1)l, (E.126a)
2
. g — ro
Mg = *mv(k% 52)’7“11,(]431, Sl)g,uz/ r BEa(Pl)Eﬁ(pz) (E126b)

where T7*? is defined in Eq. (E.70) and in the last amplitude we used the Dirac equation. The
associate square amplitudes and interference terms averaged over initial states and considering
final transverse polarizations, are

4. 2
VG| = % ;‘_ 52 P(£, £) + 0 < , > (E.127a)
4 2
V| % (t— 1) (u—p?)| (5 - )P + 0 (W) (E.127b)
4 2
Re |MM!| = Z—S(u - /142)|(6§: : ef)|2 +0 (TZ‘;V, e) (E.127¢)
(E.127d)

Summing up these contributions we have that the total average square amplitude for the the
process H1 2H2 1= WEWT is

Muweswe| = Y P6|” + [0]" + 2Re [MM]

(£=£)

4 4 4 2

g g g myy

-4 44 _J Lo E.128
AN (M) (E.128)
4 2

_9 myy

= (o)

The other process which contributes to the co-annihilation between H 1,2 and ﬁ2,1 is H Lgf[ 21 —
ff, with associated Feynmna diagram

gl,Q;kl f_ap2
>WZOM<
Hy 1, ks f,p

and amplitude

2 2

; _ _ m
iMpp = —ﬁwsv(kg, so)v* u(ky, s1)u(pr, m1)vu (Pr — 2eqs7y ) v(p2,72) + O <M‘;V> . (E.129)

The total average square amplitude associated to the above result is

4 2\2 2\2 2
9 _ t—
Vs |* = = [1 - 2eqs%y + de2siy] wop)” y G i) +uls| o TW
16¢y;,5 2 2
) ) (E.130)
g —4 —|—16€ sk ] + 0 mW €
= e s —_— .
16¢5;, [ W w u2’

Thus summing up the contributions of the processes ﬁl)gﬁm — WEWTF and ]~{172f~12)1 — ff
we obtain that the total average square amplitude for the co-annihilation between H; and Hs
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is

2 2 2

=D Ne[Mys |+ My e
f; I , (E.131)

_9 |22 Mw

where the sum runs over all admitted SM fermions. Substituting this result into Eq. (I.14) we
obtain the total cross-section times velocity for the H; o H> ; co-annihilation, which is

4 2
g 29 21, My
OHy 22,V = 128712 [4 + ?tW +0 75 el (E.132)

The other co-annihilation process which we take into account is the one between one charged
and one neutral Higgsinos H; o, HT. All the processes which contributes to this co-annihilation
are summarized in Table 4.5. In particular those with vector bosons as final states are

~ ~ % g ~ ~ ] ~ ~ +

Mo 0% 25 22w, f.a*F 20 20w g ,at W 20w (E.133a)
~ ~ 7+ ~ ~ +

Ho a5 2w+ gL, Y W (E.133Db)

with associated Feynman diagrams given by

ﬁi,kl Z07p1 f{i,kl Wi,pl Hivkl Zoap2
W
H* ﬁ2,1 -
Hy o, ko W=, py
Hio ks W&Epy Hisks Z°ps
f{i,k’l Y, P1 giakl Y, P2
W{
H* -
Hyo, ko W= py
HLQ, ko Wi7p2
The amplitudes related to the processes given in Eq. (E.133a) are
2.2 2
. g*(ci, — s _ y
iMy zows = W[Qv(kmszw u(ky, s1)€v(p2) (q - €u(p1))
+ 0(ka, s2)7" " pru(ky, s1)en(p2)en(p1)], (E.134a)
2
iMy gow+ = m[%(lﬁv 51)7 u(ka, s2)e, (p2) (¢ - €u(p1))
+ v(k1, s1)7"7" prulke, s2)en(p2)eu(p1)] (E.134b)
. gPew B vaB
M, o+ = —272’()(]62, so)v*u(k1, 51) g0 TV ea(p1)es(p2)- (E.134c¢)
(s —miy)
The ones associated to the processes given in Eq. (E.133b) are
. 925W _ v
iMy e = m[%(l@’éﬁﬂ u(ky,s1)e(p2) (q - €u(pr))
+ ’D(kQ’ 52)7’/7“ /plu(kla Sl)el/(p2>€u(p1)]’ (E'135a)
. 923W _ vap
iMgyws = — 55~ 0(k2, s2)7"u(k1, $1) g I ea(p1)es(p2)- (E.135b)
2(s —miy,)
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Using the results found in the previous section for the process WW+ — ZOW= we can argue
that, on transverse polarizations, the average over initial states of the square amplitudes just
given and the interference terms, are equal to

