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Abstract

In this work we add a Dirac right-handed neutrino superfield to the Minimal
Supersymmetric Standard Model (MSSM). We discuss the interactions of the right-
handed (RH) sneutrino and its mixing with its left-handed counterpart. We study
the possibility of this RH sneutrino to be the lightest supersymmetric particle (LSP).
We obtain that this dark matter candidate is a non-thermal relic, and generally has
a small relic density. This we argue makes it an interesting candidate for addressing
the Qpar/% problem. We then discuss a lepton-number conserving leptogenesis
scenario, in which an Affleck-Dine inspired mechanism generates a left-right asym-
metry in the sneutrino sector. The left-handed part of this asymmetry eventually
becomes the observed baryen density. This suggested leptogenesis is also a matter-
genesis mechanism, as the right-handed part of the left-right asymmetry becomes

the observed dark matter density.
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Chapter 1

Introduction

The study of the interface of particle physics and cosmology has obtained a growing
interest, and it is certainly now an exciting time for this field. Indeed the advent
of precision cosmology experiments such as the Wilkinson Microwave Anisotropy
Probe and the completion of the Large Hadron Collider at CERN mean that some
of the most popular particle models related to dark matter, structure formation,
inflation or the baryon asymmetry will be put under test. Certainly it is already
well known that much can be learned by studying the cosmoloegical aspects of a
certain particle physics model, and conversely.

The question of the neutrino mass is one such subject where cosmology can shed
an interesting light. Indeed this work is concerned with showing that the Dirac
neutrino model, often seen as an underdog to its infamous counterpart, the see-saw
or Majorana model, can have specific and interesting cosmological properties.

Leptogenesis, which aims at solving the question of the overwhelming abundance
of baryons compared to anti-baryons in the Universe, necessitates the presence of
a Majorana mass for the neutrino. This is sometimes taken as a strong argument
against Dirac neutrinos. It is however very much a possibility to have leptogenesis
without lepton number violation, and in this work we present a supersymmetry-
specific model of leptogenesis, reminiscent of the Affleck-Dine mechanism, that also
make use of the smallness of the Dirac neutrino Yukawa coupling. These results
have been published in [1].

Meoreover we wish to study the possible contribution of the Dirac neutrino model
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to the question of dark matter. We will show that the superpartner of the Dirac
right-handed neutrino, the right-handed sneutrino, could be a dark matter candi-
date if the possibility of mattergenesis is explored. Mattergenesis scenarios go a step
further from leptogenesis scenarios by trying to produce both types of matter, bary-
onic and dark, through a common mechanism. We will observe that the leptogenesis
scenario of [1] can indeed be such a mattergenesis scenario, with the right-handed
sneutrino as dark matter. These results have been published in [2].

The outline of this work is as follow: we will first give an overview of the modern
Standard Cosmological Model, introducing the basic ideas of an expanding Universe
and particle dynamics within such a Universe. We will discuss recent cosmological
observations from the WMAP collaberation related to the content of the Universe.
We will briefly introduce the concepts of inflation and big-bang nucleosynthesis,
before turning to discuss the baryon asymmetry of the Universe and the necessity for
a baryogenesis (or leptogenesis) mechanism. We will then discuss dark matter and
its properties, and explore the Qppr /% puzzle and the possibility of mattergenesis.

The following chapter is concerned with basics of supersymmetry, and the Min-
imal Supersymmetric Standard Model (MSSM), which is ene of the building blocks
of this work. We will introduce the MSSM and the necessary soft SUSY-breaking
sector. We will then introduce the dark matter candidate of choice within the
MSSM, the lightest supersymmetric particle, LSP, and will discuss again the pos-
sibility of mattergenesis within supersymmetry. We will then turn to discussing
massive neutrinos, as this is again an important aspect of this work. We will men-
tion the evidence for massive neutrinos, and explain why both the possibilities of
Majorana and Dirac neutrinos are still open. We will then discuss some aspects of
Dirac neutrinos mass models.

We begin the presentation of our results in chapter 5, where we introduce the
lepton-number conserving model we are using to add Dirac (s)neutrinos to the
MSSM. There we introduce the right-handed sneutrino, the superpartner of the
Dirac right-handed neutrinoe, and discuss its interaction by studying its Lagrangian.
We consider the possibility for this sneutrino to be the LSP, and study its potential

for direct detection via the already existing dark matter detection experiments.
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The following chapter discusses the behaviour of the right-handed sneutrino in
the early Universe. We observe it is a non-thermal candidate, and then calculate
its relic density, considering it is the LSP. Obtaining this to be generally small, we
discuss the possibility of this particle being a dark matter candidate within matter-
genesis models. Chapter 7 then presents our suggested leptogenesis model in the
absence of lepton-number violation. We first introduce the idea of neutrinogenesis,
then discuss how an Affleck-Dine-inspired mechanism can produce the necessary
asymmetry between left- and right-handed sneutrinos. We study the dynamics of
the Affleck-Dine fields, and obtain the size of the generated baryon asymmetry. We
then discuss how this neutrinogenesis mechanism can be viewed as a mattergenesis
mechanism in the light of the results obtained in the previous chapters.

Finally we conclude with an overview and a discussion of this work, and mention

some potential additional work related to it.



Chapter 2

Modern Cosmology

2.1 Standard Cosmology and ACDM Model

Over the recent years a Standard Cosmological Model has emerged, and it is the
model we consider here as a basis for the rest of our work. Various works detail the
basics of modern cosmology; here we follow mainly the treatments available in [4-7]

and our notation is consistent with [4].

2.1.1 The expanding Universe

The Universe is described by Einstein’s equation, which relates the geometry of the
Universe to its content. Under the assumption of homogeneity and isotropy, the
geometry of the Universe is best described by the Robertson-Walker metric,

2

ds? = —dt? + a?(t) [ : karé + 7% (d6° + sin” 6d¢?) (2.1)
where a(t) is the scale factor and k is the curvature facter. Using the Robertson-
Walker metric to solve the Einstein equation one obtains the Friedmann equation

N
(a_) = Slggp —ka %, (2.2)

G being the gravitational constant and p the total energy density of the Universe.
The Hubble constant, describing the expansion of the Universe is defined as
a(t)
H{t) = — . R
0 =25 (23)
4
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We should note right now that although H is usually called the Hubble 'constant’,
a term we will use frequently throughout, it is evidently not a constant in time, as
evidenced by eq.(2.3)!.

From eq.(2.2) we see that the Universe is flat (k = 0) if

8nG
—5P= H? (2.4)
or if the energy density respects
3H?
pP=gm =P (2.5)

p. being the critical density. Various energy density in the universe are commonly
expressed in fractions of the critical energy density,
Q= L (2.6)
c
Some more description of the content of the Universe is in order. The various
possible components are described as perfect fluids. A perfect fluid in an isotropic

Universe has an energy-momentum tensor 7,, such that

0 0 0

gi;P

e © @ v

where p is the energy density of the fluid and p is its pressure, and g;; is the metric’s
spatial part. The energy density and pressure of the fluid are related via the equation

of state
p=wp. (2.7)
The zeroth component of the conservation of energy equation leads to?

P 3(1+w)? —
p 31+ )a (2.8)

Tn general p is not a constant in time.
ZDetails of the calculation are found in [5].
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which is equivalent to
p =a30+w) (2.9)

Friedmann’s equation in a flat Universe, eq.(2.4), means that the scale factor and

energy density are also related via
.\ 2
a
=) ~ 2.10
( a) p (2.10)

ai(1+30)dg ~ dt . (2.11)

so that

In this work we shall be concerned with two types of energy densities: matter and
radiation. Dust or non-relativistic matter has no pressure, meaning that wy, = 0;

this in turn implies that in a matter-dominated Universe,

and in turn
2,
H = §t . (2.13)

The equation of state for radiation is such that wg = 1/3, so that in a radiation-
dominated Universe

1

ap ~ 12 (214)
and in turn
1 _
H= §t—l : (2.15)

The third and last contribution to the energy density, dark energy, has an equation

of state such that w < 0.

2.1.2 Particle dynamics

When considering a specific particle species, the particle number and energy densities

are both of interest; they are defined as

_ _9 3
n = / F@dp

p = oo / E@) @) (2.16)
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where g is the number of internal degrees of freedom of the particle and f(7) is its
phase space distribution function. E is the energy of the species, E? = |p]? + m?.
The number density of a species is evidently influenced by the various interactions
it is allowed to have with other species present; the Boltzmann equation allows to
calculate the number density of a species. Consider particle 1 with a number density
n that can only be changed via the interaction 142 < 3+4. The Boltzmann equation

in an expanding Universe gives

n, +3Hn; = C
_ / dapli / ] 7d3P2 _d’py / d®ps
(em)32E, J (2n)*2E, ) (2r)*2EsJ (2r)®2E,
x (2m)* 6% (py + p2 — Ps — pa) (2.17)

x (IM—® fsfa(1 £ f)(1 £ fo) — ML fufo(1 £ f5)(1 £ £2))

where M_ and M_, stand for the matrix element for the processes 1 +2 «— 3 +4
and 1+ 2 — 3 + 4, respectively, and the f; are distribution functions. The term
involving the Hubble constant H takes into account the dilution of the number
density coming from the Universe’s expansion. Evidently in general many more
interactions will contribute to the change in n,;; they can just be added on the right-
hand side of the Boltzmann equation. We will come back more extensively to the
Boltzmann equation in chapter 6.

To calculate the number density of a species we need to know what interactions
should enter the Boltzmann equation. This is in general given by the model in which
the particle is considered (eg. the SM or as in this thesis the Minimal Supersym-
metric Standard Model) though one must consider the effect of the expansion of the
Universe. Indeed as the Universe expands some interactions might become ineffec-
tive. The general criteria is that as long as the rate of an interaction I' is smaller
than the expansion rate, given by the Hubble constant, then this interaction does
not happen at any significant rate [4]. When all interactions affecting the number
density of a species become inefficient (and remain so) then the number density of
this species remains constant (outside the dilution effect due to the Universe’ ex-
pansion) and is then said to be frozen in. The I' < H criteria determines whether

individual reactions are effective; it is also sometimes used as a rule of thumb to
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approximate the freeze-out temperature of a species (by comparing one reaction rate
to the Hubble constant), though the only precise way to determine the freeze-out
temperature of a species is to use the Boltzmann equation in full.

From the Boltzmann equation it is obvious that even in the complete absence
“of number density-changing interactions, the number density is modified by the
expansion of the Universe. A parameter of interest is thus the number density per
comoving volume, N = n(t)R(t)*> (with R(t) the scale factor), which is constant
after number-changing interactions are switched off. It is most commen to express
the number density per comoving volume in terms of the total entropy density s.

The entropy density is to a good approximation?

9 2
s = 4—?;g*T3 (2.18)

where g, counts the number of degrees of freedom that are effectively massless and
in equilibrium,
4 4
=2 <§) +—; Z g (%) . (2.19)
i=bosons i=fermions
g is a function of temperature, as species cease being effectively massless when
T < m. Within the SM the evolution of g, is well known (see for example fig. 3.5
in [4]); of interest to us will be the time when all the SM particles are effectively
massless (T 2 T.up:) and no additional massless degrees of freedom are present. In
such a situation g, is g, = 106.75. Now the number of massless degrees of freedom
is g. = 3.36
Two comment are in erder here: first, strictly speaking the entropy is expressed in
terms of g.g, which has the same expression than g, except that ratios of temperature
are to the third power and not the fourth. During the history of the Universe g,
and g.s only differ at very late times; for instance g, pow = 3.36 while gugpnow = 3.91.

For our needs using g, is sufficient. Moreover, g, as expressed here is the one

3This is considering that only relativistic degrees of freedom contribute. Moreover using g.

instead of g.s, as we will discuss shortly, amounts to considering that all contributing particle

species have a common temperature, as explained in [4].
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obtained within the SM, where there are three massless neutrinos; in this work we
will be considering a model in which neutrinos are massive and the number of light
neutrinos is necessarily higher. Thus within our model g, now should be larger than
3.36, but smaller than double this amount. Here we will only use g, to obtain order of
magnitude approximation; for this reason we will use gi pow = 3.36 (gasnow = 3.91)
for definiteness.

Going back to the number density per comoving volume, we have that conser-
vation of entropy means that s o« R=3, so that the number density per comoving

volume, N is also given by

N =

g (2.20)

In this work (and others) the term number density sometimes refer to the number
density per comoving volume, especially when the number density is frozen in and N
is constant. The distinction between the two (number density and number density
per comoving volume) should be clear within the context.

We should mention that with the Friedmann equation (2.2) along with the def-
inition of the Hubble constant (eq.(2.3)), the critical density (eq.(2.5)) and the
expression for the energy density of a species (eq.(2.16)), we are in a position to
calculate a wealth of interesting results in various limits. For example, considering
the Universe to be radiation-dominated, we can model the energy density of the
Universe as being given by eq.(2.16) in the case where most particles are relativistic
species in thermal equilibrium. In terms of temperature the energy density then
simplifies to

2

T
PR = %g,,T4 (2.21)

with g, as defined before. In turn we can use the Friedmann equation with the
definition of the Hubble constant to obtain that in radiation domination (when g,
is approximately constant),

T2
H = 166912 —

- (2.22)

where Mp is the Planck mass.
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2.1.3 Measured cosmological parameters

The Wilkinson Microwave Anisotropy Probe (WMAP) satellite [8] aims to measure
the temperature anisotropy power spectrum of the cosmic microwave background
(CMB) as a way of testing Standard Cosmology, determining cosmological param-
eters and studying structure formation processes. It is assumed that primordial
fluctuations in the gravitational potential appear at the end of inflation as a result
of quantum fluctuations in the inflaton field. These primordial fluctuations evolved
into the temperature fluctuations in radiation that are observed at the moment when
photens and baryens became decoupled. The way in which the primordial fluctua-
tions evolved is highly dependent on the content of the Universe. In a similar way,
the evolution of the CMB temperature fluctuations into today’s large scale structure
is also highly dependent on the content of the Universe. Thus observation of the
CMB allows rather precise access to this information. Results released in 2003 [9]
and in 2006 [10] agree exceptionally well with the picture of a flat, homogenous and
isotropic Universe populated with matter and dark energy. The density of matter
in the Universe accounts for approximately 25% of the critical density, while the
remaining 75% are composed of a still mysterious dark energy.

The WMAP surveys have also obtained a value for the Hubble constant now,

Hy; it is often expressed as

Hy = I(DOhk?mMpc_l (2.23)
which defines the parameter h, obtained by WMAP to be [10]

h = 0.7320:03) (2.24)

Moreover we will use as the current temperature of the Universe, Ty [4]
Thow = 2.75K . (2.25)

As we have mentioned WMAP has obtained the amount of matter in the Uni-
verse, which is approximately 25% of the critical density. It has also obtained the

amount of baryonic matter present in the Universe. Both quantities are far from
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Piaga,r}leter Source
h = 0.73215.5% [10]
wy = 0.02229 + 0.00073 | [10]
Wp = 0.105430087 | [10]
Trow = 2.75K | 4]

Table 2.1: Values of cosmological parameters.

being equal. Indeed, [10]

m Oyh? = 0.02229 + 0.00073

Qmh? = 0.1277+3:0080 (2.26)

W

where the baryon w, and matter densities* w,, are expressed in terms of the h
parameter as defined before. The amount of matter that is not baryonic is called
dark matter, to which we will come back in section 2.3°. The quantity of dark

matter in the Universe is thus
wppr = 0.1054+3:9087 (2.27)

For convenience we give in table (2.2) the value of the various quantities we have
listed up to now. We also include a table of the observed quantities that we will
use. In this work we will work with units of powers of GeV to express any quantity,
using h=c=kp = 1.

The present work is primarily concerned with dark and baryonic matter. By no
means is WMAP the only source of information about the matter content of the
Universe, or about the nature and distribution of dark matter; here we merely use
the WMAP observations as our main source of cosmological information. Overviews

of the various observations related to the baryon content of the Universe are found

4Unfortunate’l)7 ‘both the equation of state parameter and the densities as defined here are

expressed by w; these two quantities are however unrelated.
5Tt also contains the neutrino density, which is much too small to account for such a difference;

see section 2.3
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 Quantity B Value
Planck mass Mp 1122 x 1019 - GeV
‘Newton’s constant | G =M !'52 6.72 x 1073 GeV~?2
Temperature now | Tpow = 2.75K 243 X 10‘13 - GeV
Hubble constant now | Hy = 100hE=Mpe™ | 213k x 1072 GeV
Critical density now | ppow = % E.&Oi;? X 1'(7)7“477GeV4 |
T DU T PYPEE

Table 2.2: Various quantities expressed in powers of GeV.

in [4], and to dark matter, in [7,11]. We should mention that as dark energy is often
expressed in terms of a cosmological constant, A, and most of the matter seems to
consist of cold dark matter (as we have mentioned briefly), the present favoured

cosmological model is often called the ACDM model.

2.1.4 Inflation

Although this work is not concerned with discussing inflation itself, it does refer to
it and to some of its characteristics from time to time. For this reason we include a
short description of inflation.

Inflation is the process by which the very early Universe expands in an exponen-
tially accelerated way (G > 0, see section 2.1.1). This accelerated expansion is used
to solve a number of cosmological 'problems’: the large-scale smoothness problem, or
the observation that the Universe is smooth on scales greater than causality permits;
the spatial-flatness problem; or the observation that the curvature of the Universe
is vanishing; and the unwanted relics problem, or the fact that some possible relics
from the early Universe (such as monopoles) are not observed today. Although there
exists a large number of inflation models, the information necessary for our work
can be obtained by studying the basic general picture.

Inflation happens as a result of the slow-rolling of a new, weakly-interacting scalar
field (generically the ’inflaton’) along a potential generically described in figure (2.1).
As the field rolls along the relatively flat part of the potential, the energy density



2.1. Standard Cosmology and ACDM Model 13

contained in the vacuum comes to dominate the energy density of the Universe,
triggering the phase of accelerated expansion (see subsection 2.1.1). This inflation
phase of the inflaton evolution is followed by a phase of coherent oscillations of the
field around the minimum of the potential. During this phase the Universe is dom-
inated by inflaton "matter” in the form of inflaton oscillations. Inflation ends with
reheating, the process by which the energy stored in inflaton oscillations is trans-
ferred to decay products of the inflaton, that eventually thermalise. Immediately
after reheating the Universe enters an era of radiation domination, as the energy

density is dominated by the relativistic decay products of the inflaton.

Among the unwanted relics that can be erased by inflation is the gravitino, which
we will discuss in chapter 3. In order to avoid disruption of the successful Big-Bang
Nucleosynthesis (BBN), which we discuss next, the density of gravitines needs be
kept small, and this can be done through inflation if the reheating temperature is
kept lower than Tr ~ 10°GeV [12-14]. Although much can be said about inflation
and the gravitino problem, as we have mentioned this is somewhat tangential to our
work here. For this reason we shall use T < 10°GeV as our benchmark for the

reheating temperature.

2.1.5 Big-bang nucleosynthesis

As was the case with inflation, the subject of Big-Bang nucleosynthesis (BBN) is
not central to our discussion, but we will refer to it several times in this work, and
for this reason we include here a (very) short review of the subject.

BBN is the process by which the light elements present in the Universe are pro-
duced®. When the temperature of the Universe is higher than T' ~ 1MeV, nuclear
statistical equilibrium is maintained, meaning that the various light elements are
present in their (very small) equilibrium number and are coupled to the plasma.
Shortly after this time, around T ~ 0.3MeV, some of the nuclear interactions nec-

essary to maintain nuclear statistical equilibrium become ineffective, and some light

6Heavier elements are produced in stars.
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V(o)
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Figure 2.1: A generic inflation potential. The inflaton field first rolls down the
relatively flat part of the potential, which causes vacuum energy domination. Its
evolution ends with coherent oscillations around the minimum of the potential, until

the inflaton decays.

elements see their number density depart from equilibrium. In turn the departure
from equilibrium of a certain light element number density can modify a nuclear re-
action rate necessary for maintaining the equilibrium of another species. A careful
(numerical) analysis of this highly coupled system of Boltzmann equations allows
one to obtain the number densities of, among others, deuterium, 3He, *He and "Li.

Nucleosynthesis has a very long history; the idea was suggested in 1946 [15)]
and codes to calculate the abundances of various elements date as far back as the
1960’s. Since then rather precise estimates of light elements abundances within

the SM framework have been obtained and compared with infermation obtained
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through observations”; the level of consistency between the number densities of D,
“He and "Li as calculated and as inferred from observations is very high (see for
example [16,17]. For this reason, BBN is often used as a constraint on physics
outside the SM: any new particle or new model must be such that it does not
prevent successful BBN. This is the way in which we will be interested in BBN in
this work.

A famous example of an exotic particle that can spoil BBN is the gravitino. The
gravitino’s interactions are very weak, leading it (if unstable) to be very long lived.
Depending on the model, the gravitine lifetime can become so long that its decay
happens after BBN; the decay products can then scatter off nuclei produced dur-
ing BBN and, if abundant enough, alter the number densities of the light elements
enough te make them incensistent with observations. This is an example in which
BBN comes as a constraint on model building for physics outside the SM. It has
induced a constraint on the reheating temperature, as inflation is used as a means to
render the number density of gravitinos small enough so that its decay cannot affect
BBN sizeably®. Depending on the lifetime of the long-lived but unstable exotic par-
ticle under consideration, the abundances of different elements come as constraints
on the amount of the particle involved. We will encounter such a situation in chapter

6.

2.2 The baryon asymmetry

As we have mentioned earlier the present baryon energy density of the Universe is by
now well measured. A priori the baryonic energy density could be made up of either
baryons, anti-baryons, or both. The evidence however excludes the existence of
large amounts of anti-baryons in the Universe; the observed baryonic energy density

comes from baryons only. In cosmic rays, for example, anti-protons are found in a

It is unfortunately beyond the scope of this work to review the astrophysical observations

leading to an experimental evaluation of light elements abundances:
8The abundance of gravitinos is proportional to the reheating temperature.
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proportion of about 10~* for each proton; this amount of anti-proton, however, is
consistent with their secondary production as matter (as opposed to anti-matter)
cosmic rays speed towards the Earth. This amount of anti-protens in cosmic rays
is in fact consistent with the absence of anti-matter within our galaxy [4,18]. On
larger scales, it is expected that the existence of patches of anti-matter would lead
to the occasional collision of matter and anti-matter patches, in turn leading to
bursts of gamma rays. If anti-matter was as abundant as matter in the Universe,
then these collisions would happen very frequently, leading to a diffuse gamma-ray
background [4, 18]. This is not observed.

Starting with matter-anti-matter symmetric initial conditions, one can use Stan-
dard Cosmology and the SM to calculate the amount of baryons and anti-baryons
that should be left in our contemporary Universe using the Boltzmann equation®.
Performing such a calculation leads to values for baryen and anti-baryon numbers
such that [4,18]:

BB _TB 75107, (2.28)
S S

It is already evident that this calculation is unable to explain the observed baryon-
anti-baryon asymmetry. The situation is however even stranger: considering the
observed baryon energy density to be made of only baryons and ne anti-baryens, we
can translate the observed quantity into the baryon number of the Universe (using

the necessary quantities from table (2.2)):

——’53""":”‘”‘“’ ~1071° (2.29)

The order of magnitude for the baryon number density obtained within the SM is
definitely incompatible with observations. We are forced to conclude that there must
be a novel mechanism at play that produces the observed baryon asymmetry. The
idea of baryogenesis, and later leptogenesis, tackles this question: producing the cor-
rect amount of baryon and the correct baryon asymmetry through new physics. This
section highlights the main aspects of these mechanisms and the main possibilities

available. Throughout we use the discussions available in [4,18, 19].

