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Overview

The main goal of this thesis is the study of the sneutrino phenomenology in the
astroparticle physics framework.

Astroparticle physics links the extremely large scales related to cosmology, with
the extremely small scales related to particle physics. From a theoretical point of
view we want to emphasize the role of particle physics in explaining one of the
most enigmatic puzzle of cosmology, the Dark Matter (DM). The evidence for
non-baryonic Dark Matter is compelling at all observed astrophysical scales, and
may be explained as a relic from the big bang. We need some new physics in
order to explain the presence of such very weakly interacting particles. To the
theoretically favored particle candidates for non-baryonic dark matter belong ax-
ions, supersymmetric particles, kaluza-klein particles and massive neutrinos. One
of the possible framework where to look at is Supersymmetry. In supersymmetric
models conserving R-parity, the lightest non standard particle is stable and may
provide a good candidates for DM. We wish to consider supersymmetric models
where the lightest supersymmetric particle is the scalar neutrino, the superpartner
of the neutrino. We investigate its phenomenology relevant both for Cosmology
and for relic particle detection.

The particle physics models we explicitely analyze are the Minimal Supersym-
metric Standard Model (MSSM) and extensions of it. Since neutrinos have masses,
as is now clearly understood by a host of independent and very robust experimen-
tal results and theoratical analyses, we will focus our attention on extensions of
the MSSM which contain terms in the supersymmetric lagrangian which can drive
neutrino masses. Connection between neutrino physics and the phenomenology of
sneutrino DM will therefore arise and we will explicitely consider them whenever
relevant. The models which we will consider are therefore natural and direct ex-
tensions of the minimal supersymmetric model which incorporate at the same time
the new physics required to explain two basic problems of astroparticle physics:
the origin of neutrino masses and the nature of dark matter. We do not attempt
to be totally exhaustive on the type of supersymmetric models. Instead we con-
centrate on a number of the most direct extension of the MSSM and derive the
phenomenology of sneutrino DM thoroughly.
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In Chapter 1 we will briefly discuss the astrophysical observations and the
strong evidences of DM at all astrophysical scales from experimental data (Sec. 1.2).
A short review on the decoupling of particles from the thermodynamical equilib-
rium in the early Universe will be given in Chapter 2 in the framework of the
cosmological standard model. A particular attention will be paid to the calcu-
lation of the relic abundance (Sec. 2.4) without approximations for the thermal
averaged cross section. Indeed this latter physical quantity is one of the main
building blocks of the numerical code (Sec. 2.6) we developed to evaluate the relic
abundance for a generic supersymmetric particle.

Supersymmetry will be presented in Chapter 3: Sections from Sec. 3.1 up to
Sec. 3.1.3 report a brief introduction on the superfield formalism; we then proceed
by presenting the supersymmetric lagrangian (Sec. 3.2), and the soft supersym-
metry breaking lagrangian (Sec. 3.4). In the last Sections (from Sec. 3.3 up to
Sec. 3.5) we deal with the minimal supersymmetric extension of the Standard
Model (MSSM) conserving R-parity.

The succeeding Chapter 4 is dedicated to the study of the sneutrino phe-
nomenology as a possible candidate of DM. The first Section is dedicated to the
standard MSSM sneutrinos (Sec. 4.1). Next the Sections from Sec. 4.2 to Sec. 4.4
are dedicated to non minimal extensions of the MSSM; the introduction of a right-
handed neutrino superfield (LR models) induces mixing in the sneutrino sector and
modifies the particle phenomenology, leading to new features as a reduction of the
sneutrino Z boson coupling, relevant for the cosmologycal properties. In Sec. 4.3 we
introduce a L–number violating term (6L models) in the minimal supersymmetric
lagrangian with a consequent split of the sneutrino mass eigenstates, which alters
the coupling to the Z boson and therefore modifies the sneutrino phenomenology;
moreover the L–number violating term introduces one loop contributions to the
neutrino mass, which results in a relevant constraint for the sneutrino parameter
space. Finally we consider an extension of the MSSM with Majorana mass terms
for the neutrino and a right handed neutrino superfield. These models (Sec. 4.4)
(Maj models) accommodate both Dirac and Majorana masses for the neutrinos
via the see-saw mechanism. For all of these models we discuss the sneutrino phe-
nomenology in terms of the new parameters and by keeping a fixed configuration
for the rest of the supersymmetric parameter space, whenever relevant. The re-
sults for the different models are shown and compared. When the cosmological
properties of the sneutrinos are appealing, we go further in the investigation of the
supersymmetric model by including a full scan of the supersymmetric parameter
space.

The dark matter particles compose the Milky Way halo, so it is worthwhile from
the point of view of both cosmology and particle physics, to explore the possibility
to detect them. This can be done directly in terrestrial detectors sensitive to the
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nuclear recoil caused by the passing wind of dark matter particles. In Chapter 5 we
explore this possible type of detection of sneutrinos, both in the case sneutrinos are
the dominant component of the dark matter halo, and in the case of subdominant
halo component. It is indeed an interesting feature by itself the possibility of detect
relic particles from the early Universe by means of various astrophysical signals
even though the relic particle does not fully account for the DM content of the
Universe. We begin with a general introduction on the direct detection of Weakly
Interacting Massive Particles (WIMPs) (in Secs. 5.1 and 5.3). The former section
describes the differential detection rate, while the latter briefly mentions the main
experiments currently running and the actual status on upper limits and bounds
on direct searches. Section 5.2 summarize the main properties of sneutrino nucleus
elastic scattering. Our numerical results, compared with the experimental bounds
are presented in sections 5.4, 5.5, 5.6 and 5.7 for MSSM, LR, 6 L and Majorana
models, respectively.

In the last Chapter 6, we examine the indirect signals which can be produced
by sneutrino self–annihilation in the galactic halo or inside celestial bodies. The
self annihilation of WIMPs in our Galaxy may produce a bunch of particles, such
as antimatter, described in Sec. 6.1, gamma rays, analyzed in Sec 6.2 and neutrino
fluxes presented in Sec 6.3. Predictions for antiprotons, antideuterons, gamma rays
and neutrino fluxes are provided and discussed. The results for the LR models and
Majorana supersymmetric models, which are the more interesting models from a
cosmological point of view referring to sneutrino phenomenology, are presented in
Sec. 6.4.

Conclusively, in Appendix A we report all the interaction vertices related to
the sneutrino phenomenology in the MSSM and in the extended supersymmetric
models taken into account, while in Appendix B we briefly mention the experi-
mental constraints which we impose on supersymmetric particles and we discuss
the parameter choice for the full scan on the supersymmetric parameter space.
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Chapter 1

Observational Cosmology

The central premise of modern cosmology is that, at least on scales larger than
100 Mpc, the Universe is homogeneous and isotropic. This is borne out by a
variety of observations, most outstandingly the nearly identical temperature of
microwave background radiation (CMB) coming from different parts of the sky.
Despite the belief in homogeneity on large scales, it is all too apparent that in
nearby regions the Universe is highly inhomogeneous, with matter clumped into
stars, galaxies and galaxy clusters. It is widely believed that these irregularities
have grown over through gravitational attraction, from a distribution that was
more homogeneous in the past. The large scale behavior of the Universe can
be described by assuming an homogeneous and isotropic background, over this
background we can superimpose the short-scale irregularities.

From a theoretical point of view the dynamics of the background is described
by the Big Bang model, based on the Einstein equations, on the Robertson-Walker
(RW) metric and on inflationary models. The inhomogeneities can be considered
as small perturbations on the evolution of the background Universe [1].

First we will briefly outline the observational status of some fundamental cos-
mological parameters, describing the global state of the Universe and the matter
content of it. Afterwards, we will introduce the main Dark Matter experimen-
tal evidences, candidates and constraints. Exhaustive reviews on the subject are
e.g. [2, 3, 4].

1.1 Cosmological Parameters

The Universe about 15 billion years ago emerged with a distribution of matter at
very high temperature and density and has been expanding and cooling down since
then. Hubble was measuring the galaxy radiation and observed that the radiation
was red-shifted: the galaxies and clusters of galaxies were moving away one from
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the other. The expansion rate is determined by the Hubble constant H, a tangled
quantity to measure accurately; it is common, defining H0 = 100 h km Mpc/s as
the Hubble constant at present time, to refer to [5]:

h = 0.72± 0.08 (1.1)

Recently, from high-redshift Type Ia Supernovae (SNIa) [6] data turns out that the
Universe is not only in expansion but it is accelerating. An accelerating Universe
is currently best explained by a cosmological constant or other form of dark energy
with negative pressure. The best fit [5] requires:

ΩΛ = 0.732± 0.018 (1.2)

with ΩΛ being the fraction of Dark Energy (DE) contributing to the critical energy
density in the Universe.

One of the most relevant observables is the cosmic microwave background
(CMB), first discovered by Penzias and Wilson in 1965 [7] and predicted by Gamow
in the ’40s [8]. The CMB radiation looks like a black body radiation at a tem-
perature T ' 2.73 K and is extremely isotropic and homogeneous; the small tem-
perature anisotropies measured first by COBE [9] then with high precision by the
WMAP [5] satellite are of the order of δT/T ∼ 10−5 at large angular scales. The
position of the first peak in the CMB power spectrum leads to a clearly indication
of a flat Universe, namely:

Ω ' 1.003± 0.010 (1.3)

with Ω the fraction density referred to the critical density, that will be introduced
in the next chapter 2.2, in accord with the predictions of Inflation.

As for the temperature, also the luminous matter distribution, if observed at
very large scale, has an uniform distribution, instead at the cluster or even smaller
scales looks highly inhomogeneous, with density differences of the order 102− 105.
Another important component of the Universe is Ωb, the baryon fraction. Baryons
are the matter out of which planets, stars, clouds of gas and possibly ”dark” stars
are made; some of it could also form black holes. The data on the light element
abundances and CMB fluctuations strongly indicate that the baryons contribute
only to a small percentage of the critical energy density [5]:

Ωbh
2 ' 0.02186± 0.00068 (1.4)

The number of photons per baryons is of the order 109. From a theoretical point
of view the big bang nucleosynthesis (BBN) [10] makes some predictions on the
abundance of light nuclei, confirmed by experiments: the chemical composition
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Figure 1.1: Left panel: Confidence regions for ΩM vs ΩΛ using Supernova Cos-
mology Project data with results from CMB and galaxy cluster data added;
from [11]. Right panel: Energy density contributions in the Universe, from
http://universe.nasa.gov/be/Library/images-library1.html.

of baryonic matter is about 75% hydrogen (H), 25% helium (He3,He4) plus trace
amounts of heavier elements like deuterium (D) and lithium (Li6,Li7).

Together with a relic photon radiation it is also predicted a relic background
of neutrinos at T ' 1.96 K. Neutrinos are very abundant in the Universe, in
number only slightly smaller than that of relic photons. They influence various
cosmological stages, e.g. the evolution of primordial perturbations.

In Fig. 1.1 the combined WMAP, SNIa and galaxy clusters measurements are
shown: on cosmological scales the evidence of exotic matter (DM) and exotic
energy is compelling, in order to explain Ω ' 1. The Dark Energy contributes
with ΩΛ ∼ 0.74, and if Ωb ' 0.044, from BBN, then the difference must be DM
which contributes to the total density with:

ΩDM ' 0.268± 0.018 (1.5)

or equivalently, and it will the reference interval for all our calculations:

0.092 ≤ ΩDMh
2 ≤ 0.124 (1.6)

Then a satisfactory description of most cosmological observations is obtained by
the so called ”ΛCDM model”, which comes out from the best fit of the combined
data analysis.
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1.2 Observational hints of Dark Matter

The definition of Dark Matter comes out from the fact that this kind of matter does
not emit or absorb electromagnetic radiation at any wavelength, its gravitational
interactions dominate on scales from tiny dwarf galaxies, to large spirals such as
the Milky Way, to clusters of galaxies, to the largest scales until now observed.

Actually the first hint of the presence of DM was given by Zwicky in 1933,
measuring the rotational velocity of the Coma cluster. On galactic scales and
smaller, the classical tests of the mass distribution provided by rotation curves
continue to be refined. A compilation of almost 1000 rotation curves led to the
conclusion that non-luminous matter indeed is present in large amounts.