4 (.2 2 )2 2 2
o2 9 Gy —sw)  u—p myy
M == P(£, £)+0 (X, E.136
ol = U S v o (M) (s
It Ay YRR Y i (E.136D)
= — —5, € .
w ZOW+ C%/ng U_MQ ) 2
4.2 2
— 2 g°c 2 m
M zow+|” = 28‘;’ (t—p?)(u—p?)|(& )| +0 <ZV> (E.136¢)
4 02 _ 82 m2
Re {MtZoWiMLZUWi :—g—Q(WQiW)fP’(i, i)+O< gV,e> (E.136d)
] Ciy W
T 2 YA 2| (£ . £)|2 miy
Re P\/[t zow+M Joye | = (e — sw)g(u — 1 )|(€2 - €] )’ +0(—5€ (E.136¢)
4 9 m2
Re [My zows M joyps | = (6= 1) (e - )"+ 0 <Mgv e> (E.136)

for the process ﬁl,gﬁi — ZOWTF, while for the process ﬁl,gﬁi — yWT they are given by

4.2 2 2
12 _ 9 Sy u— [ myy,
M| = 5 T2 P(+, i)+o<uz,e> (E.137a)
A2 94512/1/ 2 2| ( .+  _+)[2 m%v
M| = (=) (= p ) (e -er)| +0 2 (E.137b)
4.2 2
gs 2 m
Re meimsziJ ==& q) +o ( M;V, e> (E.137c)
(E.1374d)

Also here the longitudinal polarization, up to correction of order m%,/u?, do not contribute to
the total amplitude of the processes in Eqs. (E.133). This is possible to see substituting the
approximation given in Eq. (E.4) into the amplitudes given in Egs. (E.134) and Egs. (E.135)
and then sum up the results. Thus the total average square amplitudes for the processes given
in Egs. (E.133) are

’MZOWi ’2 = Z |Mt Zowi‘z + |Mu ZoOW=£ ’2 + |J\/[é Zowi‘g + 2Re {Mt ZOWiMZ ZDWiJ
(££)

+2Re | My zow=M] gy | +2Re [ My zow= M o0y |

A G 0 N S T ST S Y i
8 i, 8¢, 4 W 4 4 27
442 4.2 2
=Lw _IW g —mw,e
4 4 12
(E.138)
for the process ﬁmﬁi — ZOWT, and
—2 2 2 T
‘Mfywi’ = Z |Mt'yWi’ +’Msfywi’ +2R€ {MtVWiMSWWiJ
(=)
4.2 4.2 4.2 2
98w | 95w _ 9 3w my
_ _ O E.139
S OO IS ( . ) (E.139)
4.2 2
_9%w M
= —|—O< 12 76)

for the process ﬁlygﬁ'i — YW,
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From Table 4.5 we can observe that the other process which contribute to the co-annihilation
among H, 2 and H= proceeds exchanging a W* vector boson in s-channel, with two SM
fermions as finals states, f and f’, schematically HLQH — fi f{ . The Feynman diagram is

-Hj:7k1 f_L7p2
>MWM1<
Hio, ks fiop1

with associated amplitude given by

2
) g _ (k1 4+ k2)p (k1 +ka2)u | _
iMppr = ——F— 5(ko, so)vV u(ky, s1) | —guw + u(p1, ) Pro(pe, r
= Sl —mi) (ka, s2)7"u(ky 1)[ Iu me, (p1,71)7 PLv(pa, r2)
2
g _ _
= ———F———0(ko, 59y u(k, s1)u(p1, 1)y Prv(pa, m2).
V3l — i) (ka, s2)v"u(ky, s1)u(p1, )7, Pro(p2, m2)

(E.140)

Noting that this amplitude, apart an extra 1/2 factor, is identical to the one for the process
WW* = f, fi, given in Eq. (I.87), we have that the average square amplitude for the annihi-
lation between H 1,2 and H#* into final fermions is