* 9This is without considering sphalerons, which we will discuss later.
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2.2.1 Sakharov’s conditions

Already in 1967, the necessary conditions for the production of a non-zero baryon
asymmetry in the Universe (or a baryogenesis) were identified by Sakharov [20].

These three conditions are as follow.

- Baryon-number violation: in the absence of baryon-number violating interac-
tions, no net baryon number can be created from a non-zero one; thus the
observed baryon number would come directly from fixed initial conditions.
This does not allow for an explanation of the observed baryon energy density,
and for this reason the existence of baryon-number violating interactions is

necessary.

- C and CP violation: the violation of charge (C) and charge-parity (CP)
is necessary to obtain a Universe in which baryens and anti-baryens do not
appear in the same numbers. As we have seen the ebserved baryon energy
density is not made of equal (or even similar) numbers of baryons and anti-
baryons; it is entirely constructed of baryons. Thus it translates directly to
a net baryon number for the Universe. If there is no C and CP violation,
then for any interaction producing a baryon there exist a conjugate interaction
that produces an anti-baryon. Even if baryons and anti-baryons were somehow
prevented to annihilate, the net result is a Universe with no net baryon number,

or the existence of large patches of anti-matter, which is noet what is observed.

- Departure from equilibrium conditions: in equilibrium, the number densities
of baryons and anti-baryons are necessarily the same even when both above
conditions are respected. Baryons and anti-baryons necessarily share the same
mass; moreover in equilibrium the chemical potential of the phase space distri-
bution function will be zero for baryons and anti-baryons!®. Thus in equilib-

rium the distribution functions of baryons and anti-baryons will be the same,

10This is due to the fact that baryon number would not be conserved, and that in equilibrium
entropy is maximal when the chemical potential associated with a non-conserved quaritum number

is zero [4].



2.2. The baryon asymmetry 18

leading to their number densities being the same as well. Putting it differently,
supposing that B- violating and C and C P-violating interactions have created
an instantaneous net baryon number, then assuming equilibrium necessarily
implies the existence of interactions that rapidly reprocess this net number to

zZero.

Let us discuss possible known sources for each condition. Baryon-number vio-
lation seems especially problematic when one considers that the lifetime 7, of the
proton (which should be unstable would there be B-violating interactions) is much

longer than the age of the Universe ty: the Particle Data Group [21] lists
7 > 2.1 x 10%¥yr (2.30)
while WMAP obtained as their best-fit value [10]
ty = (13.731318) x 10%r. (2.31)

Clearly baryon number is now very well conserved. But this needn’t be the case
in the early Universe. A baryon-number violating interaction might be highly sup-
pressed at low temperature (as we have noew) but effective at higher temperature.
Indeed this is the case in the SM itself, as we will discuss in the next subsection.
Within the SM baryon number is anomalous, which leads to the possibility of vio-
lating baryon number, but, in accordance with proton stability, this is exponentially
suppressed at low temperature. Beyond the SM models such as Grand Unified Theo-
ries (GUTs) and supersymmetric models can also provide sources of baryon number
violation.

The SM, it is already well known, also possesses C- and C P-violation. C is
violated by the weak interaction (as left- and right-handed fermions couple differ-
ently). CP is also violated by the weak interaction; C'P violation was discovered
in 1964 in the kaon system [22], and since then has also been observed in the B
system [23,24]. Thus the SM readily provides a source of C and CP violation. CP
violation in the SM is however a very small effect. Indeed, although the baryon
asymmetry of the Universe seems maximal, it has been noted that the CP violation

of the SM is not [25]; moreover the SM CP violation effect can be parameterised
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by a dimensionless constant which is of order 10722 [26,27], and this appears to be
too small to lead to successful models that would use only this as a source of CP
violation [28]. Models of baryogenesis that use only the SM CP violation are up to
now unsuccessful. Again supersymmetric theories can provide additional sources of
CP violation, and it is possible to include some CP violation in GUTs as well.

Turning last to the departure from equilibrium condition, it is worth remember-
ing that as the Universe expands, various processes naturally fall out of equilibrium
as their rates fall below the expansion rate. A priori, thus, the expansion of the
Universe could itself provide the necessary out-of-equilibrium environment.

Before going to explore the various ways in which baryogenesis might be achieved,
let us first describe the baryon number violating effects that exist within the SM:

the sphalerons.

2.2.2 Sphalerons

In the SM, baryon number is not conserved despite the fact that the classical La-
grangian does not violate baryon number: in other words, baryon number is anoma-
lous. This reflects the result obtained by Adler, Bell and Jackiw [29, 30] that the
axial current of a gauge coupled Dirac fermion is anomalous. Deriving the various
results related to the B non-conservation in the SM that are of importance here is
outside the scope of this work; we will simply list them and explain some of their
consequences. [28,31] present in-depth analysis.

Considering the baryon (resp. lepton) current,

1
73 — if u
JB 2‘1’7 q
1-
j}f = El’y“l (2.32)

we have that the divergence of this current is non-zero:

2 /2
. . g rauy g o g
Ouls = Buly =y (3—2772'W5"Ww C 3omz W " ) (2.33)

where W}, and F),, are the SU(2) and U(1) gauge field strengths (and their dual
comes with a tilde), g and ¢’ are SU(2) and U(1) gauge couplings, and n; = 3 is the
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number of families. The total baryon number is related to the baryon current via

B= / d*zjp (2.34)

and so considering the change in B from ¢ = 0 to an arbitrary time ¢ (and considering

the average of the field strength to start and end at zero; see later) we obtain that
AB = ny (Ncs(t) = Nes(0)) (2.35)
where Ngg is the Chern-Simons number,

NCS =

2 ..
3’371_2 \/‘d3$6”kTI‘ (Ai(’)jA;k + gnglAJAk) (236)

with the A; the SU(2) gauge fields. For SU(2) the Chern-Simons numbers (in a
vacuum) are integers, and so baryon number can change by multiples of the number
of families.

To better understand the baryon number violation we need to discuss the vacuum
structure of the electroweak theory. In the space of the Higgs and SU(2) gauge fields,
there exist an array of vacua separated by energy barriers, as is depicted in figure
(2.2). From one vacuum to the other the Chern-Simons number changes by one,
meaning in turn that the baryon number changes by three. Thus if somehow it is

possible to go from one vacuum to the other, the baryon number can be changed.

Before we turn to determining the rate at which baryon number can be violated
in this way, a few remarks are in order. Although we have focused our discussion on
the violation of baryon number, it is clear from equations (2.32) and (2.33) that we
could as well have discussed the violation of lepton number. What is also clear from
eq.(2.33) however is that if L and B are both violated, B — L is not. This will be of
importance when discussing leptogenesis. Moreover, although we have mentioned
that the Adler-Bell-Jackiw anomaly applies to gauge-coupled Dirac fermions, it is
only the SU(2) gauge group that plays a role in the baryon number variation, as
can be seen from eqs.(2.35, 2.36). As right-handed quarks and leptons in the SM
are SU(2) gauge-singlet, we have that anomalous baryon-number violation in the

SM affects only the left-handed sector of the theory. This is a major ingredient
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Figure 2.2: Different vacua of the SM in a certain direction of the SU(2) gauge
fields (A) and Higgs field (¢). The baryon number changes by three (the number of
families) from one vacuum to the other. We have also shown tunneling through the
barrier that separates vacua (T) and the sphaleron transition (S), which effectively
allows for passing over the barrier. The sphaleron is an unstable field configuration

where fields stand atop the barrier.

in neutrinogenesis, or lepton-number conserving leptogenesis, as we will discuss in
section 2.2.3 and later in chapter 7.

The rate of baryon number violation depends then on the rate of transition from
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one vacuum to another. At zero temperature transitions between vacua go through
tunneling through the barrier that separates vacua. Unsurprisingly (considering the

stability of the proton), the rate of tunneling is exponentially suppressed by a factor

e w (2.37)
where a,, = g?/4w. Remembering that g ~ O(1071), it is clear that this factor is es-
sentially zero. This is good news as far as the stability of the proton is concerned, but
for baryogenesis this rate needs to become much larger at high temperature. This is
indeed the case, as was first noted by [32]; at finite temperature, the transition from
one vacuum to another needn’t go through tunneling, but can happen by jumping
over a B+ L-violating field configuration known as a sphaleron, as the energy avail-
able in the system can be large enough. The height of the energy barrier is given by
the sphaleron mass. The rate at which B + L-violating processes occur have been
studied extensively (see for example [19] or more recently [18] for overviews). The
most important result of these calculations for our work here is that at temperatures
roughly larger than the electroweak phase transition, sphaleron transitions occur at
a rate faster than the expansion rate of the Universe, while at lower temperature

the suppression factor is large enough to render them inefficient.

2.2.3 Baryogenesis and Leptogenesis

Let us now turn to some possible baryogenesis models. Although the three Sa-
kharov’s conditions can be respected within the SM, as we have mentioned the
CP violating effect is generally too small, so models that don’t venture outside
of the SM are not successful. Electroweak baryogenesis aims at using sphalerons
as the necessary source of baryon number violation; CP violation is provided by a
beyond-the-SM effect such as additional Higgses. The main difficulty encountered by
these models is that at temperatures around the electroweak phase transition, where
sphalerons are active, departure from equilibrium is very small, as SM interactions
are fast. Thus departure from equilibrium has to be provided by the phase transition
itself [32]. It has been obtained already that within the SM it is unlikely that the

electroweak phase transition is a strong enough source of departure from equilibrium
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[33]; electroweak baryogenesis might however still be possible in supersymmetric
extension of the SM (see [34] for an overview).

GUT baryogenesis might be in a more comfortable position. GUTs can very
naturally include baryon number violation, as the unifying gauge group G of GUTs
generally has quarks and lepton in the same representation, meaning that new GUT
interactions might well mix fermions with different baryon numbers. Additional CP
violation is also easily found. The decay of new, heavy particles can lead to the
observed baryon asymmetry, and these decays will eventually freeze-out due to the
expansion of the Universe, which provides the necessary departure from equilibrium.
One difficulty of these models is the fact that although sphalerons are not used as
the source of baryon number violation, they are still present, and their effect will
alter the baryon number produced by GUT baryoegenesis. In fact sphalerons can
even completely erase (or wash-out) a previous baryon asymmetry. As sphalerons
conserve B — L, a solution to this problem is to use GUTs to generate a net B — L
number, which then sphalerons will not erase. Generation of B — L might also be
achieved within GUTs. [18] gives an overview of the successes and difficulties of
GUT baryogenesis models.

A third type of models, to which our work is very much related, is leptogenesis, as
introduced by [35]. Since sphalerons conserve B — L but do not conserve B+ L, when
they are rapid they can convert a net lepton number to a net baryon number. Indeed
a careful analysis of the SM particles’ chemical potentials under rapid sphaleron

transition lead to the following relations between B, L and B = L [36]:

8N +4m
B = anymm Y
14N 4+ 9m
L= —arimm B0 (2.38)

where N is the number of generations and m is the number of Higgs doublets. Once

the sphalerons have switched off these relations turn to

8N +4(m + 2)
B-1L
B 24N + 13 (m + 2) ( )
I6N+9(m+2) \
L= 24N +13(m +2) (B-1L) (2:39)

What is needed then is a source of lepton number violation, so that sphalerons can
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transfer part of the created lepton asymmetry to baryons. Extending the SM so as
to provide a mass for the neutrino can in fact provide a source of lepton number
violation. Indeed, as we will discuss in chapter 4 the now observed fact that neutrinos
have mass requires physics outside the SM, and one in one class of neutrino mass
models (Majorana neutrinos) the neutrino is its own anti-particle. As neutrinos
do carry lepton number, this amounts to introducing a source of lepton number
violation. We will see in chapter 4 why neutrinos being their own anti-particle is a
possibility, but let us assume for now that a new, right-handed heavy neutrino has
been added to the SM, and that its decay can violate lepton number, as neutrinos
are now taken to be their own anti-particle. If C'P violation is also present, then
there exist net lepton-number violating processes that are not fully compensated
by their C'P-conjugated processes. The new heavy right-handed neutrino would
be in equilibrium in the very early Universe, and would then freeze-out, holding a
net lepton number. Its out-of-equilibrium decay would transfer this lepton number
to SM leptons, and considering these events to occur before the electroweak phase
transition, sphalerons would quickly transfer part of this lepton number to a net
baryon number, which after sphaleron freeze-out would remain as the net baryoen
number of the Universe. This is the general picture of leptogenesis, as first suggested
by Fukugita and Yanagida [35]. Since then much work has been done to study
leptogenesis in different (Majorana) neutrino models or within wider contexts such
as supersymmetry, and to try and understand further the source of C'P violation
within the neutrino mass matrix or outside of it. Evidently any leptogenesis scenario
necessitates the presence of lepton number violation, which, as we have mentioned,
only occurs in the case of Majorana neutrinos. Part of this work is concerned with
discussing a peossibility of leptegenesis within the class of neutrino mass models that

do not allow for lepton number violation.

2.3 Dark matter

Here we briefly overview the necessary properties of dark matter candidates and dis-

cuss the possibility of mattergenesis. We delay part of the discussion of dark matter
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to the chapter introducing supersymmetry, as in this work we are interested in dark
matter candidates that arise within these models. Throughout we use discussions
available in dark matter reviews [7,11], as well as WMAP papers [8,10] and more

general comments available in [4].

2.3.1 Dark matter candidates

As we have seen WMAP confirms the existence of a large amount of non-baryonic
dark matter in the Universe on the cosmological scale. On smaller scales, however,
evidence of dark matter has been gathering for over seventy years. In 1933, Zwicky
observed the rotation of galaxies within the Coma cluster and obtained that the
distribution of their velocities could not be explained if the only matter present
was the one directly observed through its radiation [37]. In other words, considering
Einstein’s general relativity to hold, he inferred that the cluster must contain a large:
amount of unseen, or dark, matter. The evidence for dark matter at the scale of
clusters of galaxies is now strong (see [7,11] for an overview, and for a review of
dark matter evidence at various scales). Similarly, it is observed that the rotation
curves of stars within galaxies require the presence of matter that is not seen via
radiation.

Up to now dark matter evidence is only indirect; indeed no detection of a dark
matter particle as yet been made. Much effort is being put in direct detection; we
will describe direct detection experiments in chapter 5, as we will be concerned with
discussing whether direct detection of our dark matter candidate is possible.

Dark matter has to be non-baryonic so as to explain WMAP’s results; moreover it
does not radiate, or it would be observable directly via its radiation and not solely via
its gravitational effects. Moreover, it needs have zero electric charge and zero colour,
otherwise it would have interacted with baryons and produced heavy isotopes, which
is not observed [7]. Massive neutrinos might have all the necessary properties, and as
it has now been established that neutrinos have mass (see chapter 4), it is tempting
to conclude that dark matter simply is neutrinos. Within certain models of neutrino
mass heavy sterile neutrinos might possibly be the dark matter [38]. The left-handed

neutrinos of the SM, when added a mass, come however in too short a number to
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account for dark matter. Moreover (left-handed, light) neutrino dark matter would
be relativistic, which is not what is favoured by structure formation models.

Supersymmetry (SUSY), which we will discuss in chapter 3, was first studied
for reasons unrelated to dark matter, but it was soon noticed that it naturally
provided a dark matter candidate in the form of the lightest supersymmetric particle
(LSP) [39,40]. Within the Minimal Supersymmetric Standard Model (MSSM), the
LSP can have both the necessary properties of dark matter as we have listed and
the right relic density to account for WMAP’s ebservations. Although the LSP is
not the sole potential candidate for dark matter (see for example [7]), it is a widely
popular one and it is the only possibility we will be considering in this thesis. As
we will see in chapter 3, supersymmetry should soon be tested, and for this reason
supersymmetric dark matter is certainly at the moment of special interest. We will
delay our discussion of LSP dark matter to chapter 3, where we will introduce SUSY
in more details.

We should mention that although dark matter is generally considered to be cold
(to have decoupled while non-relativistic) due to structure formation constraints,
models in which dark matter is produced non-thermally [41] and might be warm [42]
are not ruled out. In this work we shall consider a dark matter candidate that never
reaches thermal equilibrium. Unfortunately structure formation within our moedel

is outside the scope of this work.

2.3.2 The possibility of mattergenesis

As we have mentioned earlier, the presence of the observed amount of baryonic mat-
ter necessitates the existence of a baryogenesis mechanism!! This is because the relic

density of baryons as can be calculated in the Standard Model does not correspond

UHere we use the térm baryogenesis in a generic way, meaning any mechanism that would
have as a result the creation of a sizeable amount of baryenic matter, be it GUT baryogenesis
or leptogenesis & la Fukugita and Yanagida [35], or any other mechanism. We will use the term
mattergenesis also in a generic way to describe any baryogenesis mechanism that -also produces a

sizeable amount of dark matter.
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to the observed baryonic density. From this it is concluded that the baryons we
observe today are not simply relics of the big-bang, but were instead produced at
some point in the history of the Universe by some baryogenesis mechanism. Evi-
dently perhaps, the fact that the SM baryonic relic density does not correspend to
the observed one has not been taken as grounds that the SM does not accurately
describe baryons, or that BBN should be completely reviewed; this is simply be-
cause the case for the SM is strong enough for other, independent reasons, and also
because possible baryogenesis mechanisms have been found that do not necessitate
such drastic departure from known physics.

The situation for dark matter is fairly different. On the one hand the very
nature of dark matter is evidently much less obvious than the nature of baryonic
matter; although we have gathered much information on the properties a dark matter
candidate should have, it is clear that no particle already observed possesses these
properties. In the search for a dark matter candidate in possible extensions of
the SM, a criterion generally used is the relic density of this candidate within the
extended model (see for example [11]): if the relic density of the candidate is too
high, then overclosure of the Universe forbids this candidate, and if the relic density
is too low, then the candidate is considered not to be the main source of dark
matter.- As we have just seen, however, such a reasoning in the baryonic case would
have lead us to 'rule out baryons as baryonic matter candidates’, or else to start
seriously questioning the SM itself, two avenues physicists haven’t followed. As we
have said, the SM has other strong arguments in its favour; one could argue that
a certain dark matter candidate (among many others) in a certain SM extension
(among many others as well) that dees not have the necessary relic density is not in
such a good position, and can be abandoned readily. Whether we are missing out
on some potentially interesting candidates in this way is debatable, and certainly
in this thesis we outline that indeed it could be the case. One reason to study
alternative production methods for dark matter, therefore, is simply the fact that
the relic density of dark matter particles could be as irrelevant to their observed
density as the relic density of baryons is to their observed density.

Once this is said, however, it becomes interesting to wonder whether it would
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be possible for baryogenesis and ’dark-matter-genesis’ to be united in a single mat-
tergenesis mechanism that would simply create all matter, baryonic and dark, at
once. If such a mechanism existed, it would perhaps also allow one to explain the
observed ratio of dark-to-baryonic matter. Comparing eq.(2.26) and eq.(2.27), we
have that

Qpm
b

~ 4T (2.40)

If we take the origins of both types of matter to be completely different (baryons
coming from baryogenesis, dark matter density being given by its relic density), there
is certainly no reason to expect their final density to be similar in any way. Yet the
ratio of their densities is order one. The unexplained resemblance of the observed
densities of dark and baryonic matter, sometimes called the *Qps /€y problem’, has
been studied first in [43], and has received increasing attention [44-54]. Explain-
ing the 'Qps /€ puzzle’ is another argument to justify looking for mattergenesis
mechanisms.

Some general characteristics of mattergenesis mechanisms can be obtained. It
has been suggested before [47,54]) that candidates for mattergenesis-induced DM
should generally have weak or even super-weak interactions with the visible’ sector.
If the candidate never thermalises, the asymmetry created by mattergenesis will not
be erased or reprocessed at later times. In this case, the smallness of the couplings
would act as a built-in protection of the DM asymmetry. Having such a constraint
means that we would be able to estimate a correct amount for the dark matter
density directly from the suggested mattergenesis mechanism even without owning
detailed information about its interactions. A condition that other possible sources
of DM stay small need also added, for in the opposite case mattergenesis is not
the leading source of dark matter. We should mention that another mechanism
to ’protect’ the created dark matter asymmetry has been suggested in [46], where
this time the candidate is thermal in the early Universe but freezes-out at some
temperature T' ~ mpys/20, creating a low relic density. The observed DM density
(and baryon density) is created after freeze-out by the decay of a heavier particle
which couples to both dark and baryonic matter. For this reason the mechanism has

been called the ’late decay’ scenario. In both cases (of late-decay and non-thermal
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candidate), the DM asymmetry is created at a time when the DM candidate is out
of thermal equilibrium with the plasma, and will remain so.

In this work we suggest the right-handed Dirac sneutrino as a dark matter can-
didate that could have been produced within a mattergenesis mechanism, and part
of our work will be concerned with discussing whether it has properties specifically

interesting for mattergenesis.



Chapter 3

The Minimal Supersymmetric

Standard Model

The popularity of supersymmetric theories, and of the Minimal Supersymmetric
Standard Model (MSSM) in particular, has been unwavering for over twenty-five
years. Soon the LHC should be able to determine whether low energy broken su-
persymmetry (SUSY) is indeed an accurate description of Nature. Although as yet
no experimental signals of SUSY have been seen, there are a number of reasons why
it has generated so much interest. The MSSM offers a solution to the hierarchy
problem of the SM, which put simply is the fact that the Higgs mass is sensitive to
new physics that would enter at scales much higher than the electroweak scale. It
also permits the unification of gauge couplings. And although it was not constructed
for this reason, it naturally provides a candidate for dark matter. As we have men-
tioned earlier, both the observed amount of baryonic matter in the Universe and the
existence of large quantities of dark matter necessitate physics outside the SM. In
this work we take the MSSM as the basic beyond-the-SM ingredient to tackle these
two questions.

This chapter is concerned with giving basics of SUSY and the MSSM that are
necessary for the completeness of this work. In the next section we give some
essential basics of SUSY; we then go on to present the MSSM and its particle content,
along with the description of their interactions. In section 3.2 we will discuss the

phenomenon of soft SUSY breaking and different models that can implement it. Last

30
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we discuss the MSSM dark matter candidate. Throughout we keep the emphasis
very much on the aspects of SUSY and the MSSM most relevant to this work.
Various reviews of SUSY basics deal with SUSY and the MSSM in more details
(see for instance [55] and references therein). In this chapter we mainly follow the
treatment of [55] and [56] for basics of the MSSM, and we additionally use [27] for
SUSY-breaking issues, and [7,11,57] for phenomenology questions.

3.1 SUSY basics and MSSM

We introduce the SUSY algebra, followed by the particle content of the MSSM, its
superpotential, scalar interactions and gauge interactions. We do not explain how
to obtain the MSSM Lagrangian from first principles; this can be found in [55].

As we have mentioned, one of the leading reasons for intreducing SUSY is the
existence of the hierarchy problem. The Higgs mass, within the SM, is related to the
scale of electroweak symmetry breaking, and experimental constraints are already
in place that force it to be above 114.4GeV [21]. The Higgs mass however receives
corrections from any particle it couples to, even in the case where the coupling
appears only at higher orders. This in turns means that if there is any physics at
energies higher than the electroweak scale, the Higgs mass could be dramatically
affected. As the energy gap between the electroweak scale and the Planck scale is
so wide, postulating that there exists no new physics in it seems rather constrained.
This is in very short terms the hierarchy problem. Supersymmetry, which is a
symmetry that relates boson and fermions, offers a solution to the hierarchy problem
by assuring that for all fermionic contribution there exist a bosonic one that exactly
cancels it (up to logarithmic contributions). Indeed at 1 loop level the corrections
arising from an additional fermion and scalar cancel exactly (up to logarithmic
contributions); within SUSY, the cancellation of fermionic and scalar contributions

is kept even when all higher order corrections are included.
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3.1.1 SUSY algebra

The generators of supersymmetry, @}, transform boesons into fermions and vice-versa;

as such they are are fermionic generators. They respect the following algebra:

{Qa,QL} = 204.P, (3.1)
{QaQs} = {QLQJ}=0 (3.2)
[Qa, P¥] = [Qa, P*]=0 (3.3)

where P* is the spacetime momentum operator, P = (H, P*), with H the Hamil-
tonian and P! the 3-momentum operator, o* = (1,&) are the Pauli matrices, the
i index runs on spacetime coordinates and the «, & indices are spin indices that
run from 1 to 2. SUSY generators can be constructed by considering the SUSY
Lagrangian for a fermion and a scalar; using Noether’s procedure, we can construct
from it the conserved supercurrent, and in turn obtain the supercharges, which are
the SUSY generators.