For a spiral galaxy, in which the luminous matter has a mass distribution
modelled by a disk and a bulge, Newton’s laws of gravity give for the rotation
velocity of a tracer star, or neutral hydrogen, at distance r from the center:

v2
rot(r)

r
=
GMtot(r)

r2
(1.7)

where vrot(r) is the rotation velocity at the distance r and Mtot(r) is the total mass
of the galaxy interior to r. Thus:

Mtot(r) =
v2
rot(r)r

G
(1.8)

A constant rotation velocity, which is usually observed for spiral galaxies over a
large range of r implies a halo mass which grows linearly with r, as shown in
Fig. 1.2. Realistically, this growth can not extend arbitrarily far. The growth
of mass eventually becomes only logarithmic until the halo starts to overlap with
one of a nearby galaxy. The mass of a galaxy is 10 times larger than the present
bright matter. The Dark Matter is roughly spherically distributed, implying that
ρDM ∼ r−2, at large distances from the galactic center.

Spiral galaxies offer the most robust evidence for the Dark Matter. Moving
to larger scales, such as galaxy clusters, the evidence of DM comes from different
experimental methods, such as gravitational lensing, X-ray gas temperatures and
the motion of cluster member galaxies. In general, depending on the scale to which
we look at, different methods of measuring directly or indirectly the presence of
Dark Matter are employed (see Fig 1.2):

Gravitational Lensing According to the predictions of Einstein’s general rela-
tivity, the curvature of space-time caused by matter gives rise to a deflection
of light rays. Since the deflection angle is proportional to the mass of the
object causing the deflection, called lens, one has in principle a good tool
for estimating directly the mass of astrophysical objects, from planets and
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Figure 1.2: Left panel: Observed H I rotation curve of the nearby dwarf spiral
galaxy M33 superimposed on an optical image, from [3]. Right panel: Indirect
evidences of Dark Matter at all scales [12].

upwards to galaxies and galaxy clusters. In the latter case, distant bright
galaxies and galaxy nuclei such as quasars are very useful as sources. Usually
they can be considered as being pointlike, and an excellent signature of grav-
itational lensing is the appearance of multiple images of one and the same
quasars. The masses of lensing objects determine the angular separation of
images and the frequency of lensing events has a strong dependence on the
geometry of the Universe, in particular is sensitive to the presence of vacuum
energy. The gravitational lensing analysis, e.g. [13], indicates that there is
plenty of Dark Matter.

Large Scale Structures (LSS) The galaxy clusters offer another window on
Dark Matter properties. The galaxy redshift surveys, such as SDSS and
2dF Galaxy Redshift Survey [14, 15], are taking maps of the Universe at
high redshift. It it thus possible to identify the cluster of galaxies, to see
their hot gas as hot spots in X-ray maps or cold spots in microwave maps
(the so-called Sunyaev-Zel’dovich effect) or to spot their gravitational effects
with gravitational lensing. A large scale structure reconstraction of the Uni-
verse is viable, by mapping the Universe till the last scattering surface: the
filaments, the walls and the voids appear, as it is shown in Fig. 1.3, with an
overall homogeneous distributions on large scales.

Theoretically in the structure formation is important the type of particle
making up the Dark Matter. Relativistic particles (Hot Dark Matter, HDM)
at the time structures start to form will free-stream out over galaxy-sized
overdense regions, so that only very large structures can form early. Massive
particles (Cold Dark Matter, CDM) will typically move with non-relativistic
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velocities and can therefore clump to smaller scales. In between there may
exist the Warm Dark Matter (WDM), which could be made up of keV scale
neutral particles. There the inverse of the mass scale of the particle defines a
length scale of structure formation below which early structure is suppressed.
From observational data it is inferred that structures form in a hierarchical
fashion, with small clumps merging in larger ones, forming galaxy halos and
successively larger structures. From a theoretical point of view the N-body
simulations provide a very powerful tool to follow the highly nonlinear dy-
namics of merging. There is some tension with observation on small scales in
the non-linear structure formation regime compared with the numerical sim-
ulation, which provide an overabundance of substructures in the halos. Such
a discrepancy can be alleviated with WDM hypothesis instead of CDM [16].
Therefore the main contribution to dark matter comes from cold dark mat-
ter; however a small mixture of HDM with in a Universe dominated by CDM
provides a good agreements with the data.

Lyman-α Forest The so-called Lyman-α forest offers an excellent probe of the
matter power spectrum at high redshift of the order z ∼ 2÷4. The Lyman-α
emission line in quasars spectra is produced by the inhomogeneous distribu-
tion of a warm ( T ∼ 104K) and photoionized Inter Galactic Medium (IGM)
along the line-of-sight. The opacity fluctuations in the spectra arise from
fluctuations in the matter density and trace the gravitational clustering of
the matter distribution. The data on the Lyman-α forest collected by the
sky surveys are from one side compared with cosmological hydrodynamic
simulation of a cold dark matter, namely with the evolution of galaxies sur-
rounded by halos of hot gas, on the other side are combined with the other
observable data to constraints the ΛCDM model parameters (see e.g. [17]).

It is fortunate that the most secure evidence for dark matter is in spiral galax-
ies, since direct searches and indirect annihilation signals can be carried out only
in our spiral galaxy. The Milky Way is immersed in a dark halo which outweighs
the luminous components by about a factor of ten. Although the DM halo profile
at large distances from the galactic center is know, the central structure of the
DM halos is far from being well determined. There are many astrophysical uncer-
tainties about the DM galactic velocity distribution and density profile, which can
lead to uncertainties in the calculations of direct and indirect detection signals.
The shape of the Dark Matter halo takes into account the possible existence and
prominence of central cusps or the possible physical extent of a constant density
inner core and the possible presence of a population of subhalos. No definitive
answer, up to now, can be given to these questions by experimental constraints.
Moreover theoretical predictions on the density profiles and velocity distribution
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Figure 1.3: 3D model of the galaxies and quasars found by the SDSS.
Currently there are 250 000 galaxies and 40 000 quasars. Also included
is the cosmic microwave background as mapped by the WMAP; from
http://astro.uchicago.edu/cosmus/projects/sloangalaxies/

functions differ substantially among themselves or take into account different input
parameters.

The modeling of the DM density profile is an open question. It can be ad-
dressed through numerical N-body simulations, however the current cosmological
simulations are not anyway reliable for radii smaller than a rmin ' 0.1 − 1kpc.
Thus the very inner slope of the profile is then usually just extrapolated and does
not take into account interactions with baryons which fall in the DM potential
well. Many different density profiles have been proposed, compatible with obser-
vations. The most commonly used density distributions can be parameterized by
the following spherically averaged density profile:

ρDM = ρ�

(
R�
r

)γ (
1 + (R�/a)

α

1 + (r/a)α

)(β−γ)/α

(1.9)

where r = |−→r |, R� = 8.5kpc is the distance of the Sun from the galactic center, a is
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the scale length and ρ� is the total local (solar neighborhood) dark matter density.
In Tab. 1.1 the isothermal, NFW and Moore density profiles are explicitly reported.
The two latter profiles in Tab. 1.1, which come out from N-body simulations, differ

Density profile α β γ

Isothermal 2 2 0
NFW [18] 1 3 1

Moore et al. [19] 1.5 3 1.5

Table 1.1: Isothermal, NFW and Moore density profiles

noticeably in their behavior at small distances from the galactic center: r−1 for
the NFW profile [18, 20] and r−1.5 for the Moore et al. profile [19, 21], while
the isothermal sphere has a constant density core. A key parameter for all density
distributions is the value for the total local DM density ρ�. This parameter can be
determined for each density profile assuming compatibility with the measurements
of rotational curves and the total mass of the Galaxy. For instance a simple
modeling of the visible and dark component of the galaxy showed that it is a
reasonable assumption to take ρ� having the mean value of 0.3 GeVcm−3.

All the profiles in Eq. 1.9 produce rotation curves which are flat at large radii
and the local velocity distribution can be approximated by a Maxwell distribution:

f(v) =
e−v

2/v0

π3/2v3
0

(1.10)

The parameter v0 is simply the rotation speed at large radii. Since the stellar
disk density of the Galaxy is though to drop exponentially at radii much larger
than the extent of the disk, this velocity should be due only to the halo. If we
assume that the velocity ellipsoid is isotropic, the velocity dispersion is thus given
by v =

√
3/2v0 ' 270kms−1. As well the density profiles need a cut-off at large

radii, otherwise leading to a total infinite mass, the velocity distribution, Eq. 1.10,
is truncated at a certain escape velocity, usually taken to be vesc ' 450kms−1,
see [22].

Observations of the velocity dispersion of high proper motion stars suggest the
existence of a Super Massive Black Hole (SMBH) lying at the center of our Galaxy.
If a SMBH exists, the process of adiabatic accretion of Dark Matter on it would
produce a spike in the dark matter density profile [23, 24, 25, 26]. Also baryon
dissipation would alter the halo profile in the galactic center [27, 28].

All the previous models are spherically symmetric with isotropic velocity dis-
persion. However the departures from the isothermal sphere is interesting and
lead to different density profiles and velocity distributions, in which rotation or
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axisymmetries are taken into account. Following [22], the most relevant classes of
models are the spherically symmetric matter density with non-isotropic velocity
dispersion and the axisymmetric models.

In chapter 5, we will refer to these models (A, B, C, NFW and Moore et al.)
for calculations of direct and indirect detection of DM particles and we will see
that they are the source of great uncertainties in the signals evaluations. Indirect
detection is sensible to clump effects in the DM halos, and in general the production
of antimatter particles and gamma rays from DM annihilation is very sensitive on
the density profile of the innermost region of the Galaxy, namely it can lead to
expected rates spanning several orders of magnitude.

1.3 Dark Matter Candidates

It is natural to ask what is the Dark Matter made of. Potentially the only indi-
cation compatible with the cosmological measurements is that it is composed of
non-baryonic, neutral and weakly interacting particles. In the literature several
candidates were proposed, the most relevant are:

Standard Model Neutrinos The existence of a relic sea of neutrinos in number
only slightly below that of relic photons that constitute the CMB, is a generic
prediction of the standard hot Big Bang model. Their contribution to the
matter density of the Universe is:

Ων =

∑
imi

93.14h2eV
(1.11)

The requirement that Ων . Ωm ' 0.3 imposes stringent limits on their
masses. Indeed dark matter particles with a large velocity dispersion such
as that of the neutrinos (HDM) affect the evolution of the cosmological per-
tubartions. This leads to a top-down scenarios which is not supported by
the present observations, as mentioned before, since the galaxies seems older
than clusters.

Heavy Neutrinos belong, together with charged heavy leptons, to standard
SU(2)L doublets, that may be added to the SM particle content. The al-
lowed mass range is bounded from below from the Lee-Weinberg limit [29],
mν > 2 GeV. A more stringent bound comes from colliders: neutrinos lighter
than 45 GeV are excluded by the total decay width of the Z boson. For
very heavy neutrinos the Yukawa coupling to the Higgs boson would be
so strong that perturbative calculation become non-reliable [30] and partial
waves unitarity has to be imposed [31], leading to a stringent mass upper
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bound, mν . 3 TeV. In the allowed mass range the cosmological proper-
ties can be interesting, however their interactions are quite strong, therefore
they are mainly excluded by direct detection bounds and lead to a low relic
abundance.

Sterile Neutrinos are similar to SM neutrinos, but without SM interactions,
apart from mixing [32]. Stringent cosmological and astrophysical constraints
on sterile neutrinos come from the analysis of their cosmological abundance
and the study of their decay products [33].

Axions have been introduced to explain the so called strong CP violation prob-
lem [34, 35]. From different searches, it is expected that axions are very light
and extremely weakly interacting with ordinary particles, which implies that
they were not in thermal equilibrium in the early Universe. The calculation
of the relic density is uncertain, nevertheless it is possible to find some range
where axions satisfy the present constraints and represent a possible DM
candidate [36].

Supersymmetric Particles: in models conservingR-parity the lightest non stan-
dard particle (LSP), such as the neutralino, sneutrino, gravitino or axino
could provide the right amount of Dark Matter density in the Universe.
Which particle is the LSP, it depends on the supersymmetric models and on
how supersymmetry is broken.

Kaluza-Klein states are excitations of the Standard Model fields which appears
in models with extra dimensions, see e.g. [37, 38, 39, 40].