M 5

4 2
=% 4o (""‘gu) . (E.141)
1

Therefore the total average square amplitude for the co-annihilation among H 1,2 and H*
is given by the sum of the contributions in Eq. (E.138), Eq. (E.139), and Eq. (E.141), namely

Vaare| = NPT+ [ |+ [ v |
£
2 4 2 ,u ’

2
g4 9 2
== |6+t +0 ,

4[ w) <u 6)

where N, is the colour factor defined above. Thus substituting this result into Eq. (E.14) we
have that the associated cross-section times velocity is

4 2
_ 9 2
it 215V = o 6 + tiy] +o< 2 ,e>. (E.143)

Another co-annihilation process which is important in the evaluation of the relic density of
a pure Higgsino LSP, is the one between two charged Higgsinos with opposite electric charge,
namely H* and HT. The relevant processes which contribute to this co-annihilation are sum-
marized in Table 4.5. We start by those processes in which the final states are gauge vector
bosons. The various processes can be schematically summarized as

T D wEwE gEET L wEwF, O BEAT L wEWT (E.144a)
~ ~ 7+ ~ ~ 7t ~ ~ [7
T B g000  grpF A, g AL g0, (E.144b)
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with associated Feynman diagrams given by

Ak WEp  HE R WEp  HE R fop2 HY ky W=, ps
M
i, H, ~ .
H¥7k‘2 W:Fapl H$,k2 W¥7p1

H¥ ky WT,po HF ky WTF py

H* Iy 2%, H* R 7> P1 H* Iy Z%p H* K Z% m

HI "

HF ky VP2 HF ky Z%pys  HF ky Z%ps  HTF ky Z°0p2

H*

T

I;[i kl Y, P1 ]:_[i kl Y, P1

A,

E[:F kz Y P2 H:F k2 7P

o
f_; H_

Using the Feynman rules given in Appendix B we have that the various amplitudes are equal
to

iMy, = ﬁ[%(km s52)7" u(ky, s1)€n(p2) (q - €u(p1))
+ (ka, s2)7" " pru(ky, s1)en(p2)en(pr)] (E.145a)
2
My = gy 200k, 527" ulhs, s1)en(2) (0~ eupr)
+ kg, s2)7" " pru(ky, s1)en(p2)en(p)] (E.145b)
; 92(6%/[/ 75%/1/)— vaf
Mg 70 = 72(8_7,”1‘2/‘/)1/(]{:27SQ)W“U(kl,Sl)gqu‘ €a(p1)€s(p2) (E.145¢)
Dy = =L Wy )l 51)g T e (1) 02). (E-1454)

for the processes given in Eq. (E.144a). Exploiting the facts that up to corrections of order
m%,V /u? the amplitudes for M, zo and M, are equal, and that the Higgsinos H; and H> have
the same mass, we can sum up these amplitudes as

Y:Mt = thl + th2
2

= gfz)m(ka, so)y ulk, s1)en (p2) (q - €u(p1))

2(t —
+ (K2, s2)7" " pru(kr, s1)€n(p2)eu(p1)] (E.146a)
M = iM, z0 4+ iMs -

2

2
= —%ﬁ(k‘g, SQ)'Y“U(kl, Sl)guuryaﬁea(pl)eﬁ(pQ) +0 (2) : (E146b)
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The other amplitudes related to the processes given in Egs. (E.144), are

. 92 (C%/V — S%/V)SW = v
iMy 7oy = 5 (20(k2, s2)7" u(ky, s1)ev(p2) (¢ - €u(p1))
t—pu 2cw

+ 0(ka, 52)7"v" pru(ky, s1)en(p2)en(p1)] (E.147a)
. 92 (C%/V — S%V)SW — v /
iMy, z0 3 [20(k2, s2)7"u(k1, s1)€n(p1) (4" - €4(p2))
—H 2ew