A first interesting result (and which will be of importance te us in chapter 7)
comes from considering the zeroth component of eq.(3.1). Let us try and obtain the

Hamiltonian operator in terms of the SUSY operators; we have from eq.(3.1)

Q:1Q} + Q1Q: = 2P, + 2P
Q:Q} + Q}Qy = 2P, — 2P, (3.4)

so that
H =7 (@0} +QlQ: + .0} + Qls) (35
If in the vacuum SUSY is unbroken, then
Qal0) = 0,QLI0) = 0 (3.6)

and the vacuum energy is zero. Conversely, it must imply that if the vacuum energy
is positive, then SUSY is broken in the vacuum. Indeed if the vacuum is not invariant

under SUSY, then

Qa|0) # 0,Q%|0) #0 (3.7)
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so that the vacuum energy is
(0|H|0) = |Q|0)[* + @110} * + |Q3[0)* + |Q2/0)* > 0 . (3.8)

In chapter 7 we will mention that the non-zero vacuum petential present during

inflation necessarily leads to SUSY breaking [58].

3.1.2 Fermions within the MSSM

SUSY generators transform fermions into bosons, so the minimal supersymmetric
extension of the SM, the MSSM, must include for each SM fermion a new scalar
superpartner. In the MSSM each SM fermion and superpartner (or sparticle) pair
is included in a chiral supermultiplet!. Matter fields and their superpartners are de-
scribed by chiral superfields; the fact that matter superfields need be chiral is related
to the fact that the SM treats left-handed and right-handed particles differently. The
Higgs boson is also part of a chiral supermultiplet with its fermionic superpartner,
the higgsino, though for reasons that we will explain shortly, the MSSM needs to
contain two higgs superfields, the up-type higgs H,, and the down-type Higgs Hy.
Each higgs boson shares its chiral supermultiplet with its corresponding higgsino.
We denote a superfield in general by the bold character ®; the fermionic (resp.
scalar) component of a chiral superfield we denote by 1 (resp. ¢). When describing
a specific fermion-scalar pair, we use the usual SM symbol for the fermion and add

a tilde for the scalar partner; for instance the lepton doublet superfield is

L= (l, i) (3.9)

which includes the lepton doublet

and the slepton doublet,

o~
Ii
o [

1Chiral supermultiplets also inciu;ié the F' auxiliairy field, which we will mention briefly shortly.
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The up-type and down-type Higgs are the following superfields:

H, = (ﬂu, hu) (3.10)
Hy = (ﬁd, hd) (3.11)

which include the higgsino SU(2) doublets

. HF _ H?

Hu = - ,Hd = ~ ’
H} Hy
ht RO

b= * |, hg= L
hd hy

Each chiral supermultiplet also contains a complex scalar auxiliary field F. The

and the Higgs doublets

auxiliary field’s kinetic term in the Lagrangian is
Loye = F*F . (3.12)

This field serves to ensure that the SUSY algebra closes off-shell.
We should mention briefly what happens with electroweak symmetry breaking
now that we have added a Higgs field. Following [55] we denote the Higgses vacuum

expectation values (vev’s) upon electroweak breaking as

(hy) = vy
(ha) = va (3.13)

and these must be related to the usual electroweak breaking scale? v ~ 174GeV via
v24+vi=v". (3.14)
Traditionally both vev’s are related by their ratio, which is defined by

tan G = — . (3.15)

2We have v ~ 174 so that the top Yukawa coupling )\ is A ~ 1
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In this work we shall be using tan 3 > 1, or v, ~ v as a simplifying assumption.
The interactions of superfields that do not involve gauge interactions are con-
tained within a single, analytic function of the scalar components of the various
superfields of the theory, the superpotential. The most general superpotential
that leads to a renormalizable, gauge-invariant and SUSY-conserving Lagrangian®

is given by
1o 1 ik ,
W= M ¢ + gy ¢idihn (3.16)

where M¥ is a symmetric mass matrix and y** is totally symmetric under the ex-

change of 4, j, k. The Lagrangian is obtained from the superpotential in the following

way:
a*w ow
L= Liin = )Y + h.c.| + F; + h.c. 3.17
¢ ;MMWk ;% (3.17)
with
Liin = —0*¢* 0,0 — ip'5#0,0; + F*F . (3.18)
Using the equation of motien of the auxiliary field,
oL
3F - 0
ow
= = —— 3.19
36; (3.19)

we can eliminate the F-field contribution to the interaction Lagrangian to obtain
L= Lkin + £int (320)
with

Ling = — |:Z (9(25 50n '(/)] UYr + he| . ('3.21)

6¢J

3An additional linear term k'¢; is allowed in the case where there exists a gauge singlet in the
theory, which is not the case in the MSSM. Here we will introduce such a gauge singlet but will

not consider adding a linear term to the theory.
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The first term of £;,; is generally called F-terms for obvious reasons and is a purely
scalar contribution, while the second term mixes fermions and scalars.

The MSSM superpotential is given by
Wussu = AaQhyil — MaQhad% — AeLhaél + phyhy (3.22)

where Ay, Ad, Ae are the Yukawa matrices that give rise to the fermion masses in the
usual way and the y term gives rise to the Higgses masses. Since the superpotential
needs to be analytic, it is not possible to use the conjugate of one of the Higgs fields
to play the role of hy, as is done in the SM; thus it is necessary to have two different
Higgses, one for the up-type quarks and one for the down-type quarks. Moreover
two Higgses (or rather two higgsinos of opposite charge) are necessary to maintain
the cancellation of gauge anomalies*. The usual Yukawa terms for SM fermions will

stem from interactions of the type given by the second term of eq.(3.21).

3.1.3 Gauge interactions of matter fields

Gauge fields appear as components of vector superfields, which also include the
fermionic superpartners of the gauge bosons, the gauginos, and an auxiliary field D.
The gauge boson part of the vector superfield we denote in general by A# and the
fermionic part by \. When describing a specific gauge boson-gaugino pair we use
the usual SM symbol for the gauge boson and add a tilde for the fermionic partner.

The Lagrangian for gauge interactions with chiral superfields is composed of
various parts. Once the auxiliary D fields are eliminated from the interaction La-
grangian we obtain a contribution to the scalar Langrangian, which we will call

D-terms:

Lo =33 62 (6T (3.23)

' ;’bioflgidéring the hypercharge Y and the third component of isospin, T3 (with the electric charge
Q. = Y + T3), the gauge anomalies cancellation conditions include Tr(YT%) = Tr(Y) = 0, with
the trace running over all left-handed fermions. As this condition is respected within the SM, when
adding a higgsino we need to add another one of opposite hypercharge so both contributions can

cancel.
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where a is a gauge index, g is the gauge coupling, T are the gauge generators and
¢ is the scalar part of the chiral superfield. The coupling of gauge bosons with
either fermions or their scalar partners is given, as in the SM, by the replacements
of ordinary derivatives by covariant derivatives in the kinetic term for the fermions

and scalars:
Liin = —D*¢* Dy — i)'6* Dyt (3.24)
where the covariant derivative is such that
D,¢; = O — igA, (T*);

D¢ = 84" +igAZ (¢*T°)
Dy = Outhi — ig Al (T°), . (3.25)

Finally interactions of gauginos with matter are given by new SUSY terms:
Lgauginos = —V2g (§"T*P) X ~ V2gA1* (y!T79) . (3.26)

This completes the set of interactions of matter fields.

3.1.4 R parity

SM particles and their superpartners are differentiated by a new multiplicative,
conserved quantum number, R parity. For each MSSM particle R parity is defined

as
PR — (_1)3(B—L)+23 (327)

with B (resp. L) the baryon .(resp. lepton) number of the particle and s its spin.
With this definition each SM particle has R parity +1 and each of their superpartners
has R parity —1.

Within the MSSM R-parity is included to forbid renormalizable B or L violating
terms from appearing in the superpotential. If such terms were allowed, fast proton
decay, for example, would have been observed unless the size of these new couplings

were fine-tuned to be extremely tiny. In the SM there is no need to add a symmetry
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to forbid B or L violating terms in the perturbative theory; gauge symmetry does
this®.

The consequences of the conservation of R parity reach far beyond forbidding fast
proton decay. R parity conservation implies that superpartners are only produced
in pairs, which is an important observation for direct searches for SUSY at the LHC,
for example. Of even more importance for the present work is the fact that R-parity
conservation renders the lightest superymmetric particle (LSP) stable. This is the
crucial element of the MSSM that allows the possibility of a dark matter candidate,

as we will discuss further in section 3.3.

3.2 Soft SUSY breaking

3.2.1 Soft Lagrangian

It is clear from experiment that supersymmetry, if indeed an accurate description
of Nature, must be a broken symmetry. However one of the main advantages of
unbroken SUSY is to offer a solution to the hierarchy problem, and for this reason
it is expected that SUSY should be broken in a way that does not bring back large
(quadratic) quantum contributions to the Higgs mass. The usual way of obtaining
this is to include all SUSY-breaking contributions in a soft Lagrangian, Lo, such

that the overall effective MSSM Lagrangian is written as

Lymssm = Lsusy + Loogt -+ (3.28)

No new fields are added in L, and all new couplings have positive mass dimension,
such that L5 — 0 when the SUSY-breaking coupling(s), say msof:, goes to zero.
Because of this, the additional corrections to the Higgs mass brought about by the

terms in Lyp must also vanish in the limit mg,p; — 0°. This in turns forces them

5 Although evidently gauge symmetry does not forbid a L-violating Majorana mass for the right-
handed neutrino, which we will discuss in the next chapter. The same is true here as a Majorana
mass can be added for the right-handed neutrino to the superpotential even in the presence of R

parity conservation.
6Since we already know Lsysy not to generate large quantum corrections to the Higgs mass.
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to be at most logarithmic in the cut-off scale.The possible soft-terms are in general

(see [27] for a discussion of why these and no other terms are indeed soft)
Loopt = AT ¢ipit + (M + MAA* + b b, (3.29)

where A are called trilinear terms, (m?) are SUSY-breaking mass terms for scalar
superpartners and M, terms are mass terms for fermionic superpartners. Within
the MSSM only terms for which there exists a corresponding term in the non-SUSY
breaking Lagrangian are allowed by gauge symmetries: trilinear terms for which
there exist corresponding Yukawa terms, superpartners masses from either m or M
terms, and a b term that mixes the up and down Higgses.

As written above L, contains a very large number of parameters. A simplified
version of it is generally assumed in the vast majority of models that have been
analysed. One of these simplifying assumption, sometimes called the minimal flavour
violation scenario, MFV, assumes that SUSY-breaking squark and slepton masses

are diagonal in flavour space,
(m)Gvp.L,6 = 89 (M*)Qup,LE (3.30)
and trilinear terms are proportional to their corresponding Yukawa terms,
A = apeApe - (3.31)

With this scenario the SM Yukawa couplings are the only source of flavour viola-
tion. Within the SM the GIM mechanism [59] offers an effective explanation of why
flavour-changing neutral currents, FCNC’s, are suppressed; within the MSSM sup-
pressed FCNC can be difficult to obtain due to the potentially large contributions
from soft terms. The MFV assumption makes it easier to ensure the accordance of
broken SUSY with the known constraints on FCNC. In this work we assume soft
parameters follow eq.(3.30) and (3.31). Although we shall not be concerned with
flavour effects, MFV is a popular assumption in the literature and a large number

of models attempting to explain the origin of SUSY-breaking use it.

7Soft Laéranglans that respect FCNC constraints without this simplification are also possible.
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We can gain one more piece of information on the soft Lagrangian by noting that
although large quantum corrections are avoided by our choice of SUSY-breaking
terms, this is only true up to the point that the scale of these terms is itself not too
large. Indeed, since the quantum corrections on the Higgs mass are logarithmic, for
dimensional reasons they must be proportional to mﬁoﬂ. Explicitly, the logarithmic
correction from the soft terms is [55]

22
A g = g (37108 (v o)) (3.32)
where my,z stands for any SUSY-breaking mass or trilinear coupling in eq.(3.30)
or (3.31), A is a generic dimensionless coupling such as the Yukawas in eq.(3.31),
and Ayy is the cut-off scale. Considering a cut-off scale of order the Planck mass,
a Yukawa A ~ 1 and a Higgs mass of roughly 100GeV, then the soft-breaking scale
is Mg ~ 100 — 1000GeV. This result we also use as a guideline throughout this

work.

3.2.2 The hidden sector framework

As it was introduced here, L, explicitly breaks SUSY but gives no explanation of
the origin of the various terms it contains. To this end we must first ask whether
SUSY can be broken without the introduction of new fields and /or new energy scales.
This does not seem to be the case. SUSY is broken if the vacuum energy is positive,
eq.(3.8); thus if it is possible for all values of fields to produce either a non-zero
D- or F-term in the scalar potential, SUSY must be broken. The Fayet-Iliopoulos
mechanism [60] creates a non-zero D-term by introducing in the Lagrangian a term
linear in the auxiliary field of a gauge symmetry. This is only possible if the gauge
symmetry is U(1). Implementing the Fayet-Iliopoulos mechanism with the U(1)y
of the SM does not lead to acceptable phenomenology. The O’Raifeartaigh mecha-
nism [61] instead breaks SUSY via a non-zero F-term. This requires the presence
of a gauge-singlet chiral superfield for which there could be a linear term in the
Lagrangian. Such a gauge singlet is not present in the MSSM. Thus neither D- nor
F-term SUSY breaking appears possible within the MSSM only. This remains true

in general even when one allows for the inclusion of new fields at the my,y; scale (as
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obtained from eq.(3.32))3.

This situation has led to the development of the hidden sector approach, where
SUSY-breaking occurs in an higher-energy sector that has suppressed interactions
with the MSSM sector, or visible sector. Various hidden sector models differ prin-
cipally by their choice of the interactions that mediate the breaking of SUSY from
the hidden to the visible sector. Two popular choices of mediating interactions are
SM gauge interactions and gravity. In gravity-mediated SUSY breaking, the hidden
and visible sectors only share gravitational interactions. Some F-term is generated

in the hidden sector, and the soft term scale appears as

F
Mgoft ~ —]%;Z—l (333)

and hence vanishes either when SUSY is unbroken ((F) — 0) or gravity is not
considered (Mp; — 00). To obtain an mg.p; ~ 10°GeV, the scale of SUSY-breaking
needs to be y/(F) ~ 101'GeV. We will discuss gravity mediation further in the
next section. In gauge-mediated SUSY breaking a new messenger sector is added; it
shares gauge interactions with the visible sector and couples to the SUSY-breaking
F-term of the hidden sector. In the visible sector diagrams involving gauge and
gaugino fields ean now include messenger loops, leading to the effective appearance
of the soft terms. The soft term scale is thus, on dimensional grounds,

9> (F)

(471' )2 Myness

(3.34)

Mot ~~

where the first term is a loop factor (with gauge coupling g ~ O(1)) and mpess is the
messenger sector mass scale. Here the scale of SUSY-breaking can be much lower

than in the gravity-mediation case; for instance for a messenger mass of Mm,eg ~

10°GeV, a SUSY-breaking scale of v/(F) ~ 10"GeV is obtained.

8This is due to the existence of sum rules that link various masses of the MSSM and that -are
valid if only renormalisable tree-level SUSY breaking is present. Were these sum rules valid, some
sleptons or squarks would have to have masses much smaller than mgs;, and would have been
discovered already.
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3.2.3 Supergravity and the gravitino

Although somewhat tangential to the subject of this work, we wish for completeness
to briefly describe the idea of supergravity, or SUGRA. Taking SUSY as a local
symmetry instead of global one leads to the inclusion of gravitational effects®, though
the obtained Lagrangian is non-renormalisable. Within SUGRA the spin-2 graviton
is accompanied by its superpartner the spin-3/2 gravitino. Global SUSY breaking
implies the existence of a massless goldstino, the fermionic equivalent of the more
usual Goldstone beson!®. In a manner reminiscent of the Higgs mechanism, upon
local SUSY breaking the gravitino ’eats’ the goldstine to become massive. This is
the so-called super-Higgs mechanism. In the case of F-term breaking the gravitino

mass, Mgz, is given by

(F
m3/2 Mp (3.35)

which vanishes when SUSY is restored or when gravity effects are ignored. In gravity-
mediated SUSY breaking, the gravitino mass and the soft scale are the same, and so
the gravitino has mass similar to the other superpartners. In such a case the gravitino
being the LSP is a possibility, although it is not in a different position than any other
superpartner. In gauge-mediated SUSY-breaking, the gravitino mass can be much
smaller than the soft scale, depending on the size of the messenger scale. For the
example given above with a messenger scale of Meqs ~ 101°GeV, the gravitino mass
would be as low as mg/; ~ 1073GeV. In such a case, the gravitino is most likely to

be the LSP. In this work we shall use m,,5; = mg/2 as a rule of thumb, and assume

the gravitino not to be the LSP of the MSSM.

9A hint of this phenomenon can be obtained by recalling that the SUSY algebra, eq.(3.1),
contains the spacetime operator. When considering local SUSY transformations we should be led

to consider local spacetime transformations, and thus general relativity.
10The 'Goldstone field’ needs to be a fermion because the SUSY generators are themselves

fermionic.
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3.3 Lightest supersymmetric particle dark matter

Although SUSY was not originally introduced to address the question of dark matter,
it was soon realised that the MSSM naturally contains a dark matter candidate
[40]. As we have mentioned, within the MSSM R-parity ensures that the lightest
supersyminetric particle is stable; if moreover this particle has no electric charge or
colour (see our discussion in section 2.3) and is not produced in such quantities that
it overcloses the Universe, then it is a good dark matter candidate.

The MSSM indeed contains a neutral, colourless massive particle: it is the neu-
tralino. We have not yet mentioned the neutralino explicitly, although we have all
the necessary ingredients to discuss it. Looking back at eq.(3.26) we see it includes
the possibility of a gaugino-higgsino-higgs coupling; once the higgs has acquired
its vev then this terms becomes a mixing term between a gaugino and a higgsino.
Hence the overall gaugine-higgsino mass matrix needs to be diagonalised to obtain
the mass eigenstates. The charged states are generally called charginos, C;’s and
the neutral states, neutralinos, x;'s. The neutralinos’ only gauge interactions are
SU(2) interactions and their mass stems from SUSY-breaking terms, as we have
discussed. If the lightest of the four neutralinos is also the LSP, then it is a dark
matter candidate. As we have mentioned, none of the aspects of the MSSM that
lead to the existence of the neutralino were introduced to allew for a dark matter
candidate: it instead appears as a 'bonus’ of the model. The only assumption is that
the neutralino is the LSP. Supposing the MSSM to be an appropriate description
of nature, then if the neutralino is indeed the LSP, there is now the possibility of
the neutralinos being the main source of dark matter, but also of an overclosure of
the Universe due to an over-abundance of neutralinos. The first evaluation of the
neutralino relic density was obtained in [40] and helped establish the LSP as the
very popular dark matter candidate it is now. Let us review the argument. We
follow the treatment of [11]

We recall from chapter 2 that the number density of a particle is given by
eq.(2.16),

n= (;r 5 / F@)dp . (3.36)
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The neutralino has strong enough interactions to be kept in thermal equilibrium,
which means its number density is described by the above expression with the Fermi-

Dirac distribution as its distribution function,

1

fp) = AT (3.37)

At early times, when T >> m, the equilibrium number density follows n® ~ T3,
while at later times, T" <« m, it instead follows

T */?
n~g (%—) el=m/T) (3.38)

meaning it decreases exponentially. As we have seen however, due to the expansion
of the Universe we expect the annihilation and creation processes to eventually
freeze-out, leaving the number density per comoving velume fixed at the equilibrium
amount at freeze-out!l.

In the case of a relic X in equilibrium until the time of freeze-out and for which

there is no sizeable particle-antiparticle asymmetry, the Boltzmann equation (eq.

2.17) can be rewritten as
fix + 3Hnx = —(o4v) [(nx)2 — (n% 2] (3.39)

where ny is the number density of X, (c4v) is the thermally averaged total anni-
hilation cross-section for X and the rate of annihilation is given by I'y = (gav)nx.
Freeze-out occurs when H = I'y. We have H = 1.66g. T2 /Mp; (eq. (2.22)), so
that freeze-out happens when
1.669./2T2

A = (0AV)Nx F (3.40)

which implies

1.669, T2

nxrF = W (3.41)

11gee figure 4 of [11].
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where the index F stands for freeze-out. After freeze-out the relic number density

per comoving volume is conserved,

x| _
S Inow - S |F
3.8
~ (3.42)
9o rMp(oav)TF

where we have used s = i—’f: 9.3, eq.(2.18). The freeze-out temperature also depends
on the annihilation rate. Let us relate this number density to a quantity more
amenable to comparison with the observed dark matter density (eq.(2.27)); we define

pxh®

Pec
h?s
Pe

Wy =

now

mxnx

(3.43)

now S now

If X forms the entirety of dark matter (wx = wpy), then using eq.(3.42), the
annihilation rate and freeze-out temperature should be related with the cosmological
parameters via

(0av)Tr _h®%s 1 1 38

- - - =7 3.44
mx pe wpm g\/z Mp (3.44)

Let us first evaluate the left-hand side of this expression; considering a relic mass of
mx ~ 100GeV with only weak scale interactions implies

a2

1002GeV?
~ 1078GeV~2. (3.45)

(04v)

The freeze-out temperature also depends on the annihilation cress-section, though
this time a more involved calculation is necessary; for weak scale interactions, the
freeze-out temperature turns out to be Tp ~ mx /20 (see [40] for details). Thus for
our neutralino we obtain

(0av)TF

~ 5 x 107°GeV~2 . (3.46)
mx

Using table 2.2 we can calculate the right-hand side of equation (3.44),

h?s 3.8

— ~1x1079GeV 2. 3.47
oo oM, (3.47)
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with g, r ~ 80, corresponding to Tr ~ mx/20. Thus as long as the assumptions
we have considered hold, the neutralino (or any other weakly interacting massive
particle, WIMP) 'naturally’ has the correct relic density to be the dark matter. This
result was obtained rather early in the development of the MSSM [40], and remains

very important in the understanding of the dark matter question.

3.3.1 Mattergenesis revisited

As we have seen, in general the relic density of the neutralino LSP is of the same
order than the observed dark matter density. If indeed the MSSM is an accurate
description of Nature, and the neutralino is the LSP, than there is in general no need
for mattergenesis. Any alternative scenario that involves a different dark matter
candidate produced via a mattergenesis mechanism but that accepts the MSSM as
an accurate description of Nature is confronted with the possibility of overclosure
due to the relic LSP. For this reason it is important for our work to mention that
although the result of the previous section holds in general, a number of special cases
can alter it sizeably. For instance coannihilation [62] can occur when there exists a
particle almost degenerate in mass with the candidate. If the candidate can convert
into this new particle, and it has interactions much faster than the candidate, then
it is the annihilation of the new particle that mainly determines the candidate’s
relic density. It is also possible for the candidate and quasi-degenerate particle to
directly annihilate together, again modifying the candidate’s relic density. This is
a possibility for a neutralino of any composition, since we know little of the mass
spectrum of the MSSM, but it is especially important in the case of a neutralino
very largely composed of a higgsino, as in this case close-by charginos will induce
coannihilations [11]. An analysis of the relic density of the neutralino as a function
of its main component reveals that coannihilations can play an essential role and
that both very small and very large relic densities can be achieved [63]. We will
discuss this situation again in chapter 6, but for now it suffices to say that the
results presented in the previous section should not be interpreted as a case against
mattergenesis, but rather as an interesting observation that has often been used to

argue for WIMP dark matter.