Super-heavy dark matter is composed by heavy stable particles with a mass in
the range 1012 to 1016 GeV. These particles leads to scenarios for production
of nonthermal dark matter [41].

Light scalar dark matter: considering fermionic dark matter candidates, Lee
and Weinberg concluded that relic density arguments preclude such a WIMP
with a mass less than a few GeV, see e.g.[42]. If the dark matter is made up
by other types of particles, however, this limit could be evaded, leading to
light dark matter particles.

Dark matter from Little Higgs models These models have been proposed in
order to stabilize the weak scale and to solve the hierarchy problem as alter-
native to the Standard Model. This class of models possess discrete symme-
tries which result in the existence of stable weakly interacting particles, see
for definiteness [43, 44].



Chapter 2

Dark Matter Relic Abundance

The Dark Matter is a relic from the Big Bang and is made off non-baryonic par-
ticles. The early Universe was in local thermal equilibrium, guaranteed by the
interactions between the plasma constituents. It is the decoupling of a species
from the thermal bath which gives rise to the relic particles, like the CMB, the
neutrinos and the DM.

The main constraint is the requirement that the relic mass density of the dark
matter be compatible with present observations. In the early Universe, these
particles would have been present in a large numbers in thermal equilibrium, and
as the Universe cooled down they could reduce their density only through pair
annihilation. As their density decreases, however, it becomes more and more
difficult for particles to find others with which to annihilate, and the co-moving
density become constant, namely the species “freeze-out” from the primordial
plasma and turns into a relic in the expanding Universe.

In this chapter we will first present the Cosmological Standard Model 2.1 and a
brief thermal history of the Universe 2.2. Then we will focus on dark matter relic,
for which the decoupling from the primordial plasma is studied in section 2.3. The
subsequent sections contain technical details for precise numerical computation of
the relic abundance, see 2.4 and 2.5. Finally in 2.6 we present the numerical code
developed with the aim of computing the relic abundance of a generic dark matter
candidate.

2.1 Standard Cosmological Model

The fundamental picture of the Standard Cosmological Model is the Big Bang sce-
nario, which describes the Universe as a system evolving from a highly compressed
state existing around 1010 years ago. It establishes its theoretical basis on three
main building blocks:
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Cosmological Principle which assumes on large scales an homogeneous and
isotropic Universe, namely there are no privileged directions and the den-
sity is constant.

Einstein Equations which describe the dynamics of the Universe.

Equation of state specifying the physical properties of the matter, radiation and
vacuum energy content.

The properties of isotropy and homogeneity imply a specific form for the metric,
which needs to be spatially maximally symmetric, namely the line element can be
expressed as:

dτ 2 = dt2 −R2(t)

(
dr2

1− kr2
+ r2dθ2 + r2 sin2 θdφ2

)
(2.1)

with t being the cosmological time, r, θ, φ are the comoving coordinates. R(t) is
the scale factor, the only parameter that depends on time. Finally k is the spatial
curvature, which can take the values +1, 0,−1 depending on whether the geometry
is open, flat or closed. These are the Robertson-Walker-Friedman (RWF) models.
For the simplest case k = 0 we see that the metric describes ordinary Euclidean
three-space with the scale factor R giving the overall normalization of physical
distances.

Actually the metric describes the kinematics of the Universe; it can be used to
write the Einstein equations:

Rµν −
1

2
Rgµν = 8πGTµν + Λgµν (2.2)

where Tµν is the stress energy tensor for all the fields present, like matter, radiation,
etc., and Λ is the cosmological constant.

To be consistent with the symmetries of the metric, the total stress energy
tensor must be diagonal and by isotropy the spatial components must be equal.
The simplest realization of such a stress energy tensor is that of a perfect fluid
characterized by a time dependent energy density ρ(t) and pressure p(t):

T µν = diag(ρ,−p,−p,−p) (2.3)

The 0 component of the T µν conservation implies that the change in energy in a
comoving volume d(ρR3) is equal to minus the pressure times the change of volume,
−pd(R3), conversely the first law of thermodynamics. The equation of state of the
matter, radiation, cosmological constant has the form p = wρ (with w = 1/3, 0,−1
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for radiation, matter and cosmological constant respectively), therefore the energy
density evolves as:

ρ ∝ R−3(1+w) ⇒


p = 1

3
ρ → ρ ∝ R−4 (Radiation)

p = 0 → ρ ∝ R−3 (Matter)
p = −ρ → ρ ∝ const (Vacuum Energy)

(2.4)

The early Universe was radiation dominated, the latter matter dominated and
in a very recent phase is kept in acceleration by the cosmological constant. If
the Universe underwent inflation there was a very early period when the energy
density was dominated by the vacuum energy. Inflation has been proposed in order
to solve some open issues in the standard cosmological models, like the horizon
problem, the flatness problem and the origin of primordial density fluctuations.

The dynamical equations that describe the evolution of the scale factor R(t)
follow from the Eq. 2.2:

Ṙ2

R2
+

k

R2
=

8πG

3
ρ

R̈

R
= −4πG

3
(ρ+ 3p) (2.5)

The first equation is the so called Friedmann equation and describes the evolution
of the expansion rate of the Universe, namely the Hubble parameter H ≡ Ṙ/R
(see Eq. 1.1 for the present value). Instead the second equation provides the
acceleration of R̈. Today Ṙ > 0; if in the past (ρ + 3p) was always positive, then
R̈ was always negative and thus at some finite time in the past R must have been
equal to zero. This event, referred to as Big Bang, is usually defined at time t = 0
and implies R = 0. The Hubble parameter is not constant and in general varies
as H ∝ t−1, therefore the Hubble time H−1 sets the time scale for the expansion.

The Friedmann equation can be recast into the form:

k

H2R2
= Ω− 1 (2.6)

where Ω, mentioned qualitatively in section 1.1, is the ratio of the density to the
critical density ρc:

Ω ≡ ρ

ρc
ρc ≡

3H2

8πG
(2.7)

At present time ρc = 1.88× 10−29h2gcm−3.
Since R2H2 > 0 there is a correspondence between the spatial curvature k and

Ω: 
k = +1 ⇒ Ω > 1 Closed
k = 0 ⇒ Ω = 1 Flat
k = −1 ⇒ Ω < 1 Open

(2.8)
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We remark that the geometry of the Universe is determined by the energy content
of it.

For a flat Universe, which is strongly favored by the data [5], the time depen-
dence of the scale factor is, from Eq 2.8:

R ∝ t2/3(1+w) ⇒


w = 1

3
→ R ∝ t1/2 (Radiation)

w = 0 → R ∝ t2/3 (Matter)
w = −1 → R ∝ eH0 t (Vacuum Energy)

(2.9)

Our description of the Universe is based on extrapolation of known physics back
to the Planck epoch, when the Universe was only t = 10−43 sec old, or equivalently
up to energies of the order of the Planck mass (MP = 1018 GeV) at which the
gravitational interaction becomes strong.

2.2 Thermal evolution of the Universe

Most of the constituents of the Universe were in thermal equilibrium, thereby
making an equilibrium description a good approximation. Actually there have
been a number of very notable departures from thermal equilibrium: neutrino,
background radiation and relic massive particle decoupling.

The number density ni and the energy density ρi of a dilute weakly-interacting
gas of particle with gi internal degrees of freedom and mass mi is given in term of
its phase space distribution function f(−→p ):{

ni = gi

(2π)3

∫
fi(
−→p )d3p

ρi = gi

(2π)3

∫
E(−→p )fi(

−→p )d3p
(2.10)

where E2 = |−→p |2 + m2
i . For a species in kinetic equilibrium the phase space

occupancy fi is given by the familiar Fermi-Dirac or Bose-Einstein distributions:

fi(
−→p ) =

1

e(E−µi)/T ± 1
(2.11)

where µi is the chemical potential of the species and +1 pertains to Fermi-Dirac
statistic while −1 to Bose-Einstein species. The quantities in Eqs. 2.10 get simple
expressions in two limiting cases. First of all, for relativistic particles (mi � T ):

ni =


(
ζ(3)
π2

)
giT

3 (Bose)(
3
4

) (
ζ(3)
π2

)
giT

3 (Fermi)
(2.12)

ρi =


(
π2

30

)
giT

4 (Bose)(
7
8

) (
π2

30

)
giT

4 (Fermi)
(2.13)
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Here ζ(3) = 1.20206... is the Riemann zeta function of 3.
In the non-relativistic limit (mi � T ) the number density and the energy

density are the same for Bose and Fermi species:{
ni = gi

(
miT
(2π)

)3/2

e−
mi
T

ρi = mini
(2.14)

Notice that non relativistic particles are depleted by the exponential factor, arising
from the Maxwell-Boltzmann statistic.

The total energy density of all species in equilibrium in the Universe can be
expressed in term of the photon temperature T :

ρ =
∑
i

ρi =
π2

30
g∗(T )T 4 (2.15)

where:

g∗(T ) =
∑
i

(
Ti
T

)4
gi

2π2

∫ ∞

xi

du
(u2 − x2

i )
1/2u2

e(u−yi) ± 1
(2.16)

with xi ≡ mi/T and yi ≡ µi/T . We have taken into account the possibility that
the species i may have a thermal distribution, but with a different temperature
than that of the photons. Since the energy density for a non-relativistic species,
Eq. 2.14, is exponentially smaller than that of relativistic particles, it is a very
good approximation to include only the relativistic species in Eq. 2.16:

g∗(T ) =
∑

i=bosons

gi

(
Ti
T

)4

+
7

8

∑
i=fermions

gi

(
Ti
T

)4

(2.17)

The relative factor of 7/8 accounts for the different statistics, see Eq. 2.12. Notice
that g∗ counts the total number of effectively massless degrees of freedom at a
certain temperature T, hence at a certain epoch in the Universe expansion, as
reported in Tab. 2.1.

The entropy in a comoving volume is defined as:

S =
(ρ+ p)

T
R3 (2.18)

thus the entropy density is, with R3 ≡ V :

s ≡ S

V
=

(ρ+ p)

T
(2.19)
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Since the evolution of the Universe can be described by subsequent stages in which
local thermal equilibrium is maintained, the entropy in a comoving volume is
constant:

dS = 0 (2.20)

and the expansion of the Universe is adiabatic, see [10, 45].
The entropy density is dominated by the contribution of relativistic particles,

so that a very good approximation is:

s =
2π2

45
g∗sT

3 (2.21)

where

g∗s(T ) =
∑

i=bosons

gi

(
Ti
T

)3

+
7

8

∑
i=fermions

gi

(
Ti
T

)3

(2.22)

When the thermal equilibrium breaks down, the particle species decouples, its
entropy and the entropy of the other particles (which continue to interact) are
separately conserved. In particular, if a massive species annihilates and reheats
the interacting particles, the decoupled species will not share in the released energy
and so will differ in temperature from the interacting particles. It is important
to underline that the temperature of the relic particle may differ from that of the
photons. The temperature of the decoupled particles is calculated from conserva-
tion of entropy and is then used to find their contributions to g∗(T ) and g∗s(T ).
For most of the history of the Universe all particles have a common temperature,
and g∗s is equivalent to g∗. Thus the two functions, Eqs. 2.16, 2.22 have different
values, namely g∗ = 3.36 and g∗s = 3.91, as it is shown in Fig. 2.1.

Actually, a constant comoving entropy, S = g∗sR
3T 3 = const implies that the

temperature of the Universe evolves as:

T ∝ g−1/3
∗s R−1 (2.23)

Whenever g∗s is constant, it follows T ∝ R−1. The factor of g
−1/3
∗s enters because

when a particle species becomes non-relativistic and disappears its entropy is trans-
ferred to the other relativistic particle species still present in the thermal plasma,
causing T to decrease slightly less slowly. Massless particles that are decoupled
from the heat bath will not share in the entropy transfer as the temperature drops
below the mass thresholds of a species; instead the temperature of a massless de-
coupled particle scales as T ∝ R−1. If we consider a massive particle species, the
number density scales as R−3 and the kinetic energy is redshifted as R−2. Sum-
ming the two effects such a decoupled species will have precisely an equilibrium
phase space distribution characterized by temperature T ∝ R−2.
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T less than Particles in equilibrium g∗(T )

1 eV γ 2
me γ, e+, e− 11

2

mµ γ, e+, e−, νe, νµ, ντ
43
4

mπ γ, e±, νe, νµ, ντ , µ
± 57

4

ΛQCD γ, e±, νe, νµ, ντ , µ
±, π±, π0 69

4

ms γ, e±, νe, νµ, ντ , µ
±, u, ū, d, d̄, g 205

4

mc γ, e±, ..., u, ū, d, d̄, g, s, s̄ 247
4

mτ γ, e±, ..., u, ū, d, d̄, g, s, s̄, c, c̄ 289
4

mb γ, e±, ..., d, d̄, g, s, s̄, c, c̄, τ± 303
4

mt γ, e±, ..., d, d̄, g, s, s̄, c, c̄, τ±, b, b̄ 345
4

mW γ, e±, ..., s, s̄, c, c̄, τ±, b, b̄, t, t̄ 387
4

T > mZ γ, e±, ..., s, s̄, c, c̄, τ±, b, b̄, t, t̄,W±,Z 423
4

Table 2.1: Effective massless degrees of freedom of the Universe at different epochs.
ΛQCD is taken to be of the order O(100) MeV.