+ 0(ka, s2)7" " paulky, s1)ew(p1)en(p2)] (E.147b)

for the process HE HF — 70+,

, 9> (e —siy)? v
iMy gozo = 5 3 [20(k2, s2)7" u(k1, s1)€n(p2) (q - €.(p1))

t— deyy,
+ 0(k2, s2)7"Y" pruke, s1)en(p2)en(pr)] (E.148a)
. 92 (C%/V — S%/V)2 - v !
iMy, zoz0 = 5 5 [20(k2, s2)7"u(k1, s1)eu(p1) (4" - €u(p2))
U — dcgy,
+ 0(ka, 52)7" " pou(ky, s1)en (p1)enu(p2)] (E.148Db)
for the process HEHF — Z°Z° and
. S
My = f_jj [20(kz, s2)7"u(ky, s1)60 (p2) (g~ €u(p1))
+ 0(ka, s2)7" " pru(ka, s1)en(p2)en(p1)] (E.149a)
M = L8 00, s a1 )eo 1) (0 (02)
+ 0(k2, s2)7" 7" paulke, s1)en(p1)en(p2)] (E.149b)

for the remaining one, namely H*HT — ~v7v. As discussed in the previous section also here
the longitudinal polarizations do not contribute in the assumed limit i.e. up to corrections of
order m%v /u?. Thus the total square amplitudes of the various processes are determined by
the transverse polarizations. Therefore using the results of the previous section we have that
on transverse polarizations the average of the squares of the amplitudes just given are

4 2 2
2 g u—pn myy
M| =% P(+, + Tw E.1
t‘ 8 t—,u2 ( ’ )+O< /,62 ,6) ( 50&)
4 2 + + %/V
|M ‘ 852(t_M )(u_,“ )|(52 T € )’ +0 (N) (E.150b)

4 2
Re |[MMI| = Z?(” — )| )P+ 0 (";gv e> (E.150¢)

for the process HE¥ HF — W*WTF which sum up to give a total square amplitude equal to

Maw=]” = > 3]+ V6" +2Re [l

(%)

. ) (E.151)
_9 myy
0] .
T16 ( I 6)
The average square amplitudes related to H*HF — Z% are
4(.2 2 1242 2 2
2 gi(efy — siy) ity u—p myy,
| M 70| = S P_— P(+, £)+0 VR € (E.152a)
4(.2 2 1242 2 2
2 gy — siy) ity t—p myy
| M zo4|” = 5 p— P(£,£)+0 Rk (E.152b)

4 - 2 2
Re [M, zo, M1, 0 | = 2 (ciy SSW) Wit 4y 40 <MW e) (E.152¢)
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which sum up giving

|MZO’Y|2 = Z ‘Mt ZO’Y’2 + |MuZ°v|2 +2Re | M, ZO’YML Z0~

(x5

(E.153)
My

2
=g'(cly — i)’ +O< 2 6)

The square amplitudes average over initial states for what concern the process H* H¥ — Z02°
are

4.2 2 \4 2 2
——2 g (G —s)t u—p myy
M == PlE, )+ 0 —~ E.154
| t Z0Z0| 32 C%V t— /~L2 ( ) ) + ( ,U/2 ’ 6) ( a’)
4.2 2 \4 2 2
——2 gty —sy)tt—p myy
= +, £ — E.154
’MUZOZ(J’ 32 C%V u_,u2 (‘P( ’ )+O 5 s € ( o b)
42 _ 24 m2
Re P\/[t ZUZOML ZoZoJ = —%(V[/C%?’(i, +)+0 (‘;V, e> (E.154c¢)
w

and summing up together we obtain

|MZOZO|2 = Z |Mt ZOZ()’Q + |MuZOZO|2 + 2Re {Mt ZOZUM:L ZDZOJ
(1)

"o 5 4 ) (E.155)
G _48”’) +0 (m?, e) :
4 iy W
As last the square amplitudes for the process H*H¥F — vy are
2
sty u—p? miy
|Mtw’ 2 — 5 P(+, £) + O( 2 ,€> (E.156a)
—2  g'sy t—p? mi,
My, = 5 P(£ £)+0 , E.156b
| 'w’ 2 u— 2 ( )+ <M2 € (E.156b)
gtsd m2
Re [Mthuw = —?WUJ/(:I:, +)+0 ( ‘;V, e) (E.156¢)
I
which give a total average square amplitude equal to
—2 2 2
|Mw| = Z |Mt’w‘ +’Muw| +2Re Mt'wMLw
(£%) (E.157)

m2,
= 4q s} +O< ,6).
w MQ

The other process which contribute to the co-annihilation among H* and HTF is the one
where the final states are fermion anti-fermion pairs. The associated Feynman diagrams are