Chapter 4

Massive neutrinos

4.1 Evidence of neutrino masses

Over the recent years the existence of a non-zero mass for the neutrinos has been
confirmed by a variety of experiments, involving solar, atmospheric, reactor and ac-
celerator neutrino experiments [64]. These various experiments all make use of the
fact that if the neutrinos have masses, then their mass and weak eigenstates need
not be the same (just as is the case with quarks), and this mixing of states would
cause neutrinos to change into one another as they propagate. The evidence for
flavour changing in neutrinos is by now very strong [65]. The Super-Kamiokande
experiment [66] studies neutrinos produced in cosmic rays, a source that is isotropic
around the Earth. It has measured that neutrinos that come from above the ex-
periment and neutrinos that enter the detector after having traversed the Earth do
not however come in comparable numbers. This experiment has allowed to mea-
sure the oscillation of (what is best described as being) v, to v,, and obtain the

corresponding mass square difference Am2, . of (as cited in [64])!

Am?

alm

=22 x107%V?. (4.1)

1Here we should mention that by 'mass square difference’ or 'mass square splitting’ we mean

generally Am3 , = m? — m3. Hence a mass square splitting can be negative.

47
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Here the index refers to ’atmospheric neutrinos’ or neutrinos produced by cosmic
rays within our atmosphere. The Super-Kamiokande data is well supported by
the K2K experiment [67], that has measured the ’disappearance’ (or oscillation to
another species) of v,’s produced at the Kamioka accelerator.

The phenomenon of neutrino oscillation has also been observed in ’solar’ neu-
trinos (neutrinos produced within the Sun). The Subdury Neutrino Observatory
(SNO) [68,69] has measured that the flux of v, and v, from the Sun is non-zero,
despite the fact that the Sun only produces v, neutrinos; moreover the total amount
of neutrinos (ve, v, vr) from the Sun detected at SNO agrees with the calculations
of (V) neutrino production in the Sun. In ether words, the amount of neutrinos re-
ceived at SNO from the Sun is as expected, but the composition is not: the amount
of v, is too small, but the missing quantity is made up of other types of neutri-
nos. This is very compelling evidence for neitrino escillations, and in turn for the
existence of neutrino mass. The best-fit mass square splittings difference in solar
neutrinos (as obtained by combining the data from SNO and KamLAND (70, 71],

which measures reactor v,) is obtained to be [64]
Am?,,, =81 x 107%eV? . (4.2)

The Los Alamos Liquid Scintillation Detector experiment (LSND) [72] also re-
ports the apparition of ¥, from another neutrino species, #,. LSND measures ac-
celerator neutrinos produced in the decay u* — e*v.i,. The corresponding mass

square splitting is in this case [64]
Am%SND ~ 1eV2 . (4.3)

This result has noet yet been confirmed by any other experiment. The MiniBooNE
experiment [73] is designed to test the LSND results.
With three neutrinos in the SM it is not surprising that we would have three

distinct mass splitting. These three mass splittings, however, have to be such that
Am?_ + Amj_y+ Am3_; =0 (4.4)

if there are indeed to be only three neutrino species involved. As we have seen, the

atmospheric, solar and 'LSND’ mass splitting are all of different orders of magnitude,
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and for this reason it is impossible that eq.(4.4) be respected if LSND is confirmed.
The simplest explanation for this situation is to include a fourth light neutrino in
the analysis. As it is already well known that only three light neutrinos couple to the
weak gauge bosons [21], this fourth neutrino would have to be sterile with respect
to the weak interaction?. To understand the importance of this possibility, we need
discuss the ways in which the neutrine mass can be included in the SM; the next
section is concerned with this.

Before we go on however it is worth mentioning that although the experiments
we have discussed up to now give no indications of the absolute mass scale of the
neutrinos, it is not the case that we possess no clues as to what this scale might
be. Considering the solar and atmespheric mass splittings to be involving the three

SM neutrinos, three possible arrangements of the neutrinos emerge, as shown in

fig.(4.1) [74).

If the neutrines have non-degenerate masses, then the mass of the heaviest neutrino

must be around my > /Am?2,, = 4.7 x 1072, If on the other hand they are

degenerate, then a priori not much ecan be said on the absolute mass scale from the
oscillation data. However cosmology gives some constraints on the absolute mass
scale of the neutrinos as well. Indeed it is possible to obtain limits on the neutrino
masses from the study of the power spectrum of matter on large scales [74]. For a

three neutrinos model this implies [75]

Ym, < 1.0leV (4.5)
and goes up to

Im, < 2.12eV (4.6)

for five neutrinos. Taking these along with the conclusions drawn from the mass

splittings, we conclude that a reasonable guess for the scale of the neutrino masses

2If it is to explain a confirmed LSND result, this additional ’sterile’ neutrino would still have
to share some interaction with the SM neutrinos so as to, at the very least, allow mixing with one

of them.
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Figure 4.1: Possible neutrino masses configurations. Each line represents the mass
square of a neutrino of the SM, and my stands for the mass of the heaviest neutrino.
(a) Hierarchical and inverted hierarchy neutrinos. The exact emplacement of the
zero of the mass square scale is unknown but close to the smallest neutrino mass
square. In both cases my ~ \/Am?2,, (b) Degenerate neutrinos. The zero of the

mass square scale is far below the neutrino masses square. Here my > \/Am2,,..

could be
my, ~ 0(1072 = 107Y)eV . (4.7)

This is the estimate we shall use throughout this work. Attempts at measuring
neutrinos masses directly such as the KATRIN experiments [76] and others [77, 78]
are under way. The KATRIN experiment is concerned with studying the energy

spectrum of the electron produced in tritium decay,
SH —-*He* +e” + . (4.8)

Although only the electron’s energy spectrum is available, it depends on the neutrino

mass. The careful study of the higher end of the spectrum (where neutrino mass
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effects are relatively most significant) could lead to an absolute determination of the
neutrino mass. As of now the limits on the total mass of the neutrinos invelved in

tritium decay (including mixing effects) obtained in this way are

i< 2.3eV, 226V (4.9)

as obtained by [77] and [78], respectively, as cited in [38]. Here U is a matrix
element of the neutrino mass mixing matrix that relates the electron neutrino to

any other it might mix with.

4.2 Dirac and Majorana masses

4.2.1 See-saw mechanism

In the Standard Model the neutrinos do not have mass at all, or equivalently there
is no mass term that appears for them in the Lagrangian. As all the other SM
particles evidently have mass in the SM, we already know a way of including a mass
term for the neutrinos. Copying what already exists for the quarks and leptons, we
can simply add to the SM a set of three right-handed neutrinos vg and in turn write

down a new Dirac term in the Lagrangian [65]:
Lp = —mpULvg (4.10)

where the mass parameter mp is related to the Higgs vev v through the new neutrino

Yukawa coupling A, in the usual way,
mp =AU . (4.11)

In models where the neutrino mass is constructed solely from a new Dirac term in
the Lagrangian the neutrinos are said to be Dirac neutrinos.

Two very important questions arise from this simple analysis: first, eq.(4.11) tells
us that the Yukawa coupling for the neutrinos should be of the order A, ~ O(10713),
which is much smaller than the quarks Yukawa couplings (which only illustrates the

smallness of the neutrino masses themselves compared to the masses of the quarks
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and leptons)3. Second, this analysis overlooks a very specific aspect of the neutrinos,
which is that contrary to the quarks and leptons, they do not have an electric charge.
Because of their absence of electric charge, it is possible to write a Majorana mass

term for the neutrinos:
£M = mR;EVR . (412)

Such a mass term is forbidden for any other matter particle of the SM because it
would not conserve electric charge. This term however does not conserve lepton
number. But lepton number is an accidental symmetry in the SM: it is conserved
solely because electric charge is conserved, and imposing electric charge conservation
happens to alse forbid lepton number violation.

The most poepular theory of the neutrino mass links these two peculiarities of the
neutrinos (the smallness of the mass and the absence of an electric charge). In the
original see-saw mechanism [79-83], a Majorana mass term is added for the right-
handed neutrines and a Dirac mass term is added as well. The obtained 'Majorana
neutrinos mass matrix’ (in a basis of left-handed and right-handed neutrinos) is
given by [38]:

0 v\,
v, Mp

Considering very large Majorana masses, My > v, leads to the matrix having one

M=

eigenvector that is mainly composed of the left-handed neutrino of the original basis
with an associated mass that is very small, @A%F’ and another eigenvector mainly
composed of the right-handed neutrino of the original basis associated with a large
mass Mp. Thus the observed left-handed neutrines could have very small masses
while having Yukawa couplings comparable to the ones of the charged leptons, say,
due to the fact that there exists a large Majorana mass for the right-handed neutri-

nos. A Yukawa coupling of order A, ~ 1 leads to a mass scale for the unobserved

right-handed neutrinos of Mg ~ 105GeV.

7 3Although it should be noted that even excluding the neutrino mass, within the quarks and
leptons there already exist a large disparity of Yukawa couplings, from the top Yukawa, A\; ~ 1 to

the up Yukawa, A, ~ 1075 or the electron one, A\, ~ 1075,
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This short introduction does not render justice to the many ramifications of the
see-saw mechanism. Much work has been done to understand how a pattern such
as eq.(4.2.1) can arise from higher energy theories such as GUT, or why the mixing
angles observed between the various neutrinos are as they are (see for example [38]).
In this work we wish to take a different route and consider the case of Dirac neutrinos.
To better understand why, let us discuss the status of evidence regarding the nature

of the neutrino mass.

4.2.2 Experimental status

Two important phenomenological differences appear between Dirac and Majorana

4 as a result of the exclusion or inclusion of the Majorana mass term in

neutrinos
the Lagrangian. When neutrinos are purely Dirac, both the left-handed and right-
handed neutrinos are very light, as can be seen from eq.(4.10). This implies that
we have now included in the particle zoo a certain number of new light particles, or
'right-handed neutrinos’. These will be completely sterile, however, as they have no
charge at all under the SM symmetry group. In the see-saw Majorana case evidently
the corresponding new particles are far from light. More generally when including
a Majorana mass the additional degrees of freedom needn’t be light; this is because
there is a priori no expected scale for the Majorana mass as it is unrelated to the
scale of the gauge symmetry breaking, unlike Dirac mass terms [84]. The second
experimentally important difference between Dirac and Majorana neutrinos is the
fact that Majorana neutrinos, no matter the relative size of their Dirac and Majorana

5

mass terms, are their own anti-particle, meaning that v = 7 in the Majorana case®.

Dirac neutrinos are not their own anti-particles, in the same way that nene of the

4Here we use the name 'Majorana neutrinos’ in a generic sense as being neutrinos that do have
a Majorana mass term, as opposed to the special case of 'Dirac’ neutrinos, or neutrinos that only

have a Dirac mass term.
5This can be explained by the fact that the inclusion of a Majorana mass, no matter its size,

causes non-conservation of the lepton number. As the lepton number is the only number that
distinguishes neutrino and anti-neutrino, there is no sense in which Majorana neutrinos can be

distinguished from their anti-particle.



4.2. Dirac and Majorana masses - 7 54

charged leptons are. Both these differences are being exploited in the quest for

determining experimentally the nature of neutrinos.

- LSND and MiniBooNE

We have already touched upon the possibility of the existence of an additional
light degree of freedom. The simplest explanation for a confirmation of the
LSND results would be to include at least one light sterile neutrino. Testing
whether the LSND results can be confirmed is thus of high importance. At the
moment various short baseline experiments (see references within [64]) have
not measured the oscillation observed by LSND, although there is parameter
space left for LSND still to be accurate. The MiniBooNE experiment [73]
aims to test this possibility. It should not however be taken for granted that
a confirmation of the LSND result straightforwardly implies the existence of
exactly one light sterile neutrino. Indeed, fits of the LSND results combined
with the global neutrino oscillations available data to four neutrino models
yield poor results [64]. A five neutrinos model yields a better fit with the
global data [85]. It should not be concluded either that a confirmation of the
LSND result can only imply Dirac neutrinos - many interpretations might arise
in this situation [86]. What is certain however is that a confirmation of the
LSND result would yield an interpretation of the neutrino sector very different

from the Majorana see-saw picture that is moest widely studied at the moment.

- Neutrinoless double beta decay

Whether or not neutrinoes are their own anti-particle might well be determined
in the not-so-distant future by studying double beta decay. If a nucleus con-
taining A nucleons, Z of which being protons, undergoes a double beta decay
in which two protons turn inte neutrons, then two anti-electrons and two neu-
trinos should be emitted te conserve charge and lepton number. If lepton

number is not conserved, however, the two neutrinos needn’t be there®. Thus

5Put another way the two emitted neutrinos could annihilate one another, being each other’s

anti-particle.
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if neutrinos are Majorana particles neutrinoless double beta decay is possible,
while if they are Dirac particle it is not. Although there might be many other
sources of double beta decay than only the existence of a Majorana mass, it
can be shown that the observation of double beta decay necessarily implies
that at least one of the neutrinos is a Majorana particle [65]. Various exper-
iments are under way to try and observe neutrinoless double beta decay in

different nuclei (see [87] for a review).

Unless there is a clear neutrinoless double beta decay signal, determining the
nature of the neutrino mass is unlikely to be straightforward, especially if it turns
out neutrinos are Dirac particles. In such a case no signal will be seen at neutrinoless
double beta decay experiments, and other experiments’ results will be needed as
well to decide whether there simply is no signal or whether the signal can still have
eluded detection. Table (1) of [38] gives an overview of the possible outcomes of
experiments. Moreover, it should be pointed that a refutation of the LSND result
does not necessarily rule out the existence of light sterile neutrinos with smaller
couplings te active neutrinos than required by LSND. Despite these difficulties, the
key points for our work here are that first, from an experimental point of view the
possibility of Dirac neutrinos is not yet excluded, and second the Dirac or Majorana

nature of the neutrinoe mass might be elucidated in the coming years.

4.3 Dirac neutrinos

4.3.1 Constraints on Dirac neutrino models

Before turning to describing some Dirac neutrino models, let us first list the main
questions they must address.

It is obvious that Dirac neutrino models can barely escape explaining the small-
ness of the neutrino mass, as the see-saw mechanism already dees. In the case of
Dirac models, the neutrino mass scale is directly related to the Yukawa scale (see
eq. (4.11)). Thus the burden is to explain the size of the neutrino Yukawa coupling

compared to the size of other fermions’ couplings in the SM. We will see shortly that
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indeed this is the very first question Dirac neutrino models assess, and that there
exist a number of models that do so successfully’.

Moreover, it is often argued that including a Majorana mass for the RH neutrino
is more natural than excluding it, because there appears to be no need for reinforeing
lepton-number conservation, which is enly an accidental symmetry of the SM. It
can also be argued, however, that since the inclusion of a Majorana mass breaks the
lepton number symmetry that is not broken by a Dirac mass, a Majorana neutrine
can be considered less natural than a Dirac neutrino. Moreover conservation of B—L
would be in line with, for example, ideas of quark-lepton symmetry. Quark-lepton
symmetry is obviously not inherent to the SM, and taking it into account amounts
to forbidding a Majorana mass via new physics; this is the road many models follow.
To sum, Dirac neutrino mass models need tackle the question of why a Majorana
mass for the RH neutrino does not appear in the new model, most probably by
including a new symmetry that forbids it.

Finally the inclusion of new light degrees of freedom that is specific to Dirac
models® incurs some additional cosmological constraints. The addition of new rel-
ativistic degrees of freedom in equilibrium at the time of BBN modifies the rate of
expansion of the Universe and in turn the moment at which the weak interactions
freeze-out, which can have important consequences on the abundances of primordial
elements [88]. A careful study of this implies that only up to five ’effective’ neutrinos
can exist if BBN is to be kept safe [17]. This effectively constrains the mixing of
light sterile neutrinoes with the known active neutrinos. Thus, whether or not the

new Dirac sterile neutrines ¢an be consistent with BBN is highly model-dependent.

" "It could be said as well that some incarnations of the see-saw mechanism have been effective
at explaining other aspects of neutrino physics than merely their mass [38]. This is unfortunately

outside the scope of this work.
8Some versions of the see-saw mechanism can accommodate light right-handed neutrinos [38,88],

but what we mean here is that specific to Dirac model is the necessity of some new light degrees

of freedom.
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4.3.2 Some Dirac neutrino models

There exist a number of Dirac neutrino models that address either all or most of
the questions we have just mentioned. Let us survey some of the most popular
possibilities for Dirac neutrinoes (a short overview is given in [89]).

In theories with large extra dimensions, the SM particles propagate in the usual
(3 + 1) dimensions while the added right-handed neutrinos propagate also in the
added dimension(s). The resulting Yukawa coupling is suppressed due to the sup-
pression of the overlap of the left-handed neutrino and Higgs wave functions and
the right-handed neutrine wave function. The suppression factor is linked to the
volume of the extra-dimensional space, and can be sufficiently small. Only (SM)
gauge singlets can propagate in the bulk, hence the mass suppression of neutrinos
alone. (See [38,90] and references therein.)

Superstrings might also offer the possibility of models of small Dirac masses for
neutrinos, as in [91}; see [38] for a discussion.

Some extensions of left-right symmetric models can produce small Dirac neutrino
masses by having them vanish at tree level but arise at one or two loop levels [92]
(and see [88] for an overview).

Finally SUGRA and SUSY breaking can provide a way to suppress the neutrino
mass in the Dirac case, as was noted by [93,94] and others. This is reminiscent of
an idea suggested earlier by [95] in which instead it is the y-term of the Higgses that
is suppressed in this way. If the Dirac mass term of the neutrinos is, for some new
symmetry reason, prevented from appearing in the superpotential, it might still be
allowed to appear in the Kéahler potential. The Kéahler potential is an additional
function of the chiral fields that appears within SUGRA. Within this potential
the neutrinos could interact with the hidden fields that are responsible for SUSY-
breaking; in fact the Yukawa term, present in the Kahler potential, could obtain its
strength via this coupling to the SUSY-breaking field, and in such a case the effective
Yukawa coupling should be suppressed by mg/2/M, where M is the SUSY-breaking
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scale and we recall that my/, is the gravitino mass®. Especially interesting with
this approach is the fact that no new scale is necessary, as opposed to the see-saw
mechanism. Here the suppressing effect comes directly from SUSY-breaking, which

is necessary for completely different reasons, as we have seen in section 3.2.

9We remind the reader that, from eq.(3.35), the gravitino mass is mgs; ~ (F)/Mp;, which
altogether means the neutrino mass would be suppressed by a factor (F)/(MMp;). It would
disappear either when gravity is neglected or when SUSY is restored, consistent with its absence

from the superpotential.



Chapter 5

Dirac Right-Handed Sneutrinos in
the MSSM

Let us now discuss the very model we shall be using for studying the Dirac right-
handed neutrino, its cosmology and the possibility of leptogenesis. We wish to add
to the MSSM and right-handed neutrino superfield, but by only adding a Dirac
mass term and no Majorana mass. Here we discuss the superpotential that includes
such a term, along with additional soft-breaking term. We also discuss the left-right
mixing of the sneutrinos, the right-handed sneutrinos interactions, and its direct

detection possibilities should it be the main component of dark matter.

5.1 Addition of the Dirac superfield to the MSSM

We add to the MSSM a RH neutrino superfield N which is given a Dirac mass term
in the superpotential W, so that the part of the superpotential that is of interest
here is

W D ALie;;hi N§ — A Lieijhlel + phieiihd (5.1)
where L is the left-handed (LH) slepton doublet, h, (resp. hq) is the up-type (resp.
down-type) Higgs field, and €% is the right-handed selectron field. New terms ob-

59
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tained from W and involving the RH sneutrino are:

- 2 2
Lr = — Z W _ Z a—wlﬁﬂbj

i=L,H,,Ng O i,j=L,Hy,Ng O

2~ ~x .~ c.~ o~ o~ ~ .~
= =X (BLCZVRCVRC* -+ hIhI*VRcVRC* + VLVL*VRCVRC* + hgh?‘*VRc‘l/Rc*)

2 (VB er - 7o H"vr, — aLgou;)
— X (RQVR VL + hg Vr®éL + h.c.) . (5.2)
We are also adding new SUSY-breaking terms
Vsg = mj VL U1 + my, VpVr® + (aX (RoUpvp® + R érvp® + he))  (5.3)

where a is a mass dimension trilinear coupling,.

5.2 Mass mixing of the sneutrinos

Because of the presence of both a Yukawa term and a trilinear term for the sneu-
trinos, left- and right-handed sneutrinos experience mass mixing, similarly to any
other sfermion in the MSSM [57]. This mass mixing is unrelated to the mass mixing
in the neutrino sector that would happen with the introduction of a Majorana mass.
Here what we have is a purely SUSY-breaking effect which affects only the scalar

neutrinos and eoccurs no matter what is the neutrino medel used.

5.2.1 Parameterisation of the mixing
Let us consider what happens after the higgses have acquired vacuum expectation
values (vev’s). Considering the mass terms in the Lagrangian:

2

Lmass = —M, D05 — m3, U1, — Av (asin B + pcos B) bLvr® + h.c. (5.4)

where the higgses has been replaced by their vev’s,
((he).(Pa)) = (0,vsinp)
((h3),(h3)) = (vcosp,0) . (5.5)

For simplicity we will consider in the remainder of this work the case tan(3 > 1

while a ~ 1, and thus will drop the p term. Reintroducing it is straightforward.
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To study the mass mixing effect we need to diagonalise the following mass matrix

; m¥  a*M\v
M=
axw ml

The mass eigenvalues are

2 2 2 _ 2\ 2
m3 = -(———mL; mR) + \/(———mL 2mR) + |a]2A2v? . (5.6)

Defining
M2 . m% +m%2
B 2
2 2
2 _ (Mg —mp
" - (M)
A2 = el (5.7)

we have that in general the mass eigenvalues are

mi = M?* £ \/(m2)2 + (42)2 . (5.8)

From now on we deal with the u-terms in the way mentioned in the previous section.

We are now left with obtaining the mass eigenstates; in the general case those

= o [0+ (P (P )

. = |’71—~|[(m2+ (m2)2+(A2)2) JRC—AzﬁL] (5.9)
with

2.2 = (-1 = (m? + /() + (APF) -+ (A7) (5.10)

We define the mixing angle 8 such that
(m2 + v/(m?)? + (A2)2)

cosf = "
|74 |
A2
sinf = — (5.11)
|74
so that
Uy = sin@vr®+ cosbiy,

U_ = cosfugp® —sinbiy (5.12)
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and conversely

U, = cosfv, —sinfi_

vy = sin@v} +cosfi_ . (5.13)

The mass eigenstate 7_ is taken to be the LSP; in the following we shall refer to
it as either the LSP or the RH sneutrine!. In this parameterisation it is readily
observed that the larger m? compared to A%, the more sterile the LSP is; at the
other extreme, the LSP becomes half right- and half left-handed sneutrino as A2

becomes much larger than m?2. This allows us to identify two limiting cases:
1. m? > A?, 'non-degenerate’ sneutrinos;
2. m? « A?, 'degenerate’ sneutrinos.

Let us calculate the degree of degeneracy needed to reach the second case. Con-
sidering A = 10713, @ = 100GeV, we have that A2 ~ 10~2°GeV?. Indeed m; and
mp have to be very degenerate for the second case to be reached. This is a very
important observation for the remainder of this work, that it is phenomenologically
natural for the sneutrinos to fall in the first category. A fair amount of fine-tuning
is indeed necessary to obtain my # mp with the masses still falling in the second
case. Another, perhaps more natural possibility, would be to have a mechanism that
forces m; = mp. We shall come back to these questions later. For now, we look

more closely at each case:

1. Non-degenerate sneutrinos, m? > A?

We should stress again that this is phenomenologically the most natural case.