The Universe evolves and cools down, therefore it is interesting to relate the
time evolution with the temperature:{

t = 0.301g
−1/2
∗

MP

T 2 T > Teq
t = 0.402g

−1/2
∗

MP

T 3/2T
1/2
eq

T ≤ Teq
(2.24)

where Teq ' 5.5 eV is the equivalence temperature at which the matter density
equals the radiation density, namely it ends the radiation dominated epoch and
starts the matter dominated period. As shown in the previous section, the Hubble
parameter depends on time, therefore on the temperature:{

H = 1.66g
1/2
∗

T 2

MP
T > Teq

H = 1.66g
1/2
∗

T 3/2T
1/2
eq

MP
T ≤ Teq

(2.25)

The key to understand the thermal history of the Universe is the comparison
of the particle interaction rates and the expansion rate. Ignoring the temperature
variation of g∗, T ∝ R−1 and the rate of change of the temperature Ṫ /T is just
set by the expansion rate, Ṫ /T = −H. So long as the interactions necessary for
the particle distribution functions to adjust to the changing temperature are rapid
compared to the expansion rate, the Universe will, to a good approximation, evolve
through a succession of nearly thermal states with temperature decreasing as R−1.

In a standard description of the early Universe, the Big Bang was followed by
an inflationary epoch which ended in a period of reheating and particle production.
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Figure 2.1: Behavior of g∗ (Eq. 2.16) and g∗s (Eq 2.22) with respect to the tem-
perature [46]. Relevant departures from thermal equilibrium and phase transitions
are underlined: the blue area denotes the transition to the non relativistic regime
of heavy quarks and bosons, the cyan area represents the QCD transition, the
green area refers to mesons and baryons freeze, which become non relativistic,
the orange line marks the neutrino decuopling and finally the red line denote the
electron transition to non relativistic behavior.

Therefore at the earliest time the Universe was a plasma of relativistic particles,
including the quarks, the leptons, gauge bosons and Higgs bosons. A number of
Spontaneous Symmetry Breaking (SSB) phase transitions should take place during
the course of the early history of the Universe. They include the grand unification
(GUT) phase transition at a temperature of 1016 GeV and the electroweak sym-
metry breaking at T ∼ 300 GeV. At a temperature of about 100 and 300 MeV the
Universe should undergo a transition associated with chiral symmetry breaking
and color confinement, after which the strongly interacting particles are confined
into baryons and mesons.

The epoch of primordial nucleosynthesis follows when t ∼ 10−2 to 102 sec
and T ∼ 10 to 0.1 MeV. At a time about 1011 sec and T ∼ 1 eV the matter
density becomes equal to that of the radiation. This marks the beginning of
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the matter dominated epoch. Finally at time about 1013 sec and T ∼ 0.2 eV the
hydrogen recombination takes place: ions and electrons combine to form atoms and
CMB decouples from matter, ending the long epoch of near thermal equilibrium
that existed in the Universe. The surface of last scattering for the microwave
background radiation is the Universe itself at decoupling. The cosmic plasma
becomes practically neutral and the photons propagate freely. After recombination
neutral hydrogen is not resisted by the radiation pressure against forming cosmic
structures and baryons start infalling into already evolved seeds of structures made
of dark matter. At the epoch of reionization, at a redshift z ∼ 10 the first stars
start to form.

The main transition phases in the early Universe are illustrated in Fig. 2.1,
where the respective changes in the degrees of freedom of the Universe are shown.

2.3 Boltzmann Equation

The kinetic and chemical equilibrium of a species χ is maintained by its mutual
interactions (annihilation processes and pair creation, Eq. 2.26) and by frequently
scattering with the cosmic background (Eq. 2.27):

χ+ χ̄ ↔ A+ Ā (2.26)

χ+ A ↔ χ+ A (2.27)

The expansion of the Universe involves a decrease of the temperature, see Eq. 2.23.
The rough criterion for a particle species to be either coupled or decoupled involves
the comparison of the interaction rate of the particle, Γ ∝ n2σv, that keeps the
species in thermal equilibrium, with the expansion rate of the Universe, H, since
the dilution of a species is proportional toHn. At a certain time after the Big Bang
the interactions become too small compared to the dilution due to the expansion:

Γ > H −→ coupled

Γ < H −→ decoupled (2.28)

As the temperature goes down, the processes are not enough rapid to maintain
equilibrium; light particles have a kinetic energy lower than the threshold for the
production of a pair of χ particles, and the reaction Eq. 2.27 stops to go backward
and proceeds only forward, depleting the number density of the χ species.

If a massive particle species remains in thermal equilibrium until the present,
its abundance, Eq. 2.14, would be absolutely negligible because of the exponential
factor. If the interactions of the species freeze out at a temperature such that m/T
is much larger than 1, the species can have a significant relic abundance today.
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Suppose we are working with stable particles, so only annihilation and inverse
annihilation processes may let change the number of the species. In addition we
assume that there is no asymmetry between particles and anti-particles.

The evolution of the phase space distribution of a species which is in thermal
equilibrium or is completely decoupled is simple. It is the evolution of particle
distribution around the epoch of decoupling that is challenging. The Boltzmann
equation describes exactly the evolution of the spatial density of a species in the
early Universe and is defined as:

L[f ] = C[f ] (2.29)

where L is the Liouville operator, giving the net rate of change in time of the par-
ticle phase-space density, and C is the collision operator representing the number
of particles per phase space volume that are lost or gained per unit time under
collisions with other particles. In order to properly treat decoupling one must
follow the microscopic evolution of the particle phase space distribution function
f(pµ, xµ) [47].

The form of the Boltzmann equation depends on which kind of phase space
distribution we choose: non relativistic particles, T � m, obey to MB statistic
(Maxwell-Boltzmann), relativistic particles, T � m, are described by Fermi-Dirac
(FD) or Bose-Einstein statistic (BE).

The phase space distribution in a Robertson-Walker metric is spatially homo-
geneous and isotropic:

f(pµ, xµ) = f(|−→p |, t)
= f(E, t) (2.30)

Since the Universe evolved from a tiny, extremely dense, singular state one may
ask for what epochs should a phase space description be possible. Presumably it
should be possible so long as the de Broglie wavelength of the particles is small
compared to the observable size of the Universe. Using dimensional arguments we
expect to be able to use the phase space description so long as T < MP , where
MP is the Plank mass.

The definition of the Liouville operator L appropriate to the flat space RWF
cosmology, using the isotropy of the phase space distribution, reads [47]:

L [f ] =
∂f

∂t
− 2

Ṙ

R
p
∂f

∂p
(2.31)

In comoving coordinates, namely introducing the ”local momentum” −→p ≡ R−→p , L
assumes the simple expression:

L [f(E, t)] = E{∂f
∂t
− pH

∂f

∂p
} (2.32)
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Using the definition of the number density, Eq. 2.10:

n(t) =

∫
dn =

g

(2π)3

∫
d3p f(E, t) (2.33)

the Boltzmann equation, Eq. 2.29 becomes:

dn

dt
+ 3Hn =

g

(2π)3

∫
d3p C[f(E, t)] (2.34)

If the particles do not interact Eq. 2.29 reduces to:

L[f ] = 0 (2.35)

actually the particles are sensible only to the Universe expansion and therefore the
species undergoes dilution.

As noticed before the function f is determined by the microscopic behavior of
the system, the inter-particle collisions. The collision operator in Eq. 2.29 includes
the elastic and inelastic collision operators:

C[f(E, t)] = Cel[f(E, t)] + Cann[f(E, t)] (2.36)

The elastic collisions Cel are responsible for maintaining the kinetic equilibrium
and do not change the number of particles of the considered species, instead the
inelastic collisions Cann vary the number of particles.

In the most general case, the Boltzmann equations are a coupled set of integral-
partial differential equations for the phase space distributions of all the species
present in the process. Fortunately, in problems of interest to us, all but one (or
two) species will be nearly the decoupling phase at a certain temperature, reducing
the problem to a single partial-integral differential equation for the one species of
interest.

For solving the decoupling Boltzmann equation it is useful to introduce a new
quantity, the number density per comoving volume:

Y ≡ n

s
(2.37)

and the dimensionless variable x ≡ m/T , with T being the photon temperature.
If the number of particles is not changing, i.e. particles are not created nether
destroyed, Y remains constant, namely the comoving number density is the density
in a unit volume which expand with the Universe. Its physical volume increases
but it is still called a unit volume.

The solution of the Boltzmann equation for hot relics is trivial. For relativistic
particles (x � 1) the freeze out occurs when the species are still relativistic and
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Figure 2.2: The comoving number density for non relativistic particle versus x =
m/T is shown. The solid line represent the equilibrium number density distribution
Yeq and the dashed lines are the today Y0 comoving number density. The value at
present time depends on the range of the annihilation interactions.

the number density in a comoving volume Yeq is not changing with time. Since
Yeq is constant the final value of Y is insensitive to the details of freeze out and
the asymptotic value of Y0 today (i.e. the value of x when decoupling takes place)
is just the equilibrium value at freeze out. Thus the species decouple with order
unity abundance relative to the number density of photons.

2.3.1 Freeze out for a non relativistic species

Non relativistic particles (x� 1) are subject to a more involved decoupling history.
The evolution of the comoving number density from the equilibrium distribution
Yeq to the today value Y0 is shown in Fig 2.2.

Qualitatively the relic abundance for a non relativistic species, which freezes
out at xf , is given, using an approximate solution of the evolution equation [45],
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by:

Ωh2 ∝ 10−38cm2

〈σvMøl〉
(2.38)

Notice that the interactions of the particles need to be extremely weak in order to
have a relic abundance of the order O(10−1); such particles are called by definition
WIMPs. The inverse proportionality between Ω and the thermal averaged cross
section is clearly understood: stronger is the interaction rate, more depleted is
the number density of the species and as a consequence the relic abundance is
low; viceversa for weakly interacting particles the annihilation processes are less
efficient, the particle freeze out at early time and at present time have a significant
abundance, see Fig. 2.2.

We will now discuss in detail the non relativistic particle decoupling. The
phase-space distribution can be properly described by the Maxwell-Boltzmann
statistic. This is a safe approximation, using qualitative arguments: the particle
species density will begin to differ from its equilibrium value only after T falls below
the freezing temperature Td. Typically Td ∼ 1

20
m, so that at these temperatures

where it is a very good approximation to take the phase space distribution to
be a MB distribution regardless of the statistics of the particles. This is a great
simplification.

We will solve the Boltzmann equation for two generic species, 1 and 2, an-
nihilating into the particle species 3 and 4. The Liouville operator is given by
the left-hand side of Eq. 2.34, while the right side of the equation represents the
collision operator, defined in Eq. 2.36. In general if the collision term is integrated
over the momenta of the incoming particle only the inelastic contributions Cann

survive:

g1

∫
d3p1
(2π)3

C[f(E1, t)] = −
∑

spins

∫
dP (2π)4δ4(p1 + p2 − p3 − p4)×

× (f1f2(1± f3)(1± f4)|M12→34|2 − f3f4(1± f1)(1± f2)|M34→12|2) (2.39)

where the (1± f) refers to the statistical factors, the +(−) sign applies to bosons
(fermions), the M are the invariant amplitudes obtained with the usual Feynman
rules, the sum is over the initial and final spins and:

dP =
d3p1

(2π)32E1

d3p2

(2π)32E2

d3p3

(2π)32E3

d3p4

(2π)32E4

(2.40)

The Eq. 2.39 is valid even if the particles 1 and 2 are identicals (as in the case of
Majorana fermions). No additional factors of 1

2
are needed since there is a factor

of 1
2

to avoid double counting of the particle states and a factor of 2 due to the
disappearance of two particles in each annihilation. For massive particles which
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decouple in the early Universe while they are a non degenerate gas, we can neglect
the statistical mechanical factors.