H* Ky f.p2 H* Ky
HF L ko p1 HF L ko fp

with associated amplitudes given by

. FIEET S : iy
iMzgo s = —gTU(k‘m s2)v"u(ky, s1)a(p1,m1)7. (Pu — 2eqsiy) v(p2,72) + O e
(E.1582)
. €
My pr = _eativ 0(ka, s2)7v"u(k1, s1)u(p1, 71)7,0(p2, 72)- (E.158b)
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which can be sum up giving
My = iMgo p5 + My gy
’ 1—t2 m2
= %Sﬁ(k2752)7”’1[,(]@1751)@(])1,7"1)’}/# <PL(2VV) _ eqt%/{/) 'U(pQ,T'Q) + O <’ugv> .
(E.159)

So using the results of the previous section we arrive to the following average square amplitudes

2)2

4 _ 4232 _
‘M—ff|2:g [(1 tw) —|—eq(1—t?/v)t%/v+2€zt%v‘|{(u H

t— 2\2 m2
4782 1 +( M) +M2S:|+O(W

2 2 12
2
+ 0 (mgv,e).
1

Therefore the total average square amplitude associated with the co-annihilation between two
charged Higgsino with opposite charge is equal to

4 17t2 2
:% [( 4”’) +eq (1—ty) thy + 22ty

(E.160)

_ 1, — 1,—
reae|” = 3 NN+ Fvwe | + W[+ 2z + 36

f
) ) (E.161)

_ 929, 4 My
which substituted into Eq. (E.14) gives the total cross-section times velocity, that is

4 2
g 29 m
TRV T 19872 [4 v 1%] o (lﬁv) ‘ (162

The last co-annihilation process which we take into account is the annihilation between
two charged Higgsinos with the same charge, namely H* and H*. This process can occur
only exchanging a neutral Higgsino, in ¢/u-channel, into two charged vector bosons, W*. The
Feynman diagrams are

ﬁiakl Wi7p1 ﬁiakl Wi7p1
ﬁ1,2 >G‘1,2
HE ky W= py H* ky W&E po

with associated amplitudes given by

. g ~ .
My = m[%(l@,@)y u(ky, s1)ev(p2) (q - €u(p1))
+ 0(k2, 82)7"v" prulk, s1)ew(p2)en(p1)], (E.163a)
2
iMy, = _ﬁ[%(kh 51)7" u(ka, s2)€,(p2) (¢ - €4(p1))
+0(k1, 51)7"y" pru(ka, s2)e, (p2)en(p1)]- (E.163b)

where we used the fact that H 1~and f{g have the same mass, WlliCh allow us to sum the amplitude
for the process mediated by H; with the one mediated by Hs. Now using the result given in

)
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Egs. (E.118) we have that on transverse polarizations the total square amplitude is

Mzwe] = > PG|+ [Ma|* +2Re [Ml

()

4 2 2 2
_ g ju—pt  t—p miy E.164
2 [t—u2+u—u2}+o(u2’e) (164

2
=94+O<mgva€>
7

Note that also here the longitudinal polarization do not contribute in the limit p > my .
Thus substituting the result just found into Eq. (E.14), and remembering to take into account
the symmetry factor of 1/2 because the final particles are identical, we have that the total
cross-section times velocity is

4 2
g m
Uf]if[iv = W + O (ILL‘;V, 6) . <E165)

Summarizing we have that the total cross-sections times velocity at the leading order, rele-
vant for the computation of the relic density of a Higgsino LSP are

gt I3 £ m2,
UHl,le,Q,U - 12871'# |: + tW + 2:| +0 ( ,lL ) 6) (E166a)
4 m2
gt 29 21, miy
1, i,V = - T — E.1
O, i1,V 128”#2{4 + 2t +0 , € (E.166D)
4
g
T2 iV = g (6+1ty) +0 ( ) (E.166¢)
4129
O+ sV = 12897m [ + tiy + 1115 ] +0 ( ) (E.166d)

4 2
Oftps¥= g 5 +0 (77;‘;,7 e) . (E.166¢)
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