Masses:

2 \2
= m%’R:t( Am) (5.14)

! Although strictly speaking it is a mixture of RH and a very small contribution of LH sneutrino.
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Thus the left- and right-handed sneutrino masses are basically given by
their SUSY-breaking masses and the left-right mixing makes a negligible
contribution. Considering for example that my g, a, v are all of order
102GeV, with A ~ 103, then the added (A42/v/2m)? term is completely
negligible.

Mass eigenstates:

B =15 (@m?)P 4 (A2,

cosf ~ — 2m?
= e+ @7

sinff ~ — 4 (5.15)
- \ﬂ2m2)2 ¥ (Az)z )

and the LSP is dominantly right-handed, with only a small active com-

ponent.
2. Degenerate sneutrinos, m? <« A2
Masses:
mi ~ M*+A?’=m? —m*+ A?
~ m2+ A® (5.16)

where in the first line we have used the definitions of M? and m2. This
shows that although we identified the mass degeneracy in the SUSY-
breaking masses it translates directly to the physical masses of the sneu-

trinos.

Mass eigenstates:

|02 = |0-)* ~ 2(A%)% 4 2m?A?

cosfd ~ m’ + A*
- \/2(A"’)2 + 2m2A?
2
sinf ~ — A — . (6.17)
\/2(A2)2 + 2m2A?2

As the SUSY-breaking masses become more degenerate, the mass eigen-

states tend to maximal mixing.
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5.2.2 Size of the mixing

As we have mentioned that the 'degenerate’ sneutrinos case is not the most natural,
we should also state what size of mixing is indeed natural in our model. The only
mixing parameter we are leaving completely free is the mass degeneracy parameter,
m?2. It is difficult to pinpoint a precise value for the sneutrino masses that would
appear most natural or unexceptional, but let us consider for instance a RH sneutrino
with mass 100GeV and a LH sneutrino with mass 150GeV. In such a case the mass
degeneracy is

2 150% — 1007

5 GeV? = 6250GeV? . (5.18)

m

Using again as a indicative value A2 = 10~°GeV?, we obtain that the natural value
for the mixing angle is a minute one (using eq.(5.15)):
A? ,
sinf = — ~8.0x1071, (5.19)
v/ (2m?)? + (A2)?

which is of the order of the Yukawa coupling (this can be seen directly from the

definitions of A% and m? if we use sinf ~ A%?/2m?). So when we do not bias any
of the parameters in any particular direction, we obtain that the RH sneutrino is
almost completely sterile. For this reason we will often refer to our sneutrino model
as one of minimal mizing, or of our RH sneutrino as a minimally mized sneutrino.
This is in comparison with models such as the one in [93]; indeed in this work

trilinear couplings are not proportional to Yukawas?.

5.2.3 A remark

We should mention before continuing that left-to-right tramsitions in sneutrinos
could be in equilibrium before the higgses get vevs due for instance to four-point
interactions. We will see in chapter 6 that all the interactions that interchange left-

and right-handed sneutrinos are out of equilibrium before the electroweak phase

2See our discussion in section 3.2, which would be equivalent to using here al ~ 100GeV rather

than simply ¢ ~ 100GeV. Evidently in this case large left-right mixing can appear even in the

absence of lepton-number violation.
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transition. This is similar, though not identical, to what was noted by [3], namely
that Dirac neutrinos have a Yukawa coupling that is too small to allow left- and
right-handed neutrinos to equilibrate. Here we have the supersymmetric equivalent
of this statement. For the period before the electroweak phase transition, thus, we

have that the weak eigenstates are the mass eigenstates:

vy, = Vg

v o= 5. (5.20)

5.3 Interactions of the (mass eigenstate) RH sneu-
trino

From the previous section we have the following interactions for the mass-eigenstate

RH sneutrino:

5.3.1 Four-point interactions

As long as left-right mixing is out of equilibrium, four-peint interactions for the

mass RH sneutrino are directly obtained from the F-terms of eq.(5.2):
Ly = =X (618} Vel + hih}P*ogoe + oL ogog + hORS050%) . (5.21)

Once the mixing is effective every four-point term now accounts for three different
interactions, only two of which invelve the (mass) RH sneutrino . For instance the

first term of eq.(5.2) is now
N2ELE} VRS UR™ =
A2 (sin2 fere; Uiy + cos® epel, vt + (sinf cosbepe;v_y + h.c.))(5.22)

and so on for the other four-point terms.

5.3.2 Sneutrino-higgsino-lepton interactions
These again come from the F-terms; without mixing they are simply

Lg=A (ﬂRﬁu+eL - ﬂRﬁuOuL) Ao B (5.23)
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while when mixing is active they become

R . =0 I
Lgm= Acosf (I/_—Hu e, —vV_Hy, vi — V+H2V§>

+ Asinf (17+I1~Tu+e[, = 17+I1~V,,01'/L — 17_1:131/;) . (5.24)

5.3.3 Sneutrino-higgs-slepton interactions

These terms have two sources: the terms proportional to u that appears in the F-
terms and the SUSY-breaking terms (eq.(5.3)). Again, without mixing they can be
read straightforwardly,

Ly = —X([phl + ahl] D4y, + [phy + ah}] D4éL + h.c.) (5.25)
while when mixing is turned on,

Lhm= — A((cos®8 —sin®0) [uhg + ahy] iUy — sinfcosf [phy + ahl) 7_i7*)

’

— Acosé ‘[uh; +ah}] v_éL + h.c. (5.26)

where we only kept terms involving 7_. Eq.(5.26) will be important when we consider
the detection of the RH sneutrino LSP, as higgs exchange can be an important source-

of interaction between WIMPs and nuclei.

5.3.4 Interactions with gauge bosons and gauginos

When left-right mixing is in equilibrium the gauge interactions of the (weak) LH
sneutrino are transferred in parts to the (mass) RH sneutrino. Following for in-
stance [55], slepton-gaugino interactions are given by the following part of the full

renormalisable, supersymmetric Lagrangian:

Lonuginosiepon = —V 25 [ (I131) W + We (11237
—V2g, [(i*l) B+ Bt (zfl")] (5.27)
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while the gauge-slepton interactions stem from the covariant derivatives of the mat-

ter fields:
Lcou.der. = _D#Z*Dpi
- - (a#i* - 25 W+ ’ﬂBﬂi*)
X (aui* + 32 G W, - ’ng l*) . (5.28)

Let us expand both eq.(5.27) and eq.(5.28) and extract the vertices involving the

LH sneutrino. Gaugino interactions are

Lgaugino—ﬁ[, = —\/592 I:i;LVLWO + I’)ZCW-F + hc]
—V2g, [a;uLB + h.c.] , (5.29)

which we can translate into interactions involving the (mass) RH sneutrino:

Egaugino—ﬁ_ = \/Egz sin @ [DiVLWO - D_eW+ + hc]
V2g, sind [a_uLB + h.c.] . (5.30)

The gauge-slepton interactions stem from the following crossing terms:
Lgauge-—slepton = 922 l:iO' W l*a l + h. C] l [zaf*B,j+ hc]
= —% [0+W+’“i*wyi¥ a'W“"‘i"‘?J+ 0‘3W3’“Z*(5)ui]
391 ]*
+2 [B Rl z] (5.31)

After the electroweak symmetry breaking, gauge bosons mix such that

w3 cosf, sinb, Z
= v , (5.32)
B —=sinf,, cosf, A
the coupling constants being related through
e = gy sinfy = g, cos Oy . (5.33)

Expanding eq.(5.31) fully (we have dropped the summed p indices for clarity),

2 ~
Lgauye—slepton = \‘/qi (W+ L a e-W-e*o I/L)

2cos by

+( 192 )( ae——ZVLBUL)+zeA . (5.34)



5.4. Direct detection of the RH sneutrino LSP 68

Finally, using

Mw=m MZ______H_z‘U

2 T 2co80y

and keeping only terms involving the LH sneutrino,

_z'\/iMw
v

Losuge—s, = [W+a*?é+w-é*?v]
gauge—iy = L L

My

- [zaﬁ’ﬁ,;] , (5.35)

which again will be transferred to the RH sneutrino when left-right contact is in

equilibrium:

ivV2My
) v
_iMz in2g [Zﬁ,?ai]
v

AC_qcmge—D_ =

sin 0 [W+a_‘5’é +wedi

+—M;[Z sin @ cos 6 [Z&_(E)fhr + Zﬂi?ﬁ] . (5.36)

The interaction with the Z boson again will be important for direct detection as Z

exchange can be a leading channel of WIMP-nucleus interaction.

5.4 Direct detection of the RH sneutrino LSP

As we have introduced it the RH sneutrino has many of the essential characteris-
tics of a dark matter candidate. We will discuss this possibility further in chapter
6. As many dark matter direct detection experiments have now started releasing
results {96-99], it is important to mention how our suggested dark matter candidate

interacts with ordinary matter.

5.4.1 Experiment principles and recent results

Direct detection experiments are all based on the same basic idea: if the dark matter
halo in our galaxy is a collection of WIMP’s, then at any time the Earth should
be showered by a large number of them. WIMP’s are expected to interact with
ordinary matter through elastic scattering with nuclei (or in fact quarks within the
nucleon) with a very low interaction rate due to their very small cross-section with

ordinary matter (hence their name - see chapter 2). Typical nuclear recoil energies
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are expected to be around 1 — 100GeV [21], and typical rates around 10™* — 1 event
per day per kilo of target material [11] (although see next paragraph). At such low
recoil energies and rates, noise reduction becomes a major challenge. This is the
reason why direct dark matter detection experiments are conducted underground.
What differentiates the various experiments. is the way in which they measure the
nuclear recoil energy. CDMS-II [97] measures the change of temperature of a target
germanium (Ge) crystal. It does so by gluing a superconducting material (tungsten)
to the Ge crystal; the tungsten strip is kept just below its superconducting transition
temperature, and when the Ge erystal 'heats up’ due to the recoil of one of its nuclei,
the temperature of the tungsten strip rises above the transition temperature and the
tungsten stops being superconducting, thus causing a sudden change in its resistivity.
The DAMA/Nal experiment [96] measure the ionization created by the nuclear recoil
within an Nal scintillator; the ionization light is collected in photomultiplicators,
and the signal is measured. Other experiments such as EDELWEISS or ZEPLIN
use similar techniques or a blend of them [98,99].

As pointed out, the direct detection experiments have released results already.
Here we will use as a guideline the analysis of CDMS-II [97,100], which gives exper-
imental results as excluded regions in a WIMP-nucleon cross-section versus WIMP
mass plan. As pointed out by DAMA [96] this analysis is model-dependent: indeed
it requires modelling of the speed distribution of WIMP’s in the halo and of the
nuclear properties of the target. For our needs here however the advantage of this
analysis is that it relates directly the parameters of the models to the experiments,
thus allowing us to constrain the model. As we will see in the next subsections the
interactions of RH sneutrino dark matter with nucleons is spin-independent as it
goes through either vector or scalar interactions [21]. The most constraining results
for WIMP-nucleon spin-independent cross-section at the moment come from CDMS
(see fig.1 of [100], and fig.4 of [97]): for a WIMP mass of 100GeV the WIMP-nucleon
cross-section is constrained to be below ~ 8 x 10-*2cm?, and this limit goes up to
about ~ 8 x 10~*°cm? for a WIMP mass of 10GeV. It is hoped that future upgrades
of CDMS could lower this detection threshold to 1 x 10~**cm? [101].

Because of crossing symmetry, we expect a WIMP with a small annihilation
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rate to have a small detection rate via elastic scattering, and a WIMP with a large
annihilation rate to have a large detection rate. The simple picture would be to
expect a certain size of annihilation rate to produce an amount of relic WIMP
corresponding to the observed dark matter, and from this annihilation rate deduce
the expected detection rate [11] . In our work here we will deviate from this usual
picture in two ways. On the one hand, it will not always be the case that the observed
amount of dark matter will be equated with the relic density of our candidate. Indeed
as we will observe in chapters 6, 7 in the model at play RH sneutrinos seem to be
more naturally produced in the right amount when considering the possibility of
mattergenesis as the source of dark matter. In such a case the relic density has to
be low, either because the annihilation rate is very low or very large. We shall come
back later to the size of the annihilation rate of the RH sneutrino, but it suffices for
now to notice that once the constraint that the relic density must equate the observed
dark matter density is abandoned, the usual expected detection rate also has to be
given up. On the other hand, crossing symmetry only relates the annihilation rate to
the elastic scattering detection rate. For certain WIMP candidates, and for the RH
sneutrino in particular, it is unclear whether the assumption that elastic scattering
dominates over inelastic scattering holds throughout the parameter space.

Hence what we want to do here is simply relate the scattering rate of the RH
sneutrino off ordinary matter with the parameters of our model, without assuming

any expected size for this rate.

5.4.2 Interaction with nucleon via higgs exchange

We take the general cross-section for an elastic scattering between the RH sneutrino

LSP and a nucleon via the exchange of a Higgs to be given by [11,102,103]

1 F
Ohp = m?ed X m_i X cﬂ_,h X Ch,nucleon X (ZE) (537)

where
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Myed = W » is the reduced mass of the RH
sneutrino-nucleon system;

my is the nucleon mass;

m—% accounts for the higgs exchange;

Co_ is the (dimensionless) higgs-RH
sneutrino coupling;

Ch,nucleon is the (dimensionless) higgs-nucleon

coupling;

F = (A= 2) - (1 - 4sin6w) Z)’

is the coherent interaction factor [102]
which accounts for the structure of the
nuclei as seen by the interaction;

A, is the atomic mass of the target nucleus;

Zq is the atomic number of the target nucleus.

We follow [102] in normalising the WIMP-nucleus cross-section with A2 to obtain
the WIMP-nucleon cross-section; this is to make our calculation comparable with
experimental data (for example [97]) and other calculations in the literature (for
instance [93]). This is valid for both scalar-type (which the higgs exchange is here)
and vector-type interactions (which is the case for the Z exchange of the next sub-
section).

There is large uncertainty on the value of Cp, nycieon due mainly to the uncertainty

in the quark content of the nucleon (see for example [104]). From [103,104] we have
2 _ -
Ch,nucleon = EGF <N|2qquCL|N)2 ~ 10 T (538)

where we have included an indicative order of magnitude. In the model under
discussion here the higgs-RH sneutrine coupling stems from the y-term in the su-
perpotential and from SUSY-breaking terms, as obtained in eq.(5.26). Reading from
it we have that an elastic recoil via (up-type) higgs exchange has coupling
A2a? sin 6 cos? §
mg_
¢a?sin’ @ cos? 6

= 1072 — (5.39)

Cop =
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The value of X is due to the fact that we are considering a model of Dirac neutrinos,
and thus the Yukawa couplings need be small to explain the size of the neutrino mass.
What this implies here is that direct detection via higgs exchange is impossible, no

matter the size of the LSP mass or of the mass mixing. From eq.(5.37)

mym}_ 1 107%a’sin?fcos?8 ., F
Uh,e ~ P EEE—— ] — X 3 X ]_0 X 5
(my +ms_)" ™ mg_ A
2 2
maxa
5 10=710=26 N

mh (my +my_)"

=22 (MmN \? a \2/( 100GeV \?[10%GeV\*
= 1077GeV (I‘OOGeV) (IOOGeV) (mN-i-m,;_ my, /)

2 a 2 / 100GeV \? /103GeV\}
~ 4x 10" Ocm? [ —TN_ , * .
x 107 em (momeev) (1OOGeV) my + Mo i 5.40)

where we’ve taken in the second line F/A2 =~ 107! as an indicative value (for
germanium, F/AZ% ~ 0.3). This situation is a first example of a case where large
trilinear couplings would have important consequences. As was noted in [93] (which
we mentioned in section 5.2), when considering trilinear couplings not suppressed
by the Yukawa (aA ~ 100GeV), one obtains that the cross-section between RH
sneutrino and matter via higgs exchange is just below thresheld. This could be
an interesting situation, although as we will see many of the interesting aspects of
the cosmology of our RH sneutrino (chapters 6 and 7) will indeed depend on small

left-right mixing.

5.4.3 Interaction with nucleus via Z exchange

The cross-section of our RH sneutrino with a nuclei via Z-exchange stems from terms
in eq.(5.35); for an unmized sneutrino it is given by four times the cross-section for

a heavy neutrino-nuclei interaction via Z-exchange [11,105]:

2 2
— Myed AGr _f_
Oze =14 X v X <—\/§ ) <A3> (5.41)

where G and sin @y are the usual Standard Model parameters and the other pa-
rameters are as before. Here the cross-section for RH sneutrino elastic scattering

via Z exchange is simply the LH one with additional sin* suppression (eq.(5.36)):

2
07,0 =sin*f x mT’TG%‘" x (Aig) (5.42)
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For small angles it is obvious that the suppression due to the mixing could reduce
the cross-section down to a point where it becomes lower than detection limits. A
RH sneutrino of mass m_ = 100GeV has a cross-section that falls just below the
detection threshold of 8 x 10742 if the mixing angle is of order 107!, As sin4 is
present at its fourth power, then a small change in mixing angle can rapidly render
the RH sneutrino completely undetectable by the direct detection experiments. As
we have mentioned in section (5.2.2), however, a natural mixing angle for this model
is around sin@ ~ 1073, and as such we can expect that RH sneutrines not too far
below detection thresholds will hardly be a possibility. We will come back to this
question in chapter 6.

Eq.(5.36) also allows for an inelastic scattering with the nucleus which is only
suppressed by sin?f. The possibility of direct detection of mixed sneutrino dark
matter via inelastic scattering has been suggested in [106] and studied further in
[107]. From a kinematic point of view an inelastic scattering (in our case 7 — ;)
can only occur if

B*m_mpy

o) 049

d=(my-m_) <

where 3 is the velocity of the dark matter particle. This has two interesting conse-
quences: an overall suppression of the signal as well as a difference in detection rate
between different target nuclei. For a given target nuclei, let us call C; the inelastic
suppression factor. The cross-section for inelastic scattering of the RH sneutrino

with the nucleon via Z-exchange can then be given by

. m2 G2 F
OZin = sin®fcos? 8 x C; x —%—E X (ﬁ) ) (5.44)

The relative importance of elastic and inelastic cross-sections is thus dependent
upon the relative sizes of the mixing angle and the inelastic suppression factor,
which in our model are related to one another. We will come back to discussing the
detectability of RH sneutrino dark matter via elastic and inelastic Z exchange in
chapter 6.

Inelastic scattering also causes different target nuclei to have different lower limits
of detection. Let us compare CDMS and DAMA, as in [106]. The CDMS experiment

uses germanium (Ge, A, = 73, Z, = 32) as target nuclei; thus for a WIMP of mass
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m_ = 100GeV, an inelastic scattering is only possible if the mass splitting & is
smaller than 11keV. DAMA uses iodine as target material (I, A, = 127, Z, = 53)
and so again for a WIMP of mass 100GeV the maximal mass splitting that allows for
inelastic scattering is 15keV. For a mass splitting larger than 15keV, neither DAMA
nor CDMS can see inelastic scattering; for a mass splitting smaller than 11keV, both
can, although as the mass splitting is reduced to § < 11keV the scattering becomes
indistinguishable from an elastic scattering. If the mass splitting falls precisely
between 11 and 15keV, then the both experiments obtain fairly different results 3.
Indeed this case is only interesting if at such a mass splitting, the inelastic detection
cross-section is comparable to the current experimental limits. Again we will delay

a discussion of this possibility to chapter 6.

3The precise analysis is somewhat more involved (it includes for instance the distribution of
velocities found in the halo of the galaxy), but this simple calculation will be enough for our needs

here.



Chapter 6

RH Sneutrino LSP in the Early

Universe

We now turn to studying the behaviour of the newly introduced right-handed (RH)
sneutrino in the early Universe. As we have seen in the previous chapter, the model
we are studying is one of minimal mixing between the active and sterile sneutrinos.
It is most likely then that the RH sneutrino will not attain thermal equilibrium. We
will first study whether it is possible for the RH sneutrino to attain equilibrium,
and if so, under which conditions. As we have discussed earlier, for mattergenesis
purposes having a non-thermal dark matter candidate facilitates model building,
and for this reason we want to verify how strongly non-thermal our candidate is, or
in other words, how easily the parameters involved in the model respect the possible
constraints arising frem requiring the candidate to remain non-thermal.

Having settled this first question we can move to determining the relic density
of our candidate, considering it to be the LSP. Again we have mentioned in chapter
2 that mattergenesis requires the presence of a low relic density for the candidate.
While working on this thesis it was obtained by a different group [108] that indeed
the relic density can be low, although the converse is also possible. Here we repeat
this calculation and obtain compatible results. We discuss the constraints on the
model arising from requiring the relic density to be low.

Finally within the constraints obtained we can discuss the possibility of direct

detection of the RH sneutrino as our suggested dark matter candidate. Unsurpris-

75
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ingly we will obtain that direct detection is not poessible if the candidate is to respect
the constraints of non-thermalicity and low relic density.

The results obtained in this chapter have been published in [2].

6.1 Thermalisation of the RH sneutrino

We recall from chapter 2 that an interaction is effective in the early Universe if it
occurs with a rate I' larger than the rate of expansion of the Universe, H = T?/Mp
where T is the temperature of the Universe and Mp is the Planck mass [4]. Thus

the RH sneutrino will reach equilibrium if at least one interaction of the type
p- + V* — anything (6.1)

happens at a rate larger than the rate of the expansion of the Universe . Hence to
study thermalisation the criterion we will use here is simply that if a channel ¢ of
the type eq.(6.1) has a rate I'; such that

T2

I < —, .
< o (6.2)

then the channel does not allow thermalisation. Moreover if all possible channels
of the type eq.(6.1) respect the condition in eq.(6.2), then the RH sneutrino is a
non-thermal relic.

We will use the following simple assumptions to describe the conditions in the
early Universe: before the electroweak phase transition but after reheating, temper-
atures run between the reheating temperature! Ty ~ 10°GeV and the electroweak
phase transition temperature Teyp, ~ 300GeV [18]. During these times SM par-
ticles are massless while we consider all their superpartners to be massive. After
the electroweak phase transition, the Universe cools down from T, ~ 300GeV to

the temperature it has today, T,o, ~ 3K ~ 2,58 x 10713GeV. We consider all SM

1We take as an indicative reheating temperature one that would be large enough to evade the

gravitino problem [12-14]. Only reheating temperatures very much larger than this could alter our

results; see table (6.1). This is not a possibility we shall consider further.
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fermions to be 'suddenly’ massive when T' < T,y as for our needs this definition
of the electroweak phase transition will be sufficient. We will also consider the RH
sneutrino not to be degenerate in mass with any other particle enough to allow

coannihilations to be important [62].

6.1.1 Left-right equilibration before the electroweak phase
transition

Let us first decide whether the RH sneutrino is purely sterile or whether it has an
active part due to its mixing with the LH sneutrino. Left-right mixing would be in

equilibrium if at least one interaction of the type
Vg + Uy, — anything (6.3)

had a rate I' > H. Going back to section 5.3, we take in turn each of the interac-
tions that can lead to left-right equilibration. Among the four-point interactions in
section (5.3.1), we find one that mixes the left- and right-handed sneutrinos; for this

interaction the rate is
Trra~XT. (6.4)

Imposing I' g 4 to be smaller than the expansion rate means
T2
MM < —=3103GeV<T. (6.5)
Mp
Evidently this is true throughout the period before the electroweak transition, but
it is worth noticing straightaway that it is also true throughout the history of the
Universe, as even the temperature now is larger than 10733 GeV. This means that
no four-point interaction can cause thermal equilibration.
The interaction of the sneutrinos with the higgsino (section (5.3.2)) is another
channel that mixes the left- and right-handed sneutrines. The left- and right-handed

sneutrinos can exchange a neutral higgsino and become a pair of ordinary neutrinos.