It is necessary to assume that the annihilation products go quickly into equi-
librium with the thermal background. This is certainly true if these particles are
electrically charged, since they interact with the many thermal photons present
in the thermal bath, but it is still true for neutral particles. Since 3 and 4 are in
thermal equilibrium we can write:

fi = exp(−Ei/T ) i = 3, 4 (2.41)

Here we have neglected the chemical potential of the species. Actually if we
have a group of particles A,B,C, ... which enter a reaction producing particles
A′, B′, C ′, ... and if these particles are in chemical equilibrium then it should be:

µA + µB + µC + ... = µA′ + µB′ + µC′ + ... (2.42)

where the µs are the chemical potential of the particles. Eq. 2.42 enable us to
draw some conclusions about the chemical potential of various particles in chemical
equilibrium:

• the photon chemical potential is necessarily zero µγ = 0. This is traceable
to the fact that the photon number is not conserved, i.e. a bremsstrahlung
reaction like e+ e→ e+ e+ γ would violate Eq. 2.42, unless µγ were zero;

• particle and antiparticle X, X̄ can annihilate into photons X + X̄ → γ + γ,
so it follows that µX = −µX̄ , meaning that particle and antiparticle have
opposite chemical potential;

• suppose there is a particle L described by an equilibrium FD statistical
distribution of the form fL = 1/ [exp(µL + EL/T ) + 1], thus it follows that
for the antiparticle L̄, fL̄ = 1/ [exp(µL̄ + EL̄/T ) + 1]. Hence, unless µL is
zero NL 6= NL̄. For some L particles, such as electrons, we know from charge
neutrality that, in the early Universe, prior to electron-positron annihilation,
Ne− ' Ne+ . Hence we shall take µe− = 0;

• the neutrino chemical potential is a much more elusive quantity, and could
be quite large in some regimes, but we set it to zero, in absence of a reason
of the contrary. The neutrino–antineutrino asymmetry is constrained from
cosmological observable as BBN and CMB and leads to stringent bounds for
the neutrino chemical potential, see ref. [48]: −0.06 ≤ ξe ≤ 1.1 for νe and
|ξµ,τ | ≤ 5.6 − 6.9 for νµ,τ , with ξ = µ/T is the degeneracy parameter. The
bounds are stronger for electron neutrinos, since they are directly involved
in neutron to proton conversion processes, which eventually fix the total
amount of He4 produced in nucleosynthesis, while ξµ,τ only enters via their
contribution to the expansion rate of the Universe.
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The unpolarized Lorentz invariant cross section σ12→34, using CP invariance,
can be written as:∑
spins

∫
d3p3

(2π)32E3

d3p4

(2π)32E4

|M12→34|2(2π)4δ4(p1 + p2 − p3 − p4) = 4Fg1g2σ12→34

(2.43)

where F is F =
√

(p1 · p2)2 −m2
1m

2
2, while the spin factors g1 and g2 come from the

average over the initial spins. The inclusion of all possible annihilation channels
is trivial:

σ =

particles∑
i=allSM

σ12→XiX̄i
(2.44)

The interaction term can be written in terms of the number density of the
species n1, n2 and neqi , the number density the particles 1, 2 would have in thermal
equilibrium at temperature T :

g1

∫
d3p1

(2π)3
C[f1(E1, t)] = −

∫
σvMøl(dn1dn2 − dneq1 dn

eq
2 ) (2.45)

The Møller velocity vMøl ≡ F/E1E2 represents the relative velocity of the par-
ticles in the comoving frame. The product vMøln1n2 is invariant under Lorentz
transformations.

From symmetry considerations, the phase space distributions in kinetic equi-
librium are proportional to those in chemical equilibrium, with a proportionality
factor independent of momentum. This is true if species 1 and 2 are maintained in
kinetic equilibrium through scattering with other particles and the thermal bath
during all their evolution, even after decoupling when they are out of chemical
equilibrium. Thus, before and after the decoupling, we can rewrite Eq. 2.45 as:

g1

∫
d3p1

(2π)3
C[f1(E1, t)] = − < σvMøl > (n1n2 − neq1 n

eq
2 ) (2.46)

where the thermally averaged total annihilation cross section times Møller velocity
is defined by:

< σvMøl > =

∫
σvMøldn

eq
1 dn

eq
2∫

dneq1 dn
eq
2

(2.47)

The last term in the right hand side of Eq. 2.46 is positive and describes the
deviation from the exact thermal equilibrium.
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Equating the collision term and the integrated Liouville the Boltzmann equa-
tion becomes:

dn1

dt
+ 3Hn1 = − < σvMøl > (n1n2 − neq1 n

eq
2 ) (2.48)

There is an analogous equation for n2 with the same right-hand side. If particles
1 and 2 are identical, the density of the species n = n1 = n2 satisfies:

dn

dt
+ 3Hn = − < σvMøl > (n2 − n2

eq) (2.49)

If 2 is the antiparticle of 1, the density of the species is n = n1 +n2. If the species
have negligible chemical potential then n1 = n2 and n = 2n1. The equation for
the particle (or antiparticle) density n1 is still Eq. 2.49, but the equation for n
contains a factor of 1/2 in front of the cross section. Thus there is a factor of 1/2
in front of σ for non-identical initial particles, and no extra factor for identical
initial particles.

Using the Y (Eq. 2.37) and x Eq. 2.49 takes the form:

dY

dx
= −

(
45G

π

)−1/2 √g∗m
x2

< σvMøl >
(
Y 2 − Y 2

eq

)
(2.50)

where for the definition of the Hubble parameter H we have used Eq. 2.5 with
k = 0, and the quantity g∗ differs slightly from the definition in Eq 2.16:

√
g∗ =

g∗s√
g∗

(
1 +

1

3

T

g∗s

dg∗s(T )

dT

)
(2.51)

since we have retained terms related to the change of g∗s(T ) with temperature.
They have to be take into account if the relic particles decouple near the quark-
hadron transition, otherwise, if there is no entropy production it is a good approx-
imation to set dg∗s(T )/dT = 0. Notice that the results of the relic abundance may
depend on assumption made about the quark-hadron transition. At present there
are no reliable models from which to obtain the value of g∗(T ) and g∗s(T ) in the
region between the free hadron phase and the free quark phase [45]. It is believed
that the quark-hadron transition takes place between 100 MeV and 400 MeV with
the lower end favored by recent results on lattice gauge theory.

2.4 Full thermal averaged cross section

The thermal averaged cross section < σvMøl > is the key quantity in the deter-
mination of the cosmic relic abundance of a species. Usually it is approximate by
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expanding the cross section at low relative velocity , namely in power of x−1 [45]:

< σvMøl > = a+
3

2
bx−1 + ... (2.52)

Notice in the expansion, the lowest order is given by a s-wave term, while to the
first order it contributes as usual the p-wave term.

Indeed most species are not completely non-relativistic at decoupling: when
x is of the order 20 − 25 relativistic corrections are expected. The low velocity
approximation fails when the cross section is poor approximated by its expansion,
as near the formation of a resonance or when its expansion diverges, as at the
opening of a new annihilation channel.

Therefore if the cross section varies rapidly with the energy [49], it is compelling
a general formula for the thermal average in the relativistic context, which involves
a single integration and does not require expansion at low energies.

In the cosmic comoving frame, where the gas is assumed at rest as a whole,
the thermal averaged cross section in Eq.2.47 turns out to be:

< σvMøl > =

∫
σvMøle

−E1/T e−E2/Td3p1d
3p2∫

e−E1/T e−E2/Td3p1d3p2

(2.53)

with 1 and 2 being the colliding particles. After some simply algebraic manip-
ulations and changes of variables, we lead to a single integral expression for the
thermal averaged cross section [49]:

< σvMøl > =
1

8m4TK2
2(m/T )

∫ ∞

4m2

σ
(
s− 4m2

)√
sK1(

√
s/T )ds (2.54)

where the special functions Ki are the second order modified Bessel functions.
This equation has been obtained for particles with Maxwell-Boltzmann statis-

tics. However if in the freeze-out calculations the relevant temperatures are less
than the particle mass m, we can safely use the equation for all statistics, namely
the final abundance of heavy relic is insensitive on the statistic of the particles,
provided that T . 3m.

In the laboratory frame (lab), Eq 2.54 becomes:

< σvMøl > =

∫ ∞

0

dεK(x, ε)σvlab (2.55)

The thermal kernel is defined as:

K(x, ε) ≡ 2x

K2
2(x)

√
ε(1 + 2ε)K1(2x

√
1 + ε) (2.56)
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where ε is the dimensionless kinetic energy per unit, ε = (s− 4m2)/4m2, and the
velocity results to be vlab = 2

√
ε
√

1 + ε/(1 + 2ε). The derivation of the above
formula follows the lines of [49].

As an alternative, rewriting Eq. 2.47 in the center of mass (cm) frame, the
thermal average of the annihilation process has the following expression:

< σvMøl > =

∫ ∞

0

dε σ Kcm(x, ε) (2.57)

Kcm(x, ε) is this time the thermal kernel in the cm frame:

Kcm(x, ε) =
2x

K2
2(x)

[
1 +

K2
1(x)

K2
2(x)

]√
ε+ 1εK1(2x

√
ε+ 1) (2.58)

where we have used the relations:

< σvMøl > = < σvlab >
lab = < σvcm >cm 1

2

[
1 +

K2
1(x)

K2
2(x)

]
(2.59)

Notice that the thermal kernel is the probability distribution of the momentum or
velocity of the particles at freeze out. Due to phase-space suppression, contained
in the Bessel functions, only few particles will be at rest or almost at rest. Most of
the particles will have low and intermediate velocities, while the abundance of high
velocity particles will be strongly depleted. The Boltzmann suppression sets in at
lower velocity when the temperature is decreased, i.e. the peak of the distribution
is shift to the left.

All the calculations for the annihilation cross sections in this thesis have been
done using Eqs. 2.57 and 2.58. Subsequently we briefly report some useful defi-
nitions for the cross section. In the center of mass frame, where the total three-
momentum vanishes, the differential cross section is defined as:

dσ

dΩ
=

1

2E12E2|−→v 1 −−→v 2|
|−→p 3|

(2π)24Ecm
|M12→34|2 (2.60)

where |−→v 1−−→v 2| is the velocity in the cm frame. The following relation is verified:

2E12E2|−→v 1 −−→v 2| = 4
√

(p1 · p2)2 −m2
1m

2
2 (2.61)

Rewriting the amplitude square and the differential cross section in terms of the
Mandelstam invariants s, t and u:

dσ

dt
=

1

64|pcm|2s
|M(s, t)|2 (2.62)

where |pcm|2s = (p1 ·p2)
2−m2

1m
2
2. After integration over t or equivalently over the

solid angle, Eq. 2.62 leads to the total cross section.
Therefore the so obtained expression for the thermal averaged cross section

should be inserted in the Boltzmann equation, Eq. 2.50, to get the relic abundance
of the considered species.
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2.5 Coannihilation

In theories like supersymmetry under R-parity, it may occur that the relic particle
is the lightest of a set of similar particles whose masses are nearly degenerate. The
relic abundance of the lightest particle is determined not only by its annihilation
cross section, but also by the annihilation of the heavier particles, which later
decay into the lightest; this is the definition of coannihilation. Therefore, when
coannihilation is included, the application of the standard methods in computing
the thermal averaged cross section, Eq 2.54 and the Boltzmann Eq. 2.49, fails
to give correct results and a modified treatment is required. First of all we will
briefly rewrite the Boltzmann equations considering all the possible annihilation
processes [50] and then we will present a modified expression for calculating the
thermal average whether coannihilation is included [51].

Particles are presumed to exist which are nearly degenerate with, but have
masses slightly greater than the relic one, denoted by χ1. If the mass difference
δm ≡ m − m1 is large compared to the temperature Tf , when χ1 annihilations
freeze-out, then the extra particles play no significant role. However if δm ' Tf
the extra particles are thermally accessible, namely they are nearly as abundant
as the relic species and their annihilations processes can play an important role in
determining the relic abundance.