The rate of this interaction is

XT3
Prrw ~ —5— (6.6)

HO

u
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for I'Lg i to be smaller than H requires
mf?., > 10733T . (6.7)

This constraint is strongest when the temperature is at its highest. Before the
electroweak phase transition the highest temperature we consider is the reheating

temperature Try; at this temperature the constraint is
mge > 1072GeV (6.8)

which is evidently respected. So the higgsino exchange does not allow for left-right
equilibration.

The last possible channel for left-right exchange comes from the sneutrino-higgs
interaction of section (5.3.3); a left- and a right-handed sneutrino can turn into a

higgs which can then produce a pair of SM particles. The rate for this is

PLIEPY:
Crrn~ T L (6.9)

where Ar is a ’typical’ Yukawa coupling for an SM particle. Again imposing this

rate to be smaller than H means that

2 YT
A2

(6.10)

This is most constraining at a low temperature and large 'typical’ Yukawa so let
us consider the electroweak phase transition temperature, Teyp: ~ 300 GeV and a

Yukawa of Ay ~ 1:
a<1,6x10°GeV . (6.11)

As long as we are considering a trilinear coupling A proportional to the Yukawa
with @ ~ Mg, it is clear that this constraint is always respected. Thus in our
model left- and right-handed sneutrinos can never equilibrate before the electroweak
phase transition. If we were considering a trilinear coupling not proportional to the
Yukawa, then left-right mixing would fast reach equilibrium. Interestingly, it had
been noticed earlier that left- and right-handed Dirac neutrinos cannot equilibrate

before the electroweak phase transition due to their small Yukawa couplings [3];
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here we note that this observation can be extended to the supersymmetric case
as well, but is accommodated most easily by universal SUSY-breaking. We will
make use of this observation in chapter 7, where we will suggest a leptogenesis
(and mattergenesis) mechanism that is a supersymmetric extension of the model

suggested in [3].

6.1.2 Thermalisation before the electroweak phase transi-
tion

Now that we have concluded that the RH sneutrino does not have a LH part before
the electroweak phase transition, we know that the number of interactions that could
allow for its thermalisation is very limited. Four-point interactions we already know
are not effective. The exchange of a charged (resp. neutral) Higgsino between a RH
sneutrino and an anti-RH sneutrino to form a pair of neutrinos (resp. a neutrino
and an electron) has the same rate as in eq.(6.6), so again we already know that
they cannot allow thermalisation. The only channel left to investigate stems from
the sneutrino-higgs-slepton interaction. A RH sneutrino-anti-RH sneutrino pair can
exchange a LH sneutrino to create a higgs-anti-higgs pair. The rate for this exchange
is
MaAT

[y, ~ . 1
oy (612)

It is smaller than the expansion rate if

4
T > 10-3GeV— (6.13)

147

which, at the electroweak phase transition temperature, is

a

<74 x10° (6.14)
my;

which is certainly respected considering our previous comments.

Hence before the electroweak phase transition the RH sneutrino cannot ther-
malise, and this because the size of its Yukawa and of the trilinear coupling are both
too small, More importantly perhaps, we also see that without mass mixing the RH

sneutrino is unable to thermalise. The picture is fairly different when considering
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mass mixing, and thus we do expect the mixing angle to play the major role in

determining the thermalisation of the RH sneutrino.

6.1.3 Thermalisation after the electroweak phase transition

Again now we should take in turn each type of interaction listed in section (5.3),
construct an interaction of the type eq.(6.1), then verify if the corresponding rate
can be made larger than the rate of expansion of the Universe. We list the obtained
constraints in table 6.1. For each channel mentioned we state the corresponding rate,
then impose it to be smaller that H which turns inte a temperature-dependent con-
straint; we finally use the most constraining temperature to obtain the constraints
on the parameters. The Feynmann diagram that corresponds to each channel is
shown in fig.(6.1)

Only few channels could allow for thermalisation. Constraints (a) through (f)
are either trivially respected, or respected due to the size of the trilinear coupling
we are using. This shows that indeed a very large trilinear coupling could make our
dark matter candidate change from a relic that is moest naturally non-thermal to one
that would generally be thermal. Constraints (g) to (k) are the conditions we were
looking for: indeed what is implied is that if the mixing angle sin 4 is not kept roughly
of order sin@® < 1075, then despite having only the trilinear coupling as a mixing
source the RH sneutrino would be mixed with its left-handed counterpart enough
to (at some point after the electroweak phase transition) reach thermal equilibrium.

We have obtained in the previous chapter that mixing angles much smaller than
sinf ~ 107° are to be expected in our model. For sneutrino masses of the order
of my.p: but not degenerate, a mixing angle of the size of the Yukawa coupling is
naturally obtained. Thus indeed the RH sneutrino in our model is most naturally
non-thermal. Let us verify the amount of mass degeneracy and/or departure from

a universal trilinear coupling this is needed to obtain a mixing angle of order 1075.
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Rate (I') _ | T-dependent constraint T; || Constraint )
T3
(a) m%u T < 1:033G_eV"1m%u Tru mg, > 107 12GeV
Na'T 4
: ‘mi - n-33 a , a 4 % 108
(b) i3 T>10 GeVm;}L Tewpt — <74x10
NegT3 )
m2. 33 1My, mg =16
(c) H, T < 107°GeV —*04-—"- Tewpt —62—"7 > 5.5x107"°GeV
9 ]
4.4(.2 _ 2% 40,2 _ 2)4 2 2
@] X =) T ygsgey@ %) | p 8l =8) g, 08
my, Vi My,
a?A2c2s2AiT3 . M, ,
(e) —Tut T < 10"GeV Na2cis] Tewpt| acese < 7.3 % 106GeV
)‘4 4 4T 4.4
(f) ) T > 10" 3GeV - Trow 2% <13 x10°
me~L me‘L me}l
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Rate (T) T-dependent constraint T. | Constraint

4g8s4T® m

(g) g2320 T < 3.6 % 10—-20Gev_ __%V_ Tewpt S < 7.4 X 10~5
me, So
4,473 m2

(h) 2157 T <5.0x1072GeV'—£ | Toup|| s9<1.3x107*

2 4 P

mé 5o
Amd, 4TS , 4

@) Tl 73 57X 107GV T | Thyp| 8o < 1.9x 107
vimj Sg

: mz\? s59*T" 5 3.2 x 1071GeV? 5
B2y 29— | 13222 T, <11x10
(J) ( v ) m% < 53 wpt Se X
msgcsT° 3 ~18 My =4
(k)|  TZHT |78 < 14x1078GeV I L | Tyl soce < 5.4 x 10
vimy, S3Ch

Table 6.1: Processes that contribute to the annihilation of RH sneutrinos. We
impose each annihilation rate to be smaller than the expansion rate throughout the
period when they apply. The letters listed in the first column refer to fig.(6.1).
Four-points interactions are not included as they never allow thermalisation (see
text). See text for temperatures; T, stands for the most constraining temperature.
The first two. lines refer to the period before the electroweak phase transition; the
rest of the table is for the period after the electroweak phase transition. cosf and
siné have been replaced by cy and sy respectively to lighten the table. In line (c¢) a
sin# factor could have been used instead of the cos:# one, but as the constraint is.

already always evaded with only a cos# factor, this is superfluous.
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(b)

(e) (f)

Figure 6.1: The annihilation channels of the RH sneutrino. Time runs from left to
right; all incoming particles are pairs of RH sneutrino and anti-RH sneutrino. (a) is
built from eq.(5.23); (b) from eq.(5.25); (c) from the 1st term of eq.(5.24); (d) from
the 1st term of eq.(5.26); (e) from the 2nd term of eq.(5.26); (f) from the 3rd term
of eq.(5.26); (g) from 1lst term of eq.(5.30); (h) from the 2nd term of eq.(5.30); (i)
from the 1st term of eq.(5.36); (j) from the 2nd term of eq.(5.36); (k) from the 3rd
term of eq.(5.36).

We go back once more to the definition of the mixing angle (eq.(5.11)), :

sinf = A =
/ (mz + /M2 + (A2)2) + (A2)2
A? 1 A? .
= = 2 (17 — 5 170) > 2sin @ (6.15)
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where s = (1/sin?6 — 1) and between the second and third line we have used that
sin@ < 1. Hence a mixing angle of sin§ ~ 105 can be obtained when parameters
are such that

2

;_’:3 ~2x1075 . (6.16)

For a trilinear coupling such that A2 ~ 10~ (see chapter 5), only very degenerate
sneutrinos can give such a mixing angle. For a RH sneutrino of mass 100GeV,
for instance, one would need a LH sneutrino of mass 100GeV + 5eV to create the
right mixing angle. On the other hand, with non-degenerate sneutrinos of masses
m_ ~ 100GeV and m, ~ 150GeV, only a trilinear coupling of order a ~ 10°GeV
would create this mixing angle. Interestingly, this shows again that for an overall
trilinear coupling not proportional to the Yukawa, al ~ 102GeV, which corresponds
here to a ~ 10®GeV, then thermal equilibrium would most likely be attained.
Thus the RH sneutrino as defined in our model is a non-thermal relic, as the
small interactions it possesses are too small to allow it to reach thermal equilibrium
with the plasma. Natural values of the parameters create a RH sneutrino that lies

very far from the mixing angle that would allow it to thermalise.

6.2 Relic density

Having settled that the RH sneutrino is non-thermal, we now turn to the calculation
of its relic density, considering it is the LSP. As we have seen in chapter 3 the usual
treatment (see for example [11]) assumes the dark matter candidate to be thermal
and then obtains that the relic density is inversely proportional to the size of the
annihiiation cross-section. Here we find ourselves in a fairly different situation: our
dark matter candidate being non-thermal, the annihilation processes do not decide
of the relic density; rather it is the decay channels that take this role. For this reason,
we start back from the Boltzmann equation and go on to solve it using numerical

methods.
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6.2.1 Boltzmann equation

Let us recall our comments in chapter 2 about the Boltzmann equation. The relic
density of a particle species present in the early Universe is given by the Boltzmann
equation in an expanding Universe (4, 109]. Consider particle 1 with a number
density n which can only be changed via the interaction 142 < 3+4; the Boltzmann

equation states that

n+3Hn = C

/ d3py dp, d’ps / dpy

(2m)2E, J (2n)*2E,J (2r)*2Es ) (27)°2E,

X (27f')4 & (p1 + p2 — p3s — pa)

x (|M—|? fsfa(1 £ f)Q £ fo) — |MoJ? fufo(1 £ f)(L £ FBLT)

where M. and M_, stand for the matrix element square for the processes 1+2 «— 3+4
and 1+ 2 — 3 + 4, respectively, and the f; are distribution functions. For particles
in equilibrium one can use the Fermi-Dirac or Bose-Einstein distribution functions,

respectively
1
f=wrer

(6.18)
The term involving the Hubble constant H takes into account the dilution of the
number density coming from the Universe expansion. In the study of dark matter
candidates the density parameter €2 is of more interest than the actual number
density (see chapter 2). The density parameter can be expressed as

Q= ZD’Z//: . (6.19)

To turn the Boltzmann equation from an equation on the number density to an
equation on the density parameter, we use the yield variable Y (eg. [108])%. It is
defined as

~
1

(6.20)

o3

2A similar calculation was performed in [108], to which we will come back later. We use a

formulation similar to the one used there to facilitate comparison (see section 6.2.3)
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where s ~ T3 is the total entropy density of the Universe. The density parameter

can then be expressed as

QDM = y (6.21)

where the critical density now is (see table 2.2)

pcs' it _ 3.6h2 x 10-°GeV . (6.22)

Using that H = ——T/T , the Boltzmann equation can be turned into:

Tmaz C
Y(T) = /T sH&“dT . (6.23)

This is the version of the Boltzmann equation that we shall use to obtain numerical

results for the relic density.

6.2.2 Relic density of the RH sneutrino

The RH sneutrino is non-thermal because, as we have seen, its annihilation rate is
always smaller than the rate of the expansion of the Universe. For this reason it is
mainly decays and inverse decays that affect its relic density. Here 3-point decays
T — y + Vg, dominate largely (see sections (5.3) and (6.1); the 4-point interactions
have rates only proportional to the fourth power of the Yukawa). Re-expressing the
Boltzmann equation in this case, neglecting inverse decays:

. Tmaa z C
v = [, (6.24)

=[]/ PE B
27r 32E (2m)32E, (27)32E

@2m)* 6t (p: —py — D) IMIP (L ) A2 ) fo (6.25)

For z and y we will use the Maxwell-Boltzmann approximation,

1+ f,

1R

fo =~ e BT (6.26)
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For relativistic species at equilibirum (which we will consider z and y to be for now;
we will come back later to this assumption), this is straightforward and has only

small quantitative effects (see [4]). For the RH sneutrino, we use
1+f ~ 1. (6.27)

since as a starting point we consider no RH sneutrinos to be present. Both this
assumption and the neglect of inverse decays are consistent with the assumption
that we start in a situation where no large amounts of RH sneutrinos exist. We
will assume for now that inflation has erased any RH sneutrino relic density, much
as is the case of gravitinos. We now need to rewrite the Boltzmann equation in
a fashion that can more readily be integrated numerically. First, using the above
approximations and integrating everything that can be integrated straightforwardly,

we obtain for eq.(6.25)

d3
G = et 4 IMI fz
(2m)° //EE\/lp ~p? —f—m2
5(E,—E—\/|p;— e +mg> (6.28)

= cosf) d |p| dE, ' .
) ///EE\/IP _; g M |1 |5 -

6<Ez—E—\/|p';—ﬁ'| +m§) .

In the first line we have integrated over p, using the delta function over momenta;

in the second line we have integrated over free angles and have changed one of the
integration variables from |p;| to E,. What we are left to deal with now is the
delta function over energies, which we should solve for either one of the integration
variables and then use to integrate. Here we will integrate the |p] variable first. Let

us determine the expression replacing |p] once the integral over it has been done
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using the delta function over energies. |p] will be such that it respects 3:
E.-E-E, =0
E.-FE = E,. (6.29)

With a bit of algebra and using conservation of momentum, this can be rewritten

-as

2
p? (p2 cos? @ — p2 — m2) + p (cp; cosh) + (% —m?p? — m2mi) =0 (6.30)

where we have defined ¢ = mZ +m? —m?. This allows us to solve for p as a function

of p, and cos 8:

_ —cpg cos0+/c?p2 cos? 0—4 (cos? Op2 — p2 — m2) (2/4 — m?p? — m?m2)

p (6.31)

2p2 cos? ) — p2 — m2
Ensuring that the inside of the square root doesn’t become negative relates the two

remaining variables in the following way?*. :

c
my < ep < —, 0<cos’f<1
2m

4me, — ¢

< ez < 00, <cos’f < 1 (6.32)

2m 7 4m?2p?
where obviously €2 = p2 + m2. This simply states that at very high incoming
energies, the angle at which the right-handed sneutrino is emitted is focused along
the line of incoming momentum.

Altogether the C; terms are reduced to:

4 d (cos6) dE; |Mi|* |71* |3 | /. .
o - o] — ow

Eqyf 11* + m"’\/|pz|2 + |5)® = 2|p%| |D) cos 8 + m2

where |p] is replaced everywhere by the expression in eq.(6.31) and p, is related to

E, in the obvious way. With this now we are in a position to solve the Boltzmann
equation for the relic density of the RH sneutrino. The channels that enter the

Boltzmann equation are listed in fig. (6.2), along with their matrix element.

 3In the following we will use p, p. for |p], |pz|, as there can be no confusion that we are only

dealing with 3-vectors lengths here and not 4-vectors.
41t is always possible for m, to be greater than c¢/2m, in which case the first line of eq.(6.32)

doesn’t apply, and only the second line is relevant
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I’M|2 = 4)2cos? 0 (PP — mﬁmt)‘ |M| = Aa2cos?d

. M2, sin? 0
M = 8g35in0 (pg 5 - o1 — myy gmay)  |[M” = 24500 [ — (pp 4 pp) - (P, + )
+ﬁv2; (Pvw +27) - Pw (Pu + D7) - PW ]

=

Figure 6.2: Decay channels that produce the RH sneutrino with their matrix ele-
ment. In the second line we have only included one example of the channels that

arise from equations (5.30) and (5.36) respectively.

6.2.3 Results of the numerical integration

We have solved eq.(6:24) with eq.(6.33) for a number of sets of parameters that
respect the non-thermalisation constraints obtained in section 6.1. The results are
presented in table (6.2). What we obtain is that if the RH sneutrino masses are not
degenerate and/or if the trilinear coupling is not much larger than the soft scale, then
the obtained relic density is much smaller than the observed dark matter density. It
is pessible with some degree of mass degeneracy, coupled with an increase in the tri-
linear coupling, to obtain a large relic density, and even overclose the Universe. This
picture confirms results obtained by [108]. We should mention that [108] considered

a model in which the electroweak phase transition is slowly ’turned-on’, while we



6.2. Relic density

a My, | Mog | Mg sin @ Qretic
100 | 150 | 100 | 1000 | 8.0 x 10~ || 2 x 10-2
2000 | 300 | 1 | 1000 | 2.2x 1013 || 3 x 1073
100 | 300 | 1 |1000| 1.1 x107* || 3 x 1073
100 | 100 | 1 | 1000 || 1.0 x 10713 | 2 x 10~*
100 | 50 | 1 | 1000 | 4.0 x 10713 | 2 x 10-3
100 | 300 | 100 | 1000 || 1.3 x 1074 || 3 x 1073
1000 | 300 | 100 | 1000 || 1.3 x 10~ || 8 x 10~!
100 | 120 | 100 | 1000 || 2.3 x 10713 | 1 x 101
300 | 120 | 100 | 1000 || 6.8 x 10713 || 1 x 10°

Table 6.2: Various set of parameters and the relic density they generate. All masses
are in GeV. We have also included the mixing angle corresponding to each set of
parameters. In the first line are the parameters used to obtain the ’'typical’ mixing

angle of section (5.2.2). The third line corresponds to the mattergenesis model that

we will present in chapter 7.
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have considered the transition to be completely sudden. They thus obtain slightly
smaller relic densities throughout; for instance for sneutrino masses of 100, 120GeV,
they would need a trilinear coupling of 300GeV to obtain the observed dark matter
density, while in our numerical simulation this set of parameters slightly overshoots
this density. The same group has recently updated their numerical simulation to
include additional thermal effects [110] and has obtained that they further reduce
the relic density, rendering the parameter tuning necessary to obtain a sizeable relic
density much finer.

We had obtained earlier that indeed the mest natural case for the RH sneutrinos
is to be non-thermal relics. Our conclusion concerning their relic density is not
as clear-cut, although we observe that the tendency seems to be towards low relic
densities; as we have just mentioned, this tendency seems to be further enhanced by
the inclusion of additional thermal effects [110]. For the purpose of mattergenesis,
this implies that there is a sizeable parameter space where mattergenesis remains a

possibility.

6.3 Evolution after the MSSM-LSP freeze-out

We have considered up to now times when the other particles involved in creating
the RH sneutrino relic density are in thermal equilibrium. They will eventually
freeze-ouit, and since none of them is the LSP in our model, the next-to-lightest
supersymmetric particle or NLSP (or MSSM-LSP) will also eventually deéay into
the RH sneutrino.

A few points need be considered in this picture. First we should verify if indeed
it is the case that the particles invelved remain in thermal equilibrium until the relic
density of the RH sneutrino has reached its final value. We have plotted the evolution
of the relic density for one of the models of table 6.2 in figure 6.3. Considering that a
typical MSSM superpartner can be expected to freeze-out at around a temperature
of T ~ m/20 (see chapter 3), then we see that indeed the simplifying approximation
in the previous section (where we considered the other particles involved to be

in equilibrium) is indeed valid. Thus we can also safely consider that indeed the
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Figure 6.3: Evolution of the RH sneutrino relic density as a function of temperature
(time running backwards). The parameters that have been used here are the ones
in the sixth line of table 6.2. The next-to-LSP will freeze-out at around typically
mpyLsp/20, at which point the RH sneutrino relic density has already reached its
final value. Some time after the NLSP freeze-out the NLSP relic density will be
’dumped’ into a RH sneutrino one, thus adding a ’step’ to this plot (see text). This

behaviour is also typical of other models in table 6.2 which yield low relic density.
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additional RH sneutrino density coming from the MSSM-LSP will simply be added

on top of what we have obtained in the previous section.

6.3.1 BBN constraints

Following this we need asking two more questions: when does the (out-of-equili-
brium) decay of the MSSM-LSP to the RH sneutrino happens, and how much RH
sneutrinos are created in this way. It turns out that these two questions are related.
Let us evaluate the lifetime of a neutralino in our model; from eq.(5.30) we have
that the rate for a neutral gaugine G (either a W° or a BY, as they mix) to decay

into a RH sneutrino and a neutrino is (see also [110])

2gsin? m.
I'g= TG—I ~ 1_3_27.T_G (634)

where g is either g; or g, depending on the gaugine and the 327 factor is a kinematics
factor. For a mixing angle of the order the Yukawa coupling the lifetime of the
neutralino® is of the order 7, ~ 10%sec. Thus the decay certainly happens long after
the MSSM-LSP freeze-out which means the simple picture of the usual MSSM-
LSP relic density being dumped into a RH sneutrino relic density can be used.
What is more troubling however is that at this moment big-bang nucleosynthesis
has already started, and thus we should make sure that we do not spoil its success.
The effect of late decays on BBN is well documented in the literature [16,111-118].
The abundances of the primordial elements as created by standard BBN could be
modified by the decay products of the late decaying particle, either through the
additional creation of elements or by their dissociation. Evidently if the unstable
particle is in small enough number, then the effect of its late decay might be small
enough not to be in conflict with standard BBN; hence in our model requiring BBN
not to be modified can be effectively translated in a constraint on the relic density of
the MSSM-LSP [16, 118]. Using eq.(6.34) we can see that the models we have been
considering (table 6.2) generate lifetimes for the MSSM-LSP between approximately

5We remark that the coupling of the higgsino is proportional to the Yukawa coupling, eq.(5.24),

and thus our order-of-magnitude estimate goes also for the higgsino part of the neutralino.
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10 and 10%sec. At these lifetimes the strongest constraint comes from the density of
6Li [118]. It is evident that if we assume the MSSM-LSP to have a very small relic
density compared to the observed dark matter density, then we are avoiding the BBN
problem altogether. Although this is has the potential te be a fairly constraining
assumption, it is the one we will make for the remainder of this work; to understand

why we need go back to our previous comment on mattergenesis.

6.3.2 Small MSSM-LSP relic density

As we have mentioned many times, one of the necessary conditions for mattergenesis
mechanisms to be possible is the absence of a sizeable relic density for the dark
matter candidate. If we want the overall relic density to be kept small, as to allow
for mattergenesis, we need for the additional RH sneutrinos coming from the decay
of the out-of-equilibrium MSSM-LSP to come in small numbers. This is the one
thing small Yukawas give no protection against: dumping of large amounts of RH
sneutrino by the decay of a MSSM-LSP that would happen to have a relic density
comparable to the observed dark matter density. More generally any mattergenesis
scenario has to assess the question of MSSM-LSP dark matter, because if indeed the
MSSM with R-parity is a reality, then the LSP is necessarily a source of dark matter.
So, without considering BBN constraints, from a mattergenesis point of view the
requirement of a small MSSM-LSP relic arises by itself. As it also happens to be
one way of making the model consistent with BBN, it is the assumption we decide
to take. The main differences between our study and the one suggested by [108,110]
is that in [110] the goal is to obtain the correct amount of RH sneutrino dark matter
directly from the relic density; for this reason they are investigating possibilities for a
sizeable dumping of RH sneutrino from the MSSM-LSP, all within BBN constraints.
This is the opposite goal to what we are pursuing.

In the common assumption of neutralino dark matter with a relic density corre-
sponding to the observed dark matter one, parameter regions where the relic density
is very low are considered ’forbidden’ regions and are thus the focus of much less
work than other parameter space regions. In such a case what we would need here is

to study the MSSM parameter space regions where the MSSM-LSP has a very low
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relic density, and verify whether these regions are consistent with universal SUSY-
breaking, as we have been using, and whether in these regions a RH sneutrino as
the overall LSP is possible. Such a study is unfortunately beyond the scope of this
work. We should mention however that it has been noted previously that a neu-
tralino with a lew relic density is not ruled out, and might be natural in some regions
of the parameter space [63]. Again, it remains to be verified whether these cases of
small MSSM-LSP relic are compatible with our model. However such a thorough
study would enly be justified if in the first place a strong enough case is made for
the RH sneutrino dark matter produced by mattergenesis; this is what this work is

concerned with.

6.4 Direct detection prospects

We are now in a position to realistically evaluate the detection prospects of RH
sneutrino dark matter through the direct detection channels mentioned in chapter 5.
We have obtained in section (5.4.3) that any mixing angle smaller than sin 8 ~ 107!
evades the present constraints coming from direct detection experiments, considering
elastic scattering. From table (6.2) it is evident that the models we have studied lie
far from the detection threshold, especially when we remember that the cross-section
for an elastic scattering with the nucleus via Z-exchange depends on the fourth
power of the mixing angle (eq.(5.42)). Considering a mixing angle that is twelve
order of magnitudes smaller than the highest mixing angle allowed by experiment
this means that we are looking at a cross-section 48 orders of magnitude smaller
than the detection threshold. It is obvious as well that even if we were in a position
where inelastic scattering were not suppressed (which is not the case) then even
the sin?@ suppression would be large enough to hide the RH sneutrino from any
direct detection experiment. Definitely in the cases we have considered we are
faced with a dark matter candidate that cannot be detected by direct detection
experiments. A mixing angle of sinf ~ 10~!, we should also notice, creates large
enough interactions to allow thermalisation of our candidate. Thus it is clear that

a detectable RH position that is phenomenologically very much different from the
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one we are studying here

6.5 Discussion

Let us dress an overview of what we have gathered about the RH sneutrino char-
acteristics in the early Universe. First we have obtained that in our model it is a
non-thermal relic. A departure from this result would mainly be allowed by very
large (non-universal) trilinear coupling, which is a possibility we have decided to
leave out of this work; some mention of this possibility has appeared in [93]. Next
we have studied the relic density of this non-thermal relic, and have obtained that
both large and negligible amounts can be obtained, though a small relic density is
more generally obtained as it requires ne tuning of the parameters. This result is
seemingly enforced by the inclusion of thermal effects [110]. We have also obtained
that indeed BBN adds a constraint en the model, and the means we have decided to
use to avoid it is to assume a low relic density for the MSSM-LSP. This assumption
also implies that if a small relic density is obtained by equilibrium decays, it is not
enhanced by the out-of-equilibrium decay of the MSSM-LSP. With all this at hand
we can conclude that the RN sneutrino is an interesting dark matter candidate es-
pecially within the context of mattergenesis. Adding to the study of this chapter,
there are a number of open questions or additional points that it is interesting to
discuss.

First, it is worth mentioning that within the MSSM, dark matter candidates with
small relic density possibly exist, though they would not be most appropriate for
mattergenesis. Depending on the exact mixture composing the neutralino, the ob-
tained relic density can be small [63]. However such relics are evidently thermal; this
would necessitate the use of a late-decay time of mattergenesis. In the MSSM there
is in fact no candidate with weak enough interactions to be non-thermal, which in
turn implies that mattergenesis might not be a possibility within the MSSM, except
using a late-decay type of mechanim. Once we add a RH (s)neutrino superfield to
the MSSM, we have seen that such a candidate arises and that in turn mattergenesis

becomes very much a possibility. Moreover, adding this superfield does not create
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the apparition of lepton-number violation, and no other, ’exotic’ fields are added. If
this model allows for mattergenesis, then we have a fairly minimal extension of the
MSSM in which we have a tentative explanation for the ratio of matter densities.
We will discuss such a possible model in the next chapter.

Let us now recall the assumptions we have made for obtaining the (small) relic
density of our candidate. We have assumed that inflation has erased any amount
of RH sneutrino, and in turn this has allowed us to assume that inverse decays are
negligible and that indeed the distribution function is small (1 £ f ~ 1, section
6.2.2). Those assumptions evidently simplify the numerical calculations. With this
we effectively obtain that the relic density in itself is not a sizeable source of RH
sneutrinos and that the processes which usually affect most greatly the candidate
density (annihilation and creation processes) are small. Two important notices are
in order. First, it is most likely that, as is the case with the gravitino, it would be
possible to erase the RH sneutrino during inflatien, though it is pessible that some
parameters of the model might need to be constrained for this to happen. Secondly,
once we are looking at adding externally (via mattergenesis) some amount of RH
sneutrinos, knowing the relic density to be small and annihilation/creation processes
to be inefficient means we are free to create large amounts without fearing overclosure
or sizeable reprocessing. It is not impossible that the simplifying assumptions that
inverse decays and the distribution functien are small could need reconsidering once
large amounts of dark matter are added, especially in the case of RH sneutrinos
produced as coherent oscillations, which we will consider in chapter 7. This implies
that some reprocessing might still happen. These questions, however, can only arise
once we have determined that the relic density in itself is small, which we have just
done, and once alse a possible mattergenesis mechanism has been identified. The
next chapter is concerned with introducing such a mechanism. A following chapter
could have dealt with the questions we have just risen, but constraints of time force
us to leave this to future work.

As a final remark let us discuss briefly the possibility of larger left-right sneutrino
mixing. As we have seen a much larger trilinear coupling leads to potentially thermal

sneutrinos. Strictly for dark matter purposes (outside mattergenesis) this can be
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interesting, especially since in such a case the RH sneutrino might be detectable.
The phenomenology of sneutrinos with large trilinear coupling has been studied
in [93], where both the cases of Dirac and Majorana (s)neutrinos where discussed.
A mattergenesis mechanism within this moedel has also been mentioned in [52].
Closer to our analysis would be the possibility of large left-right mixing due to
mass degeneracy between left- and right-handed sneutrinos. Potentially interesting
phenomenology could emerge: the RH sneutrino would be a thermal relic with a
relic density very much dictated by coannihilations with the LH sneutrino, and direct
detection would be conceivable, either via elastic or inelastic recoil. However the

tuning of the masses necessary for this possibility appears unnaturally fine.



Chapter 7

Affleck-Dine neutrinogenesis

7.1 Leptogenesis, Neutrinogenesis and AD Me-
chanism

Within the context of any Dirac neutrino model such as the one we are studying
here, the question of the origin of the baryon asymmetry is paramount. Indeed,
as mentioned in the introduction, the popular leptogenesis scenario of [35] requires
lepton-number violation. Let us review the argument. In the Standard Model the
B + L number is not conserved at the very high temperatures present in the early
Universe [32]. At temperatures roughly higher than the electroweak phase transi-
tion temperature, (B + L)-violating anomalous ’sphalerons’ transitions are indeed in
equilibrium [18,32]. In the original leptogenesis scenario [35] (or 'Majorana leptogen-
esis’ [38]), an added Majorana mass for the neutrinos is the source of lepton-number
violation which allows for the creation of a net lepton number for the Universe (note
that a similar baryon-number violation source is absent). In turn the sphalerons
transfer the net lepton number into the observed baryon number of the Universe.
Thus, when coupled with the see-saw mechanism, the possibility of Majorana lep-
togenesis offers an interesting picture for neutrinos and their link to early Universe
physics.

This scenario obviously necessitates a source of lepton-number violation; indeed

what it does is to transfer the problem of directly creating a net baryon number to

99
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directly creating a net lepton number, and relating the two via sphalerons. Hence
when considering Dirac neutrinos as we do here, one necessarily has to suggest an
alternative to leptogenesis where it is possible to create the observed baryon number
either without appealing to lepton number violation at all, or else by inventing a

1. As we have discussed in chapter 4, the

new source of lepton number violation
conservation of lepton number even in the presence of neutrino masses is very much
a possibility, and in that sense establishing that there exist leptogenesis models that
function without lepton number violation is important. Here indeed we suggest a
scenario that generates the baryon number of the Universe in the complete absence

of lepton number violation.

7.1.1 Neutrinogenesis in the Standard Model and in the
MSSM

A lepton-number conserving ’leptogenesis’ mechanism was suggested a few years
ago [3] within the SM+ Dirac neutrinos. The suggested alternative to creating a net
lepton number relies on the observation that sphalerons only act on the left-handed
sector of the SM, leaving the right-handed sector unaffected. Thus what really is
necessary for a leptogenesis-type of mechanism is the creation of a lepton number in
the left-handed sector; whether the left-handed lepton number is a net overall lepton
number or whether it is compensated by an equivalent lepton number in the right-
handed sector is of no importance. This distinction is however irrelevant for SM
particles (and neutrines with large Majorana masses), since left-right equilibration
processes are in equilibrium for all of them in the early Universe. In (3], it was
noticed that Dirac neutrinos with a Yukawa coupling Agy such that Agy < 1078
do not allow fast left-right equilibration, and indeed for pure Dirac neutrines this
condition is easily respected. This implies that if a ’left-right asymmetry’ (or a

net number of left-handed neutrinos compensated by an equal net number of anti-

'lAlthouéhﬁihﬁsucl; a case it would become fairly unnatural to have lepton number violation

present somewhere in the model, yet absent in the neutrino sector.
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right-handed neutrinos) can be created in the neutrino sector, then it will not be
erased. Looking in the left-handed sector alone, as the sphalerons do, this would
appear as a net lepton number, and then the usual course of leptogenesis would
follow. The final ingredient is a way to create this asymmetry; in [3] this was done
by adding to the SM a heavy Higgs-like doublet whose decay creates the asymmetry.
The ’leptogenesis without lepton number violation’ mechanism of [3] is sometimes

referred to as neutrinogenesis, a term we will use in this work.

Decay of exotic field |
) |

N
N

Ae<10*

sphalerons

B

ovl]

Figure 7.1: Overview of the neutrinogenesis mechanism suggested in [3]. As long
as the Yukawa coupling of the Dirac neutrinos is small enough, the left- and right-
handed neutrinos do not equilibrate, and thus the asymmetry created by the added
field is not destroyed. The sphalerons see a net lepton number, as they are blind to
the right-handed sector. As mentioned, a supersymmetrisation of this could possibly

have dark matter on its right-handed side instead of right-handed neutrines.

As we have seen in chapter 6, a Dirac RH sneutrino of the type we are study-
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ing does not equilibrate with its left-handed counterpart, fulfilling the condition for
neutrinogenesis to be possible?. It is interesting in turn to ask whether there ex-
ists a possible mechanism outside the straightforward supersymmetrisation of [3],
and whether a SUSY version of [3] could allow a possibly more satisfying way of
generating the left-right asymmetry than the addition of an exotic field. Specific
to supersymmetric theories is the existence of flat directions, which can be used to
generate net quantum numbers, as first propsed by Affleck and Dine for baryogenesis
(the Affleck-Dine mechanism) [119]. This is the road we shall follow.

Let us outline the basics of the Affleck-Dine (AD) mechanism for baryogenesis.
The AD mechanism makes use of the fact that supersymmetric theories such as the
MSSM generally have a number of flat directions, which are directions in field space
along which the supersymmetric scalar potential vanishes. When SUSY-breaking
terms are added, the potential generally becomes non-zero, or as it is common to
say, the flat direction is ’lifted’. Due to SUSY-breaking a minimum in the potential
can develop, and can be far away from the origin, and thé fields that make up the
flat direction (or AD fields) can end up in such a minimum. During inflaten-matter
domination and subsequently, the minimum of the potential evolves with time (for
reasons that will become obvious shortly), and so do the AD fields. This evolution
can lead to the AD field condensate acquiring a largé quantum number; in the
original work it is a baryon number, if the AD fields themselves carry a baryon
charge. In the following we will use two flat directions of the MSSM+g, Lh,, and
U4, but will generate a left-right asymmetry in the sneutrino sector, in contrast to
the original AD mechanism. As we go along the chapter we shall explain in more
details the workings of the AD mechanism as we use it, and compare it to its more
common version.

We should note that up to now we have not yet mentioned the creation of dark
matter in (supersymmetric) neutrinogenesis. Indeed the creation of a large amount

of RH sneutrinos will in some way come as a bonus in our suggested mechanism,

ZNote that we are now talking of sneutrinos in the MSSM, while 3] is concerned with neutrinos
in the SM.
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although we can see hints of such a thing happening already. Indeed in [3] the baryon
number is compensated by a lepton number ’hidden’ in Dirac neutrinos; once this
is supersymmetrised, one can wonder about the fate of this lepton number, and
whether the particles holding it "hidden’ could be related to dark matter in some
way.

The rest of the chapter is as follows: first we will introduce the flat directions we
shall be using, and investigate the potential that affects our chosen AD fields. Then
in section 7.3 we study the dynamics of our fields and its relation to the generation
of the left-right asymmetry. Finally we explain how the neutrinogenesis mechanism
works as a whole, and how it can become a mattergenesis mechanism. In various
places in this chapter we shall refer to the work of [120]; it is a general, non model-
specific analysis of the AD mechanism with early Universe SUSY-breaking (which

we will explain later).

7.2 Two flat directions of the MSSM+ip: Lh, and
VR
7.2.1 Flat directions in the MSSM

Flat directions are directions in scalar field space along which the scalar potential
vanishes. Our first task is to identify flat directions in our superpotential that could
be of use in generating an asymmetry in the sneutrino sector. Flat directions in
the MSSM have been studied earlier [120] and [55] and a number of F- and D-flat
directions have been identified®. Relevant to our work is the Lh,, direction, which
involves the left-handed sneutrino. This direction is flat up to the contribution of
the u-term, which we have mentioned before. The u parameter is however of the
weak scale, as are the soft-breaking terms. As we will see shortly, the contribution

to the scalar potential of the soft-breaking terms will play a very important part

3An F-flat (resp. D-flat) direction is a direction along which at least the F' part (resp. D part)

of the scalar potential vanishes.
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in the mechanism. Since the p-term contribution is at most as large as the soft-
term contribution, and since we will keep track of their effects, we drop the u term
altogether, in line with the previous chapters.

As we have seen in chapter 3 the scalar potential is composed of F-terms and

D-terms [55):

\ |[OW

Vo= — —

5 21: ‘6‘131'

where a runs over the three gauge groups and 7 are the gauge group generators.

The MSSM superpotential, in terms of scalar fields, is given by [55, 56]

2
- % >0 (BT9%;)° (7.1)

Wassm = /\uﬂRQhu — )\d(i%é?hd - /\eéRLhd + ,U,hdhu (7.2)

as we had mentioned in section 3.1.2. It is obvious from the superpotential that there
exist many F-flat direction; we gain more interesting information by noticing what
cannot be an F-flat direction. Notice for instance that since the LH squark, RH up
squark and up-type higgs fields all appear together in one term, no two of them can
be used at once to construct a flat direction, as the corresponding F-term would
be non-zero. Indeed if the up-type higgs and LH squark fields are simultaneously

non-zero, then

oW
Bis,

#0 (7.3)

and thus the direction is not F-flat. Such a restriction does not apply to for example
the up-type higgs and LH slepton both belonging to a flat direction [120]; indeed

the direction Lh,, which we parametrise by

~ 1

I = — ,
V21 o
1 0

hu=—:— 7.4
V2 b (7.4)

is F-flat in the MSSM up to the u-term contribution*. Since the contracted f/hu

4We will from now on refer to Lh, as an F-flat direction, and it is understood that this means

the only contribution to F-terms is the p-term one, or that the direction is flat when neglecting

the u-term.
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forms a gauge invariant operator, then necessarily the gauge potential vanishes along
this direction. Indeed flat directions are generally described by the gauge invariant
operator that is formed by the contraction of the various fields that construct the
flat direction®. Lh, is such a gauge invariant operator and forms a flat direction by
itself.

The superfield that invelves the RH sneutrino is evidently absent from the
MSSM. To be able to create the left-right asymmetry mentioned earlier without
creating a net lepton number, we will need also the flat direction corresponding to
this additional field. We turn to the effect of adding the RH sneutrino superfield in

the next subsection.

7.2.2 Flat directions with added Dirac mass term for sneu-

trinos

In this work we are adding the RH sneutrino superfield through one term only, the
Dirac mass term or Yukawa coupling; moreover we are not adding any other exotic

fields. Thus we now have one additional term in the superpotential:

W D ALh, 0 , (7.5)
where again we use the scalar field notation for the superpotential, as in eq.(7.2).
Taken in itself we already know the right-handed (s)neutrino to be gauge invariant,
and as such 7§ is a D-flat direction. The two D-flat directions we are using can thus

be parameterised by

- 1
L = — ,
V2 | o
1
hu = —F= [}
V2 \ ¢
G = U. (7.6)

5This means the fields that are non-zero along the direction.



7.2. Two flat directions of the MSSM+ip: Lh, and vy 106

As we have mentioned, in the MSSM the Lh,, flat direction is both F- and D-flat. Its
D-flatness cannot be affected by the addition of the RH (s)neutrino superfield, but
its F-flatness might, and indeed will. Recall that the only reason we could consider
Lh, to be an F-flat direction in the MSSM is because L and h, did not appear
together in any term of the MSSM superpotential. Now we have added just such a
term, which means that indeed Lh, is not an F-flat direction anymore. Indeed, the

F contribution of the Dirac mass term to the scalar potential along Lh, and U, is:

oWl |awl|® |ow|? ’
|’\|2 212 21=,12 ;
= 1+ el (7.8)

As such our ’flat’ directions are indeed not F-flat at the renormalisable level, but
the F-term contribution they receive is necessarily very small as it is due solely to
the (s)neutrino Yukawa coupling. Thus in our version of the AD mechanism, Lh,,
and U are the two ’almost flat’ directions we will use.

Using ’flat’ directions that are already slightly lifted at the renormalisable level
is a departure from the conventional AD picture, where the flat directions are only
lifted via higher-dimensional eperators, or soft operators such as the SUSY-breaking
soft terms. In the following we will confirm that the F-term contribution to the
scalar potential along the 'flat’ directions is small enough that the creation of a large
asymmetry is not prevented. We note that if we were using larger Yukawas (as would
be allowed in the presence of a see-saw mechanism), then the F-term contribution
would become larger, eventually to the point where the chosen directions could
simply not be considered flat at all, and obviously the AD mechanism would be
ineffective. We shall not quantify here how large the Yukawa coupling can grow
before stopping the AD mechanism, but it is worth noting that for example no flat
direction of the MSSM includes both Q and h, (and other fields); this is because
the Yukawa term for up quarks is large and thus any direction including both Q and
h, is certainly neither flat nor ’almost flat’. Thus enlarging the neutrino Yukawa
coupling to the size of other, 'typical’ SM Yukawa couplings via the use of the see-
saw mechanism would destroy our mechanism. As such it is a case of the smallness

of the Yukawas enabling a specific baryon (and dark) matter production mechanism,
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just as it was also creating the possibility of a non-thermal relic or a particle that

has its left- and right-handed parts never in equilibrium.

7.2.3 Lifting of the flat directions

Despite having considered up to now only renormalisable contributions, our ’flat’
directions are already lifted, but as we have mentioned it is only a very small effect,
and a larger lifting is necessary if any sizeable asymmetry is to be created. Let us
now include in our study the soft-breaking terms that we have listed in chapter 5,

this time along the flat directions:
Vsp = m2 | +m2 [5|" + (Aad? + h.c.) . (7.9)

In the early Universe, however, there exists yet another source of soft SUSY-breaking.
Indeed during inflation the vacuum energy density is positive (or else inflation would
simply not happen [4]). But as we have seen in the introduction, because of the way
the SUSY and Hamiltonian operators are related, the presence of a positive vacuum
energy necessitates and implies the spontaneous breaking of SUSY. Hence during
inflation, and as long as the inflaton has not decayed, there exists ’early Universe
SUSY-breaking’ [58,120]. This SUSY-breaking contribution is crucial as it can cre-
ate a minimum in the scalar potential far away from the origin, thus driving the AD
fields out to large values during inflation. These additional SUSY-breaking terms

are parameterised in terms of the (time-dependent) Hubble constant [58,120]

Vi = —csH? |9]> = c, |'1_7|2 + (Aeg HY*D + h.c.) , (7.10)
where cy, ¢, are real, order one constants. The overall potential for the scalar fields
is thus

V = Vp+Vsp+Vu

= (m2 — csH?) |¢® + (m2 — ¢, H?) [5|” + (Ma + cuH)¢*D + h.c.)
i
4

A large vacuum expectation value for the AD fields can only develop if at least one

|%” + A [Pg|” - (7.11)

of the fields’ effective mass squared term is negative [120]; here we consider

(mi — ceH?) < 0. (7.12)
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Thus the Hubble-induced terms in eq.(7.10) push the fields far from the origin.
Moreover, because of their dependency on the Hubble ’constant’ which is in turn
time-dependent, the early Universe SUSY-breaking terms allow for a non-trivial
evolution of the minimum in the potential. Let us see how the minimum first

appears; we have to minimise®

V o= (md—cyHY) o + (m2 - o, H?) [5]" - 2|A(a + cuH)| |6 |7]
A2 2 = |2

+ 2D e s (7.13)
Taking the coefficient of |51:/'| positive, and considering that for early times |c,| H? >

m?2 and |cy| H? > m2, the minimum of the potential is given by
v (o} ¢

cy H(t
B ()= /2T (7.14)
—ep Lol
5 ()~ { Bownr  crH<lal,
min ) | H(¢)| CHH>>Ia|.

2cb—cy |A]

This shows that indeed the potential is minimal for large values of the AD fields,
both because the Hubble constant is very large in the early Universe and the Yukawa
is small throughout. This can be interestingly contrasted with the typical AD mech-
anism, where a very large Hubble constant is necessary for the creation of a large vev.
Here the Yukawa coupling is also very much responsible for the large vev. Moreover,
since the minimum evolves with the Hubble ’constant’, as long as the AD fields sit
in their minimum they also follow this evolution. This is a crucial aspect of the AD
mechanism: if the quantum number of interest is related to the AD fields, then as
these sit in the evolving minimum, this quantum number evolves as well, leading to
the required baryon or lepton number with the appropriate choice of parameters.
We will see in the next section that here indeed the left-right asymmetry in the lep-
ton number of the sneutrino sector is related to our two AD fields, whose evolution

we will study.

6This is exagtlyil;h;, same as €q.(7.11); we have only rewritten the third term using the generic

result that |c| e* + h.c. = 2|c|cos 8, and used the minimal value for cos 8, cos§ = —1.
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In the following we will take as a starting point that the fields’ values lie in
the minimum. In [120] twe arguments are offered for this: that the fields cannot
have vev’s much larger than the minimum or else their energy density would be
larger than the inflaton energy density and prevent inflation from happening at all,
and that if an AD field would start at some distance from its minimum, it would
oscillate with an amplitude decreasing exponentially towards the minimum. Both
arguments apply here in a straightforward fashion despite the peculiarities of our
model. Moreover we will assume the fields’ phases to be a constant over the Universe,
but of a random value. Again, general arguments in favour of this assumption as
presented in [120] apply directly here.

We have mentioned earlier that in the original AD mechanism the flat directions
are lifted solely at the non-renormalisable level, which is not the case here. One
known effect of the lifting at the renormalisable level is the fact that AD fields stop
following the minimum closely [120]. Here the renormalisable F-term contributions
are very small, but we can still expect the evolution of our AD fields not to reproduce
precisely the behaviour of the original AD mechanism. In the next section we will

track the evolution of the AD fields and the asymmetry in our scenario.