Consider the evolution in the early Universe of a class of particles χi, i =
1, ..., N , which differ from standard model particles by a discrete conserved quan-
tum number. We assume that the particles are labeled such that mi < mj, when
i < j; that is, χ1 has a mass m1 and is the lightest, while χ2 is the second lightest,
etc. The only allowed reactions that change the χi number densities and determine
their relic abundance in the early Universe are:

χiχj ↔ AA′ (2.63)

χiA ↔ χjA
′ (2.64)

χj ↔ χiAA
′ j > i (2.65)

where A,A′ denote any standard model particles. As long as reactions of type 2.65
take place at a reasonable rate, we expect that all the χj (j > 1) particles to have
decayed into χ1 particles by today.

The abundances of the χi are determined by a set of N Boltzmann equations:

dni
dt

= −3Hni −
N∑
j=1

〈σijvij〉
(
ninj − neqi n

eq
j

)
−
∑
j 6=i

[Γij(nI − neqI )− Γji(nj − neqJ )]

−
∑
j 6=i

[
〈σ′Aijvij〉(ninA − neqi n

eq
A )− 〈σ′Ajivij〉(njnA − neqJ n

eq
A )
]

(2.66)
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The first term, as noticed in Eq. 2.49 is as usual the dilution due to the expansion
of the Universe. The second term refers to the annihilation reactions as Eq. 2.63,
while the third to Eq. 2.65 and finally the last term represents conversion by
scattering on the cosmic thermal background, Eq. 2.64. The relative velocity is
denote by vij and was defined in Eq. 2.61. We have defined the cross section of
the different reactions and the decay rates as:

σij =
∑

A,A′ σ (χiχj → AA′) (2.67)

Γij =
∑

A Γ (χi → χjA) (2.68)

σ′Aij =
∑

A′ σ (χiA→ χjA
′) (2.69)

Since all the χi which survive annihilation eventually decay into χ1, the relevant
quantity is the total density of χi particle, n =

∑N
i=1 ni. Subsituting in Eq. 2.66

we find:

dn

dt
− 3Hn =

N∑
i,j=1

〈σijvij〉 (ninj − neqi n
eq
J ) (2.70)

We have retained in the equation only the main reaction which determine the
freeze-out from the plasma. Indeed reactions of type 2.64 and 2.65 occur at a rate
larger by a factor of 109 respect to the annihilation processes 2.63. In this case
the χi remain in thermal equilibrium and in particular their ratios are equal to the
equilibrium values:

ni
n
' neqi
neq

(2.71)

We then get:

dn

dt
= −3Hn− 〈σeffv〉

(
n2 − n2

eq

)
(2.72)

where

〈σeffv〉 =
∑
ij

〈σijvij〉
neqi
neq

neqj
neq

(2.73)

is the thermal average of the effective cross section. It can be accommodated into
an expression very similar to the case without coannihilation, Eq. 2.54, the only
differences being the denominator and the replacement of the annihilation rate
with the effective annihilation rate [49]:

〈σeffv〉 =

∫∞
0
dpeff p

2
effWeffK1

(√
s
T

)
m4

1

[∑
i
gi

g1

m2
i

m2
1
k2

(
mi

T

)]2 (2.74)
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In the absence of coannihilation Eq 2.74 reduces to Eq. 2.54. The effective anni-
hilation rate is defined as:

Weff =
∑
ij

pij
p11

gigj
g2
1

Wij (2.75)

=
∑
ij

√
[s− (mi −mj)2] [s− (mi +mj)2]

s (s− 4m2
1)

gigj
g2
1

Wij

where gi, gj are the particle degrees of freedom, Wij is the annihilation rate for a
single process summed over all possible final states and averaged over initial the
particle spins. Notice that Wij(s) = 0 for s ≤ (mi +mj)

2. Finally pij is the center

of mass momentum, in particular p11 = peff = 1/2
√
s− 4m2

1. In the effective
annihilation rate coannihilations appear as thresholds at

√
s equal to the sum of

the masses of the coannihilating particles. At high peff the Boltzmann suppression
factor, contained in K1, dominates.

The effective annihilation rate does not depend on the temperature, thus it can
be calculated once and for all in a supersymmetric model.

2.6 Numerical Code

This is a technical section describing how we deal with the annihilation cross
section calculations and the numerical methods we use to evaluate the thermal
average and the integration of the Boltzmann equation.

The main ingredients characterizing the sneutrino phenomenology, given a spe-
cific supersymmetric model, are the relic abundance, the direct detection cross
sections and the indirect annihilation signals. In all of these relevant physical
quantities the particle properties of the sneutrino are of fundamental significance.

In particular the key building blocks in all the phenomenological calculations
of this thesis are the Lorentz invariant squared amplitudes |Mann(ν̃ν̃ → f)|2. The
index ann refers to processes of annihilation of two sneutrinos in all possible final
states f (these are listed in Tab. 4.1 and Tab. 4.2, depending on the supersymmetric
model). We computed analytically the tree level amplitudes in the unitary gauge,
using the HIP [52] package for Mathematica [53].

Considering the process p1p2 → p3p4, we wrote all the possible annihilation
processes in the s, t, u and interference channels that involve two incoming scalar
particles, with different masses and quantum numbers, in the initial states. The
final states are parameterized as follows:

• generic fermions f1, f2

• generic vector bosons V1, V2
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• generic Higgs particles h1, h2

• mixed final states with a generic Higgs boson h and a vector boson V

Keeping fixed the Lorentz structure of each interaction vertex we multiplied it by
a generic coupling constant, with real and imaginary part, to take into account the
particle coupling constants and quantum numbers. The fermionic, vector boson
and scalar boson propagators are expressed in terms of generic masses and decay
widths. The cross section for each channel are obtained by analytically integrating
over cos θ, where θ is the angle between the momenta of the incident particle p1

and the produced particle p3 in the annihilation center of mass frame.
Therefore all the annihilation processes for the sneutrino are obtained by tak-

ing the viable channels and inserting in the vertices the desired couplings. The
total effective cross section results by summing over all possible final states. We
checked all the sneutrino squared amplitudes with the one produced by the package
CompHep [54], in the framework of the minimal supersymmetric standard model.

It is clear that the subsequent calculations arise automatically:

coannihilation : the charged leptons are as well scalar particles, therefore in
the sneutrino annihilation cross sections it suffices to substitute the correct
vertices in order to get, e.g. the selectron annihilation channels, with the
addition of the processes involving photons in the final states, absent in the
sneutrino case. Clearly the same holds for ν̃ l̃L coannihilation channels.

extended supersymmetric models : the sneutrino phenomenology changes, if
we extend the content of the MSSM. As we will see, the main modifications
are in the vertex couplings. Therefore we just insert in the squared am-
plitudes the desired interaction vertices, listed in Appendix A, in order to
describe the annihilation processes in any supersymmetric model.

As a further improvement, we have repeated the procedure leading to the
general expressions of the squared amplitudes also in the case of fermionic initial
states, which can be applied e.g. to the neutralino, and of mixed initial states,
which can arise in processes such as sneutrino neutralino coannihilation.

We have to pay attention when diagrams involve Majorana fermions, such as
neutralinos, in the initial state or in the propagator. In the Feynman rules, Dirac
fermions are denoted by a straight solid line and an arrow: the direction of the
arrow is set by convention and indicate the flow of some quantum number. For
Majorana fermions the direction of the arrow is arbitrary, since there is no dis-
tinction between particle and antiparticle, therefore they do not carry a conserved
additive quantum number. The correct procedure is to first choose a direction for
the arrow for a given Majorana fermion line, then one may unambiguously use the
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Feynman rules for Majorana fermion presented in Ref [55]; respect to the Feynman
rules for Dirac fermion there are additional constraints on the fermionic spinors
u(k, s) = Cv̄T (k, s) and v(k, s) = CūT (k, s) that arise from the definition of a
Majorana fermion. These constraints are important when dealing with spin sums.
The ambiguity in the fermionic line (namely we can chose which line denotes a
particle and than fix consequently the line denoting an antiparticle) leads to am-
biguity in the interference terms, where we have to be careful in dealing with the
relative sign between two diagrams. If the Majorana particles are in the initial or
final state, we have to multiply by a factor of 1/2 for avoiding double counting of
identical particles. Example on how to deal with Majorana fermions are given in
Ref [55].

The relic abundance is obtained by solving numerically the Boltzmann equa-
tion, Eq. 2.72. We generate FORTRAN routines for the numerical adaptive gaus-
sian integration over peff of the thermal averaged cross section, Eq. 2.74, which
takes into account coannihilation. The calculation of the effective invariant rate
Weff is the most time-consuming part. Fortunately it does not depend on the
temperature T and it can be tabulated once for each model [49]. We have to make
sure that the maximum peff in the table is large enough to include all important
resonances, thresholds and coannihilation thresholds. In the thermal average, the
effective invariant rate is weighted by K1peff : the fast exponential decay of the
Bessel function at high peff suppresses resonances and thresholds, therefore we are
safe enough to truncate the integration around peff = 20mν̃ . The tables are more
densely populated in the important low peff region than elsewhere.

To perform the thermal average in Eq. 2.74, we integrate over peff by means
of adaptive gaussian integration, using a spline to interpolate over the (peff ,Weff )
table. We finally integrate the Boltzmann equation using an implicit trapezoidal
method with adaptive step size; the numerical integration starts when the second
condition of Eq. 2.28 is met, namely the species begins to decouple.

In Fig 2.3 we show, as an example, the relic abundance obtained by the previous
procedure for the annihilation of two neutralinos into a bb̄ pair, through s channel
exchange of the A CP–odd Higgs boson. The solid [red] curve refers to our numer-
ical results for Eq. 2.57, since we do not consider coannihilation, and the dashed
[black] curve to the approximated thermal average, reported in Eq. 2.52. Notice
that at the A pole, the red curve is well defined, while the expansion fails to give a
finite result. An example of thresholds opening clearly appears in Fig. 4.1, where
it is plotted the relic abundance of the sneutrino. The sharp drop at m1 ∼ 80 GeV
denotes the threshold of the W+W− channel. In this case the relic abundance is
computed using Eq. 2.74, since coannihilation is included.

The thermal average does not contribute directly to the scattering cross section
off nuclei for direct searches, but enters in the ξ factor, through the Ωh2 factor,
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Eq. 5.23. Instead the (peff ,Weff ) tables are very useful for indirect detection
signals, since the differential production rate for photons, antimatter and neutrinos
are proportional to 〈σannv〉0. The subscript 0 refers to a thermal average at present
time over the velocity distribution of the relic WIMPs in the galactic halo; the
velocity distribution is nearly a Maxwell-Boltzmann with β = v/c ' 10−3, leading
to a temperature TWIMP ∼ v2. Performing the numerical integration of Eq. 2.57
(notice that at present time the coannihilating particles are no longer present
subsequently their decays into the dark matter particles) at this temperature is
equivalent to keep in the approximate formula Eq. 2.52 the s wave contributions,
namely the a terms. Therefore, once we numerically evaluate the annihilation
cross section as a function of the effective momentum peff , we are able to perform
both the thermal average in the early Universe, for prediction on the present relic
abundance (at temperature around T ∼ mν̃/20), and at the temperature TWIMP ,
for predictions on the annihilation signals in the galaxy.

Figure 2.3: Relic abundance Ωh2 of neutralino vs its mass mχ̃0 for the single
process χ̃0χ̃0 → bb̄ in the s channel mediated by the CP–even Higgs boson A.
The solid [red] curve refers to our numerical solution for the relic abundance, the
dashed [black] curve corresponds to the a term, Eq. 2.52, of the thermal average
expansion.



Chapter 3

Supersymmetry

The Standard Model (SM) of elementary particle physics [56, 57, 58], based on
the SU(3)C × SU(2)W ×U(1)Y gauge symmetry, provides a remarkably successful
theory in describing the strong and electroweak interactions. Despite experiments
at energies of the order 100 GeV confirm no deviations from SM predictions there
are few unambiguous hints of additional structure and a number of theoretical and
phenomenological issues that the SM fails to address adequately:

Hierarchy problem Phenomenologically the mass of the Higgs boson associ-
ated with electroweak symmetry breaking must be in the electroweak range,
O(100 GeV). The Higgs potential is given by:

V = m2
H |H|2 + λ|H|4 (3.1)

The SM requires a non-vanishing vacuum expectation value 〈VEV〉 for H
at the minimum of the potential. This will occur if m2

H < 0, resulting in
〈H〉 =

√
−m2

H/2λ. Since we know experimentally that 〈H〉 = 174 GeV from
measurements of the properties of the weak interactions, it must be that
m2
H is of the order of the electroweak symmetry breaking scale. However,

radiative corrections to the Higgs mass are quadratically dependent on the
UV cutoff Λ, since the masses of fundamental scalar fields are not protected
by chiral or gauge symmetries. Namely let consider a Dirac fermion f , with
a mass mf and coupling −λfHf̄f to the Higgs. Its loop contribution to m2

H

yields:

∆m2
H =

|λf |2
16π2 {−2Λ2 + 6m2

f ln( Λ
mf

) + ...} (3.2)

The largest correction comes from the top quark, whose Yukawa coupling is
of the order λtop ∼ 1. Therefore, the “natural” value of the Higgs mass is of
O(Λ), leading to a destabilization of the hierarchy of the mass scales in the
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SM. On the one hand if we choose the cut-off scale Λ to be the GUT scale
(M2

GUT ∼ 1016 GeV), or the Planck scale (M2
P ∼ 1018 GeV), the Higgs boson

mass will prefer to be close to the very high scale and thus huge. For the SM
Higgs boson to stay relatively light, at least mH < 1 TeV for unitarity and
pertubativity reasons, we need to add a counterterm to the mass squared
and adjust it with a precision of O(10−30), which seems highly unnatural
and fine-tuned. On the other hand the question why Λ � mZ arises.

Electroweak symmetry breaking (EWSB) In the SM, electroweak symmetry
breaking is parameterized by the Higgs boson H and its potential V (H), see
Eq. 3.1. However, the Higgs sector must be put into the theory by hand.

Gauge coupling unification The model is based on the direct product of three
simple groups with different coupling constants and, in this sense, does not
provide a true unification of the electroweak and strong interactions. There-
fore, one may expect the existence of a more fundamental Grand Unified
Theory (GUT), able to describe the three forces within a single group, such
as SU(5) or SO(10), with just one coupling constant. However, given the
high-precision measurements at LEP and the particle contents of the SM,
the renormalization group evolution of the gauge coupling constants is such
that they fail to meet at a common point, the GUT scale.

Family structure and fermion masses The SM does not explain the existence
of three families and can only parameterize the strongly hierarchical values
of the fermion masses. Massive neutrinos imply that the theory has to be
extended, since in the SM the neutrinos are strictly left-handed and mass-
less. Right-handed neutrinos can be added, but achieving ultralight neutrino
masses from the see-saw mechanism requires the introduction of a new scale
which may be much larger than O(100 GeV).

Cosmological challenges Several difficulties are encountered when trying to
build cosmological models based solely on the SM particle content. The
baryon asymmetry generated at the electroweak phase transition is too small.
The SM does not have a viable candidate for the CDM, nor viable inflaton.

SM is widely believed to be an effective theory valid only at presently accessible
energies. Certainly a new framework will be required at the reduced Planck scale
MP = (8πGN)−1/2 ∼ 1018 GeV, where quantum gravitational effects become im-
portant. Theories with low energy supersymmetry have emerged as one of the
strongest candidates for physics beyond the SM.

Supersymmetry (SUSY) is a symmetry relating fermions and bosons: each par-
ticle has a superpartner which differs in spin by 1/2. Therefore a supersymmetric
transformation turns a bosonic state into a fermionic state and viceversa.
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The main reason why SUSY is considered the best-motivated possibility for new
physics at the TeV scale is that it can solve simultaneously the above mentioned
open issues:

Naturalness problems Suppose the existence of a complex scalar particle S with
mass mS and trilinear coupling to the Higgs given by −λS. The leading
contributions to the Higgs self-energy are:

∆m2
H = λS

16π2{Λ2 − 2m2
S ln( Λ

mS
) + ...} (3.3)

If one assume that the Higgs coupling of the scalar particle is related to the
Higgs-fermion coupling in such a way that λ2

f = λS, once one add Eqs. 3.2
and 3.3, the quadratic divergences disappear. The logarithmic divergence
is still present, but even for values Λ ∼ MP of the cut-off, the contribu-
tion is rather small. This logarithmic divergence vanishes if, in addition, the
fermion and the scalar have the same mass mS = mf . The conclusion is
that, if there are scalar particles with a symmetry which relates their cou-
plings to the fermion couplings there are no quadratic divergences to the
Higgs boson mass: the hierarchy and naturalness problems are solved. If
in addition there exists exact “supersymmetry”, which enforces the scalar
having the same mass as the fermion, there are no divergences at all and the
Higgs mass is protected. Generalizing the argument to the other SM fields,
the introduction of fermionic partners to the gauge bosons and adjusting
their couplings to the Higgs, all the quadratically divergent corrections are
canceled. If the symmetry is badly broken and the masses of the scalar
particles are much larger than the fermion and Higgs masses, the hierarchy
and naturalness problems would be reintroduced again in the theory, com-
ing from radiative terms proportional to (m2

f −m2
S) ln(Λ/mS). Such a term

becomes large again and mH will have the tendency to exceed the unitarity
and perturbativity limit of O(1 TeV). Therefore to keep the Higgs mass in
the range of electroweak symmetry breaking scale, one may make small the
mass difference between the SM and the new particles. For the radiative
corrections to be of the same order of the tree level Higgs mass, the new par-
ticles should not be much heavier than the TeV scale. For further references
see e.g. [59, 60, 61, 62, 63, 64].

Radiative EWSB Electroweak symmetry breaking can thus take place in a nat-
ural way in the SUSY theories via a radiative mechanism,see e.g. [65, 66, 67].

Gauge coupling unification The new SUSY particle spectrum contributes to
the renormalization group evolution of the three gauge coupling constants
and alters their slopes so that they can meet at an energy scale slightly above
1016 GeV, see e.g. [68, 69, 70, 71].
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CDM In supersymmetric theories the lightest superpartner (LSP) may be stable.
The LSP provides a nice heavy, non baryonic Dark Matter candidate.

Until yet none of the superpartners of the Standard Model particles have been
discovered. Therefore Supersymmetry, if it exist, is a broken symmetry in nature.
In the lagrangian we distinguish two contributions: LSUSY, described in the next
section 3.2, is the supersymmetric lagrangian, and Lsoft, of which we will talk
about in section 3.4, breaks Supersymmetry and contains many free parameters,
characterizing the masses and additional couplings of the supersymmetric particles.

However the sparticle spectrum is constrained by the negative results for search-
ing SUSY at colliders [72]. In particular the sneutrino lower mass bound will be
discussed in the chapter 4.

The aim of this chapter is not to provide a full supersymmetric theory descrip-
tion, instead it only sketch the SUSY outstanding marks leading to the superpar-
ticle phenomenology; for exhaustive and complete reviews see e.g. [55, 73, 74, 75].
A brief outline of the minimal extension of the Standard Model (MSSM) particle
contents and properties is given in section 3.5. We will first introduce the super-
symmetric algebra 3.1, the superfield formalism, see sections 3.1.1 and 3.1.2, and
the superspace 3.1.3.

3.1 Supersymmetric Algebra and Superfields

In particle physics the S-matrix and the underlying theory possess various sym-
metries:

• Poincaré invariance, the semi-direct product of translations, with generator
Pµ, and Lorentz rotations, Mµν . The generators satisfy the algebra:

[Pµ, Pν ] = 0

[Pβ,Mµν ] = i (gβµPν − gβνPµ) (3.4)

[Mαβ,Mµν ] = i (gανMβµ + gβµMαν − gαµMβν − gβνMαµ)

where gµ,ν is the usual metric tensor (+,-,-,-).

• Internal global symmetries, related to conserved quantum numbers such as
the electric charge and isospin. The symmetry generators Bl are Lorentz
scalars and for gauge theories generate a Lie algebra, with structure constants
Ck
lm:

[Bl, Bm] = iCk
lmBk

[Bl, Pµ] = 0 (3.5)

[Bl,Mµν ] = 0
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• Discrete symmetries: charge conjugation C, parity P and time reversal T.

As a consequence of Eqs. 3.5 the Poincaré algebra has two Casimir operators,
the mass operator P 2 = PµP

µ, with eigenvalues m2, and the square of the Pauli-
Ljubanski vector:

Wσ =
1

2
εσαβγP

αMβρ (3.6)

where εαβµν is the antisymmetric Levi-Civita tensor. W 2 has eigenvalues −m2s(s+
1) for massive states and Wσ = λP for massless states, where λ is the helicity.

Coleman and Mandula [76] demonstrated that the previous ones are the only
possible symmetries of the S-matrix, basically assuming that the symmetric algebra
can involve only commutators.

As mentioned before, both for phenomenological and technical reasons, a sym-
metry connecting fermions and bosons is appealing. The generators Q of this
symmetry must turn a bosonic state into a fermionic one and viceversa. Therefore
the generators themselves carry half-integer spin, i.e. are anticommuting spinors
and represent not an internal symmetry but a spacetime symmetry.

Haag, Lopuszanski and Sohnius [77] proved that the assumption of having
only commuting generators may be weakened, yielding possible Supersymmetry as
a symmetry of a gauge theory. Rather they demonstrated that Supersymmetry is
the only possible extension of the known spacetime symmetries of particle physics.

The simplest choice of SUSY generators is a two-dimensional Weyl spinor Qα

with its conjugate; it is possible to extend in a consistent way the number of
generators up to N = 8, however we will always refers to N = 1 SUSY models.

Since these generators are fermionic, their algebra can most easily be written
in term of anticommutators:

{Qα, Qβ} = {Q̄α̇, Q̄β̇} = 0

{Qα, Q̄β̇} = 2σµ
αβ̇
Pµ

[Qα, Pµ] =
[
Q̄α̇, Pµ

]
= 0 (3.7)

[Qα,Mµν ] =
1

2
σβµναQβ[

Q̄α̇,Mµν

]
= −1

2
Q̄β̇σ

β̇
µνα̇

where σmnβα are the SL(2,C) generators. The operators Qα and Q̄α̇ belong re-
spectively to the (1/2, 0) and (0, 1/2) representation of the Lorentz group. Qα

behaves like a left-handed Wyel spinor (with an undotted index), while Q̄α̇ as a
right-handed Weyl spinor (with a dotted index). If applied to a field with spin j,
they let transform it into a field with spin j ± 1/2.
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For SUSY, P 2 is still a Casimir operator, since Q and Q̄ commute with P , but
W 2 is not. One can define a new Casimir operator C2:

C2 = CµνC
µν

Cµν = BµPν −BνPµ (3.8)

Bµ = Wµ −
1

4
Q̄α̇σ̄

α̇β
µ Qβ

Eqs. 3.7 and 3.8 let deduce important properties of SUSY multiplets: particles
belonging to the same irreducible SUSY representation should not have the same
spin (W 2 is not an invariant quantity), however need to have the same mass. The
Casimir operator C2 points out that in a supermultiplet the bosonic and fermionic
degrees of freedom should be the same, says nF = nB.

A compact description of a supersymmetric field theory requires the introduc-
tion of fermionic coordinates θ, θ̄. These are anticommuting Grassman variables:

{θα, θβ} = {θ̄α̇, θ̄β̇} = {θα, θ̄β̇} = 0 (3.9)

Of course the objects on which these SUSY transformations act must then also
depend on θ and θ̄. These objects are the so called superfields, functions of the
superspace (xµ, θ, θ̄), where xµ are the spacetime coordinates.