7.3 Dynamics of the fields and the left-right asym-

metry

7.3.1 Left-right asymmetry in the sneutrino sector

What we have up to now is the hint of a non-trivial evolution of the AD fields
throughout the early Universe. Before we explore this evolution, we should pause
and recall that what we are looking for is a non-trivial evolution for the left-right
asymmetry in the sneutrino sector, as this is what we need for neutrinogenesis. As
we have chosen flat directions that invelve the sneutrines, we can expect these two
quantities to be related; we make this relation explicit in this section. Let us first

define the left-right asymmetry; we write the lepton number n; as a sum of its
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right-handed and left-handed parts:
np = n( ) 4P (7.15)

with n‘(LL) and n(LR) being in terms of our scalar fields

i, .
) = 2 (Fe-4'9)
n = i (PP-) (7.16)
In these terms we can define the left-right asymmetry as

N = n(LL) E-JR) . (717)

Neutrinogenesis requires nyr # 0. The evolution equation for the asymmetry is

constructed from the ones of the AD fields. Indeed, the evolution equation for ¢ is:

ov
op*

$+3Hp+ =0 (7.18)

and analogously for 7. Now using eq.(7.16) in eq.(7.18) and its conjugate, we find

Ay +3Hny = Im (‘;qu) (7.19)

and again analogously for 7. From eq.(7.11) we see that the only imaginary terms

are the a-terms and hence
A + 3HnYY = 2Im (Aag?D)

(R)+3Hn(R) = —2Im (Aag?D) . (7.20)

From this we can deduce both the time evolution of the lepton number 7, and of the

left-right asymmetry npp. As expected the lepton number is conserved throughout:

fip + 3Hny = % ( 2 n(LR’) +3H ( Dy n(R)) =0, (7.21)

while the evolution of the left-right asymmetry is given by
nrr + 3Hnyg = 4lm (Aag?y) . (7.22)

We can see that the evolution is non-trivial if |¢| # 0 and |i§| # 0 and the com-

bination of phases is not zero. This illustrates the necessity for both AD fields to
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develop large expectation values, so that the driving term does not fall to zero. The
requirement for the phases not to cancel is the necessity for some CP violation to
be present, as is expected from the Sakharov’s conditions [20].

Further insight into the creation of the net left-right asymmetry can be obtained
by going back to eq.(7.16). In the more usual versions of the AD mechanism, only
one flat direction is used, so let us first study the case of a quantum number, say

the baryon number ng, related to one AD field ¢ in the following way:
ns =i (- ¢'9) , (7.23)
with
¢ =|d|e® (7.24)

and |¢|,0 € R. This is obviously just a simplified version of our case. Let us relate

the quantum number to the field parameters; we have
b = 19le” +i0|g| "
9 .
(lasl (

ng =2|¢[*6 . (7.26)

so that the baryon number is

The baryon number is thus dependent on the angular evolution of the AD field and
on the (instantaneous) value of the field’s vev. This exemplifies again the necessity
for expectation values and CP violation, as mentioned earlier. Moreover it shows
that a net baryon number would be created if the AD field’s dynamics was that of
regular oscillations.

In our scenario the left-right asymmetry is related to the two AD fields by
eq.(7.16); in such a case the equivalent of eq.(7.26) is simply

nir = |68 - 2|7]" 6, (7.27)

where ¢ = |¢| €?, U = |D| €¥%, with all angles and lengths real. In the next subsection
we study the time evolution of our AD fields; we shall obtain that this evelution

indeed leads to regular oscillations, in turn creating a net left-right asymmetry.
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7.3.2 Numerical evolution of the AD fields

We have used eq.(7.16) along with eq.(7.18) to obtain the time evolution of the AD
fields numerically. The numerical evolution of the ¢ field is presented in figure 7.2.
As is obvious from the figure, and as can be expected from the potential in eq.(7.11),
there are different regimes of evolutien for the fields, and in turn the asymmetry;
the regular oscillations are obtained, but only for later times. In the following we

sketch the various steps in the field evolution.

6
H~100GeV ‘21: T:rg‘i"
~ at~
‘ ~ L . — - log(t/t
-6 ) ) Tir, 2 j 19 (t/ts)
Hi1GeV
Im{$(t)); GeV Im{p(t)); GeV

4+10" 1-10°

2:1 5.10°
Re (¢(t)), Gev

SFTot—=srro—¢1r=7+10 5 /, g
2% -1.5-10% 1651054” 5.10%-1¢%.5-10
-4.10 10°
-s.mlh -1+10°

Figure 7.2: Time evolution of the generated LR asymmetry. Parameters and initial
conditions are as follows: my = 600 GeV, m, = 500 GeV, a = €*%100 GeV, ¢4 = 1,
¢, =08, cg =0, A =10""2, §(tin) = 2|@|yn (tin), P(tin) = |"_7|min (tm), =V =0,

where the minima are given by the expressions in the text. The added line is matter

Re(p(t)}, Gev

evolution during radiation domination, ¢t~3/2. The behaviour of the ¢ field is also

shown for early (shortly before H ~ 1060GeV) and late (post-reheating) times.
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7.3.3 Dynamical evolution of the AD fields: Hubble term
domination era

As we have mentioned earlier during inflation the fields are drawn far away from the
origin, and we take as a starting point that the fields lie in their minimum, with a
certain phase. Exact values for each parameter are given in the legend of fig.(7.2).
Inflation is immediately followed by an era of inflaton oscillation, during which
the Universe is (inflaton) matter-dominated. At this time the Hubble constant
is very large, and the Hubble terms dominate the driving terms for the AD fields.
During matter domination we have H ~ 2/3t, which in turn gives the time evolution
of the minimum (eq.(7.14)). In the original AD mechanism, in the inflaton-matter
era the AD fields followed the evolving minimum closely; however here it is not the
case, as we will see shortly. It is clear from fig.(7.2) that indeed at this point the
fields do not yet trace regular oscillations, and that the evolution of the left-right
asymmetry is somewhat erratic on a short scale, yet fairly constant on larger scales.
Let us try and understand the behaviour of the fields in this era. Considering the ¢

field, we recall that its evolution equation is given by

. .9V
6+3Hp+ - 5 =0 (7.28)

with V given in eq.(7.11).
In the early times of the era we are considering, the Hubble constant is larger

than the typical scale of the masses and the trilinear coupling,
H > mg, my,,a (7.29)

so that we can approximate the potential as’

. 21 112 9 |12 2 |< A2 212
V = —c,H? ¢ — e H? |[D]" — 2XcuH |9 7] + T |#?|
+ 2|5y, (7.30)
and the driving term for eq.(7.28) as
W _ (—csl® + 20crH [7] + X2 [5°) + X g (7.31)
a¢* ® H 2 . .

"We have used our knowledge that A is real and positive to alleviate some of the clutter.
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Only the first term would be found in the usual AD mechanism; the second term
translates the fact that we are using two coupled AD fields, while the third and
fourth terms are due to flat direction lifting at the renormalisable level.

Let us define a new field u that tracks the distance of ¢ to the minimum as

defined in (7.14),

Replacing the Hubble constant by H = 2/3t in both the evolution equation (7.28)

and the minimum (7.14) we have the evolution equation for u:

1 oV
b+ =—55=0 (7.33)
|¢|min a¢
or
des 4)\cH 9 4c? ,
X *=0. 34
”’+u(gt2 | |+ I I) 18t2’u'u (73)
Now let us introduce a logarithmic time scale,
z =logt (7.35)
which turns eq.(7.34) into
dcy  4Xc 4c? , ,
ji — u+u(9¢+ e+ X’ 2’) gk =10 (7.36)

where now dots stand for derivation with respect to z. With the AD field evolution
equation in this form, we can see that the distance of the field to the minimum is de-
scribed by an under-damped oscillator: thus the field does not follow the minimum,
as would be the case in AD leptogenesis. This is in agreement with the observation
of [120] that if the flat direction is lifted at the renormalisable level the field’s oscil-

lations about the minimum will not be damped®. To get a crude understanding of

8The under-damped oscillator solution can also be obtained from [120] if one uses n = 3 for the
n variable that measures the level at which the flat direction is lifted. Here describing the solution
as an oscillator might be a stretch due to the coupling terms, but they will not modify the damping

term; as such eq.(7.36) is sufficient for the conclusions we want to draw.
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the behaviour in this era, we can estimate the maximum amplitudes of the fields by
assuming that the energy is constant in a co-moving volume: R3H2¢2 . = const.
This gives @max = const which in turn gives ny g = const. This is good agreement

with fig.(7.2).

7.3.4 Dynamical evolution of the AD fields: late times

During the matter domination era the important H ~ mg/; mark is reached. Below
this point the Hubble induced terms in the effective potential become less and less
relevant to the evolution, which instead becomes dominated by the mass terms,
and the behaviour changes markedly. Going back te the evolution equation for ¢,

eq.(7.28) and neglecting the terms proportional to A we have
¢+3Hp+ (m2 —cyH*) ¢=0. (7.37)

As H drops below the mass scale and becomes more and more negligible, the evo-
lution equation tends towards an oscillator about zero, with a damping term given
by the Hubble constant: this means that at later times our AD fields do execute
regular cycles, the behaviour required for the generation of our left-right asymmetry.
This is confirmed by our numerical analysis. In this case then we can approximate
the real and imaginary components of fields as t* sin(mg4t). Neglecting terms in A

and writing H as H = b/t we find

2 t t

k(k — 1) sin(myt) 4 2km g cos(myt) + 3bm, cios(7m¢t) —0 (7.38)

and then neglecting 1/t? terms we obtain k = —3b/2. This agrees with the constancy

of energy in a comoving volume argument, which implies that R*m3¢2., = const.
Again usin H = b/t this then suggests
Pmax ~ tF (7.39)

We recall that the left-right asymmetry is related to the square of the AD fields and
to their angular velocity (eq.(7.27)). When the fields reach the regular oscillation
regime, their angle variation is a constant, thus the only variation in npp is due to

the decline in the square of the AD field values; thus eq.(7.39) gives

nNLr ~ t_sb : (740)
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In the matter domination era b = 2/3 so that npr drops as t2. This can be
seen in fig.(7.2), at times shortly before reheating. We assume reheating happens
at Tp = 10° GeV when the Hubble constant is H ~ T2/Mp, ~ 1 GeV. At that
point the Universe becomes radiation dominated, and now H = 1/2t. In turn npg
then drops as t~3/2, which is plotted in fig.(7.2). The period immediately following
H ~ mg/, is a transition period; as can be seen from fig.(7.2), the dynamics of the
¢ field shortly before this time is far from being regular. Thus it seems evident that
the regime of regular cycles needs some time to be attained; this explains why the
nrr ~ t~3 regime is only reached some time after H ~ mj/s, around log(t/tg) ~ —2

from our numerical simulation.

7.3.5 Size of the created asymmetry

What we finally need to determine is whether the correct amount of baryonic matter
can be produced in this way. We have established that a left-right asymmetry is

indeed created, but have yet to establish its order of magnitude. We need to evaluate

nNLR Mg .
T s —S—ltoday . (741)

Since these oscillations behave like matter, their number density is constant in ra-

diation domination (see introduction):

T %4 1n
S oday S

m is ) ( )

where the subscript R stands for reheating time or temperature and where we have

used p, = nymy. From our discussion of inflatien in the introduction, we have that

Tr = pr/s, where the subscript I stands for the inflaton, so that in turn

ng _ps Tk
P |today - b[lRm¢ . (743)

The energy density stored in inflaton oscillations is

pr ~ H*M3 | (7.44)
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and they behave like matter. As we have seen, some time after H ~ mg/, the field’s
oscillations behave like matter as well; this means we can use the ratio of

%lR = %"’"3/2 (7.45)
where the subscript m3/, stands for a moment some time after H ~ m3/5. In the case
of the AD mechanism without the lifting of the flat direction at the renormalisable
level, there would be no transition period after H ~ mgyg; the fields would be
oscillating from that point on, and their vev’s could be automatically deduced from
the minimum values. In that case eq.(7.45) could be directly related to the minimum
of the fields and thus the model’s parameters. Here we need to be more careful. We
have shown that the AD fields do not follow their minimum closely in their early
evolution. However we have also shown that the left-right asymmetry remains fairly
constant on larger timescales, if one overlooks the complicated detailed evolution
of the fields. Since we took as an assumption that the fields started close to their
minimum, we will use the value of the minimum at H ~ mg3/, as an approximation
of the fields’ vev’s. From what we have just said this does not mean we assume
that at H = mg/; the AD fields are executing regular oscillations and have a vev
equal to the minimum at H = mg/; we are merely saying that sometime soon after
H ~ mg,, the fields are executing regular oscillations and will have a vev of the
order of the minimum at H ~ mg/. At this approximate moment we have that the
fields are of order ¢, ~ |a/\| as in eq.(7.14), so that the energy density in their
oscillations is of order py ~ m2 1ala/ A2 and behaves like matter. Hence eq.(7.45)

becomes

(7.46)

and in turn the left-right asymmetry can be evaluated as

LR _ p_¢l Tr
s pr M my,
la/A? Tr
M}% m¢
210212/ T 100GeV ,
~ 10702 & . AT
0 Il‘OOGeV’ A (1TeV>( my ) (7.47)
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A few comments are in order at this point. As one can notice to obtain the correct
amount a reheating temperature lower than the one we used for our simulation
is needed. From our discussions it is obvious that using this different reheating
temperature would not alter the general behaviour of the mechanism. Moreover
now is a good time to remark that, contrary to the situation in chapter 6, here the
masses of the various fields are fairly unconstrained, and the only assumption we
have used concerning them is that they are of order the gravitine mass, m ~ ms/,,
which is in any case one of the underlying assumptions of this work (as mentioned in
chapter 3). From the various discussions of this section, it is clear that using masses
different from the ones used for the numerical simulation that produced fig.(7.2) (but
consistent with our general assumption on masses) would produce similar results.
Moreover no assumption on which field is the LSP need be used. This is good news
for the fate of our suggested mattergenesis mechanism, which we turn to in the next
section.

It should be noted as well that AD neutrinogenesis (without a discussion of the
possibility for creating dark matter at the same time) was proposed in ref. [121].
However in that work the AD field was considered to be an additional scalar field
that was either Higgs-like, with SU(2) number, or a singlet appearing in higher
order non-renormalizable interactions. The implementation here using only the D-
flat directions of the MSSM itself can be thought of as the minimal realisation of AD
neutrinogenesis in the context of supersymmetry. Moreover some additional work
related to the suggested mechanism has been published recently in [122] in which

various thermal effects have been considered.

7.4 Mattergenesis mechanism

Now that we have created the left-right asymmetry we were after, there are a few
steps missing before we have in hand a full mattergenesis mechanism. We have to
explain how the left-right asymmetry is transferred to neutrinos, if we want to fall
back on the leptogenesis mechanism of [3]; and we have to obtain the relationship

between the final baryon density and the density of dark matter.
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Figure 7.3: Overview of the suggested mattergenesis. The non-equilibration of left-
right mixing processes (a) before the electroweak phase transition has been discussed
in chapter 6. In (b) the LH sneutrinos are turned into LH neutrinos; this is in
equilibrium (see text). Sphalerons turn the LH neutrinos in baryons (c), as in usual
leptogenesis. On the RH side none of this happens (d), since the RH sneutrinos are
out of equilibrium (see chapter 6) and sphalerons do not affect the RH sector. When
the electroweak phase transition happens (e), the baryon number is frozen, and is

related to the dark matter number as explained in section 7.4.

7.4.1 Left-handed sneutrinos and neutrinos

We need now to ensure that the conversion of LH sneutrinos to LH neutrinos is
in equilibrium; if it is then we are back to the scenario first suggested by [3] (see
fig.(7.1)). Unsurprisingly (LH (s)neutrines being far from sterile) the LH sneutrinos

are quickly turned into LH neutrinos through gaugine interactions. This can either
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go by decay with ' ~ g2m,;, or at high temperatures by a scattering whose rate is
g

[~ —2-T° (7.48)

me%s =

W,B
where the masses are understood to be thermal ones. All of the contributions are
of the same order during the period we are considering when T ~ My, and so
sneutrino—neutrino conversion is in equilibriumm. Then the sphaleron transitions
can transfer the LH neutrino asymmetry into a baryon asymmetry as in the usual
leptogenesis scenario. Above the electroweak phase transition this is essentially
instantaneous (see chapter 2); after the electroweak transition the sphalerons are
switched off and the non-zero baryon number is frozen in [18,19,32]. Throughout,

the right-handed (s)neutrinos remain inert, as we have seen in chapter 6.

7.4.2 Baryon density and dark matter density

We need finally to establish the relation between our created baryon number and
the dark matter density . The equilibrium ratio between lepton and baryon number
under rapid sphaleron transitions was calculated for the SM in ref. [36] for an SM like
structure and also in [123], where the same analysis was used in the MSSM, taking
into account the additional Higgs. The results of these studies are that lepton and

baryon numbers are related such that

B = 2;%1?;; (B - Le) T > Tewpt’ (7.49)
8N +4(m+2
B = m (B — L) T < Tewpt

where NN is the number of quark generations and m is the number of Higgs doublets.
Here we have added the subscript ’e’ to the lepton number, as only the lepton
number attached to leptons in equilibrium is included in this calculation. Here
the RH sneutrinos also hold a lepton number, which is given by n(LR), but this
lepton number is completely inert, and thus does not enter (or spoil) the results
of [36,123]. As the overall (B — L) number is not violated in our model, we need to
have (excluding the sign, which refers to whether the number is held in sneutrinos

or anti-sneutrinos)

n\® = (B - L,) (7.50)
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and thus we have

N (R} _ (R) .
B = 23Ni“}:’3nm nL - %nL T> T;zwpt, (7 51)
_  _8N+4(m+2) R __ 44 (R :
B = arisminy "L = TarhL T < Tewpt

where we have replaced® N = 3, m = 2. The correct relation between dark and

baryonic matter densities would then be obtained for a RH sneutrino mass of order

1GeV:
8 Qpm

mpm = ﬁ Qb myp.

And thus indeed we have established a link between the amount of baryonic and

(7.52)

dark matter present today in the Universe, by ensuring that they are both produced
by a single encompassing mattergenesis mechanism. As we do not have strong
constraints on the masses outside the RH sneutrino one, it is very much possible for
this mattergenesis mechanism to be the main source of dark matter (see chapter 6),

and as such eq.(7.52) can be used straightforwardly.

7.4.3 Discussion

An appealing aspect of this mattergenesis mechanism is the absence of exotic fields,
outside the RH (s)neutrino superfield that is in any case required to generate a
neutrino mass. All the ingredients necessary to produce dark and baryonic matter
in this scenario are already present within the MSSM+Jg. Our scenario is also a
simple illustration of the suggestion of [47] that dark and baryonic matter might
have a single, common source, but that this primordial 'matter plasma’ has been
polarised in the early Universe, leading to the two apparently unrelated types of
matter we observe today in the Universe. This we believe to be an interesting way
to tackle the Q2 pps /%’ problem mentioned in chapter 6. The absence of exotic fields
also distinguishes this work from the work of [3] which first suggested leptogenesis
without lepton number violation.

As mentioned what we have obtained here is a relation between the dark and

baryonic number densities. We are free to adjust the ratio of mass densities by

9As there are 2 Higgs doublets in the MSSM.
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choosing an appropriate mass for our dark matter candidate. An explanation of
the origin of the mass of our dark matter candidate (and presumably of the other
superpartners) would fully complete our mattergenesis explanation of the dark and
baryonic matter densities ratio.

Lastly, it was observed before that the undetectability of a dark matter candidate
produced via a mattergenesis mechanism might be generic [54], and indeed the dark
matter candidate we have obtained is undetectable (see chapters 6). We in fact
find ourselves in a situation where the very characteristic that makes the candidate
undetectable is essential to the existence of the mechanism. Whether direct detection
of dark matter is possible is still an open question, and perhaps the view that dark

and baryonic matter are unrelated but both directly detectable might not hold.



Chapter 8
Discussion and conclusion

In this work we have discussed the addition to the MSSM of the right-handed neu-
trino as a Dirac particle, with a Yukawa coupling of order A ~ 10712 — 10713, As
well as the right-handed neutrino we must include a right-handed sneutrino, which
is a singlet of all gauge fields of the MSSM. We have studied its behaviour in the
early Universe and have found it to be generally non-thermal and, in cases where it
would be the LSP, to have a low relic density. We have also discussed its suitability
as a dark matter candidate through mattergenesis mechanisms. We have presented
a leptogenesis (and mattergenesis) mechanism within a lepton-number conserving
model that achieves the correct baryonic density. Using an Affleck-Dine-inspired
mechanism we have produced a left-right asymmetry in the sneutrino secter, which
enabled the production of both baryons and dark matter without the introduction
of either new fields or new mass scales.

Following this work seme further avenues could be explored. As we have men-
tioned our suggested dark matter candidate is non-thermal, contrary to the common
cold dark matter case. Structure formation within our model might thus be differ-
ent from the neutralino dark matter case. Structure formation with superWIMP
dark matter, or dark matter which has weaker interactions than WIMPs, has been
studied in [124], where it was noticed that a better agreement with small scale struc-
ture observations might be obtained. However there the production mechanism for
these superWIMPs was the late decay of a thermal WIMP after its freeze-out, and
this in our model would be the equivalent of having the MSSM-LSP decay as the

123
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main source of dark matter, contrary to our aim. It was also noticed that WIMPs
produced non-thermally, either also by late decays (in [41,42]), or via the coupling
with the inflaton (in [41]), could also lead to a good agreement with structure ob-
servations. So it seems very much a possibility that the non-thermal RH sneutrino,
produced as we have presented, could be a dark matter candidate that respects
constraints from structure formation. Studying the specific effect of an Affleck-Dine
production of dark matter could prove interesting. Following this remark, we should
notice that an interesting possibility would be that the RH sneutrino dark matter
would have more than one source: it could have been produced in certain amounts
via its coupling to the inflaten, by the suggested Affleck-Dine mechanism, and by the
late decay of the MSSM-LSP. In such a case structure formation in this model would
be at the cross-road of [41,42,124], possibly with an additional Affleck-Dine-specific
effect. Interestingly, non-thermal (quasi-)sterile neutrinos produced resonantly have
been shown before to allow consistent structure formation [125].

As the RH sneutrino takes the role of the LSP within our model, the MSSM-
LSP would not have to respect the necessary constraints to be the dark matter, and
for this reason it would not need to be the neutralino. Thus LHC phenomenology
could be very much different from the neutralino-LSP case. Some aspects of LHC
phenomenology with a RH sneutrino LSP and a stop MSSM-LSP [126] or a stau
MSSM-LSP [127] have been recently published. In these cases the MSSM-LSP is
charged and very long-lived, which would create a signature very much different
from the neutralino-LSP case. The prospects for the indirect identification of the
RH sneutrino LSP at the LHC thus appear to be in a much better position than
the dark matter direct detection prospects. Gaining a better understanding of the
sparticles mass spectrum through the LHC would also allow to better determine the
relic density of the MSSM-LSP, and thus determine in turn whether its decay is a
major source of RH sneutrino dark matter.

As crucial tests of supersymmetry and of the nature of neutrinos grow nearer, it
is of utmost importance to keep in sight that there are indeed a variety of models
that might well describe our Universe. As we have discussed here, even within

supersymmetry the neutralino might not be the main dark matter candidate; the



Chapter 8. Discussion and conclusion 125

relic density of the LSP might not have a role to play in the dark matter question;
lepton number might not be violated, and the creation of a net baryon number in the
Universe might well have been enabled by a very small Dirac neutrino mass. What
has been said countless times before indeed appears as an appropriate conclusion

for this thesis: the power of Nature to surprise us should never be underestimated.
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