It is clear that Supersymmetry doubles the spacetime coordinates, due to the
introduction of θ, θ̄ as two component spinors. A generic global supersymmetric
transformation is defined as:

S(x, θ, θ̄) = ei(−xµPµ+θQ+θ̄Q̄) (3.10)

The composition of two supersymmetric transformations S(x, θ, θ̄)S(y, ζ, ζ̄) is a
translation in the superspace:

(x, θ, θ̄) → (x+ y + iθσµζ̄ − iζσµθ̄, θ + ζ, θ̄ + ζ̄) (3.11)

This equation leads to a differential definition of the Qα and Q̄α̇ operators:

Qα =
∂

∂θα
− iσµ

αβ̇
θ̄β̇∂µ

Q̄α̇ = − ∂

∂θ̄α̇
+ iθβσµβα̇∂µ (3.12)

with Pµ = −i∂µ.
We can now define the general scalar superfield Φ(x, θ, θ̄): it has a finite Taylor

expansion in power of θα, θ̄α̇, called component expansion, therefore it may contain
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fields with different statistic. The series is truncated due to the anticommuting
nature of the variables, namely powers higher than θ2 and θ̄2 are null:

Φ(x, θ, θ̄) = f(x) + θφ(x) + θ̄ψ̄(x) + θθm(x) + θ̄θ̄n(x) (3.13)

+ θσµθ̄vµ(x) + θθθ̄λ̄(x) + θ̄θ̄θξ(x) + θθθ̄θ̄d(x)

From Eqs. 3.12 it is possible to obtain the mass dimension of θ, which is −1/2.
Therefore the superfield components have increasing mass dimension, starting from
[f ], which as the same dimension of Φ, up to [d] + 2. ψ, χ, λ, ξ carry a spinorial
index, hence describe fermions, while f,m, n, vµ, d are bosonic fields. In nature
a physical boson has mass dimension 0 or 1 and a fermion 3/2: from Eq. 3.13
we can construct chiral superfield, where the fermionic field and the scalar field
have the right dimensions and vector superfield, where the vector field is the phys-
ical one. The components having dimensions different from the physical ones are
called auxiliary fields: they have no dynamics and can be easily removed from the
lagrangian using their trivial equation of motions.

A supersymmetric transformation change the components of Φ with dimension
D into the components with dimension immediately higher [D + ∞/ ∈] and in
the derivative of the components immediately lower [D+∞/ ∈] [78]. The highest
dimension of the superfield d transforms as a total space time derivative; this
properties will be useful in defining the invariant supersymmetric action.

The superfield expression in Eq. 3.13 is a reducible representation. Imposing
some constraints on Φ, the superfield will have the right particle field contents.

3.1.1 Chiral supermultiplets

The name chiral superfield comes from the fact that the SM fermions are chiral,
namely their left-handed and right-handed components transform differently under
SU(2)W × U(1)Y. We therefore need superfields with only two physical fermionic
degrees of freedom, which can then describe the left or right handed component
of a SM fermion. Of course, the same supermultiplets carry the bosonic partners,
the sfermions.

The chiral superfields can describe spin 0 bosons and spin 1/2 fermions, i.e.
they can accommodate the Higgs bosons and the quarks and leptons.

The superfield expression in Eq. 3.13 is a reducible representation. Imposing
some constraints on Φ, the superfield will have the right particle field contents. A
chiral superfield arises from Eq. 3.13 imposing the condition:

D̄α̇Φ = 0 (3.14)
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where D̄α̇ is the covariant derivative, defined as:

D̄α̇ = −∂̄α̇ − iθβσmβα̇∂m

Dα = ∂α + iσm
αβ̇
θ̄β̇∂m (3.15)

Defining new bosonic coordinates yµ = xµ + iθσµθ̄ in the superspace, any function
Φ(y, θ) of yµ and θα, but not θ̄α̇, satisfying the constraint Eq. 3.14, gets the simple
expression:

Φ(y, θ) = φ(y) +
√

2θψ(y) + θθF (y) (3.16)

where φ(y), F (y) are complex scalar fields, while ψα(y) is a complex left-handed
Weyl spinor. There are 4 + 4 = 8 real off-shell field components. Assigning the
usual mass dimension 1 to the scalar field φ, which results to be the same as for
the superfield, the fermionic field, as mentioned before, has the correct physical
dimension; instead the field F has the unusual mass dimension 2, therefore is an
auxiliary field.

Antichiral superfields Φ†, i.e. right-handed superfields, are defined as the con-
jugates of chiral fields Φ(y, θ), functions of the coordinates y† = xµ− iθσµθ̄ and θ̄.
They satisfy:

DαΦ
† = 0 (3.17)

Φ† = φ∗(y†) +
√

2θ̄ψ̄(y†) + θ̄θ̄F ∗(y†)

Since Dα and D̄α̇ obey the chain rule, any product of chiral (antichiral) superfields
is also a chiral (antichiral) superfield. Instead ΦΦ† and Φ +Φ† are not superfields,
however the latter turn out to be a special case of a vector superfields.

3.1.2 Gauge supermultiplets

We have to describe the gauge sector of the SM, which contains the spin 1 vector
bosons. They are introduced by vector superfield.

A vector supermultiplet is defined to be self-conjugate:

V (x, θ, θ̄) ≡ V †(x, θ, θ̄) (3.18)

In form of components, Eq. 3.18 leads to the following expression for V:

V (x, θ, θ̄) = (1 +
1

4
θθθ̄θ̄∂µ∂

µ)C(x) + (iθ +
1

2
θθσµθ̄∂µ)χ(x)− θσµθ̄A

µ(x)

+iθθθ̄λ̄(x)− iθ̄θ̄θλ(x) +
1

2
θθθ̄θ̄D(x)− i

2
θ̄θ̄ [M(x)− iN(x)]

+
i

2
θθ [M(x) + iN(x)] + (−iθ̄ +

1

2
θ̄θ̄σµθ∂µ)χ̄(x) (3.19)
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We end up with seven components: 4 real scalars, two Weyl spinor and the vector
field Aµ. We now have many more gauge degrees of freedom than in non super-
symmetric theories, since now the gauge parameters are themselves superfields.
Any superfield action invariant under abelian gauge transformation will also be
independent of several component fields of V (x, θ, θ̄). This transformation rule
can be written as:

V → V + i(Λ− Λ†) (3.20)

with Λ(x, θ, θ̄) is a chiral superfield. Remebering that a chiral superfield contains
four scalar degrees of freedom as well as one Weyl spinor, it achieves the possibility
of using Eq. 3.20 to fix:

χ(x) = C(x) = M(x) = N(x) ≡ 0 (3.21)

This is well-known as Wess-Zumino (WZ) gauge-fixed superfield [79]. The WZ
gauge is in some sense the SUSY analog of the unitarity gauge in field theory,
since it removes many unphysical degrees of freedom and let unchanged the gauge
freedom.

Assigning the usual mass dimension 1 to Aµ, V (x, θ, θ̄) describes a vector boson,
a fermion field λ and has an auxiliary field D, with trivial equations of motion and
mass dimension 2.

3.1.3 Superspace integration

Before going on and present the supersymmetric Lagrangian in 3.2, a brief detour
into the technical details of the integration in the superspace is needed.

We begin with the Berezin integration for a single Grassmann parameter θ:∫
dθθ = 1∫
dθ = 0 (3.22)∫

dθf(θ) = f1

where we have used the Taylor expansion of a function of a single Grassmann
variable, f(θ) = f0 + f1θ. Two integration properties emerge from Eqs. 3.22:

• translationally invariant∫
d(θ + ξ)f(θ + ξ) =

∫
dθf(θ)∫

dθ
d

dθ
f(θ) = 0 (3.23)
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• equivalent to differentiation

d
dθ
f(θ) = f1 =

∫
dθf(θ) (3.24)

We introduce the Grassmann delta function:

δ(θ) ≡ θ (3.25)

The important notations are:

d2θ = −1

4
dθαdθβεαβ

d2θ = −1

4
dθ̄α̇dθ̄β̇ε

α̇β̇ (3.26)

d4θ = d2θd2θ̄

Using these notations and the spinor summation convention, one gets:∫
d2θθθ = 1∫
d2θ̄θ̄θ̄ = 1 (3.27)

3.2 Supersymmetric Lagrangian

The next attempt, after the definition of the superspace and the superfield prop-
erties, is the construction of a supersymmetric field theory. By definition, one
requires the action to be invariant under SUSY transformations:

δS

∫
d4xL(x) = 0 (3.28)

This is satisfied if L itself transforms into a total derivative. As noticed in the
section 3.1, the highest components of the chiral and vector superfields meet this
requirement. They can therefore be used to construct the Lagrangian. Thus the
action S turns out to be:

S =

∫
d4x

(∫
d2θLF +

∫
d2θd2θ̄LD

)
=

∫
d4x{(LF )θθ + (LD)θθθ̄θ̄} (3.29)

LF and LD are general chiral and gauge superfields, giving rise to the so-called
”F-terms” and ”D-terms”, respectively.
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3.2.1 Scalar Lagrangian

In order to construct a renormalizable SUSY theory, the Lagrangian can carry only
terms with mass dimension up to 4. Therefore, the only available terms contains
at most three powers of chiral superfields. As stated before, the product of left
(right)-handed superfields is a left (right)-handed superfield :

LΦ = (ΦiΦ
†
i )θθθ̄θ̄ +

[(
λiΦi +

1

2
mijΦiΦj +

1

3
gijkΦiΦjΦk

)
θθ

+ h.c.

]
(3.30)

The kinetic term is given by ΦiΦ
†
i , while in the bracket the interaction terms are

shown, with mij and gijk generic index symmetric couplings. The meaning of the
different terms becomes manifest rewritting Eq. 3.30 into the various components:

LΦ = i∂µψ̄iσ
µψi + φ∗i�φi + F ∗i Fi (3.31)

+

[
mij

(
φiFj −

1

2
ψiψj

)
+ gijk (φiφjFk − ψiψjφk) + λiFi + h.c.

]
The F fields have no kinetic term, since they are auxiliary fields and can be
eliminated using their trivial equation of motions, given by:

∂L/∂Fj = 0 (3.32)

In order to illustrate how the F fields can be removed from LΦ, let define the
superpotential V as:

V (Φi) =
1

2

∑
i,j

mijΦiΦj +
1

3

∑
ijk

gijkΦiΦjΦk (3.33)

The Lagragian in Eq. 3.31 can be rewritten as:

LΦ = F ∗i Fi + φ∗i�φi − i∂µψ̄iσ
µψi +

[
∂V (φi)
∂φj

Fj − 1
2
∂2V (φi)
∂φj∂φk

ψjψk + h.c
]

(3.34)

Using Eq. 3.32, the auxiliary fields are integrated out:

Fi = −
[
∂V (φi)

∂φj

]∗
(3.35)

This last expression, substituted into Eq. 3.34, leads to:

LΦ = Lkin −
[
∂2V (φi)
∂φj∂φk

ψjψk + h.c.
]
− |∂V (φi)

∂φj
|2 (3.36)

Here Lkin stands for the second and third terms of Eq. 3.34. The first bracket
describes fermion masses and Yukawa interactions, while the last term describes
scalar mass terms and scalar interactions. Since both terms are determined by the
single function V , there are clearly many relations between coupling constants.
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3.2.2 Vector Lagrangian

A supersymmetric invariant kinetic term for gauge fields is carried out by the Wα

and W̄α̇ spinors, defined as:

Wα = −1

4
D̄D̄DαV (x, θ, θ̄)

W̄α̇ = −1

4
DDD̄α̇V (x, θ, θ̄) (3.37)

Notice that D̄α̇Wα = 0 and DαW̄α̇ = 0, therefore they are a left-handed and
right-handed chiral superfield, respectively. While V is a vector superfield. The
Lagrangian for a vector superfield is simply:

LV = 1
4
(W αWα)θθ + (W̄ α̇W̄α̇)θ̄θ̄ (3.38)

In the “Wess-Zumino” gauge:

LV = −1
4
FµνF

µν − iλσµ∂µλ̄+ 1
2
D2 (3.39)

They reproduce exactly the strength for a vector boson Aµ, Fµν = ∂µAν − ∂νAµ.
Notice that the D term does not propagate, as well as the F-term. In this case
there are no interaction terms, therefore D = 0. In a gauge theory, it can be
removed from the lagrangian and leads to quartic bosonic interactions.

3.2.3 Gauge Invariance

Up to now, the theory we have constructed in 3.2.1 and 3.2.2 is invariant under
SUSY transformations. In order to build a supersymmetric extension of the SM,
the lagrangian needs to be invariant under gauge transformations. We can pro-
ceed as usual, first defining gauge transformations for the bosonic and fermionic
chiral superfield components, then introducing vector fields, belonging to vector
superfields, which transform exactly in such a way to keep the lagrangian gauge
invariant. This procedure leads moreover to the implementation in the lagrangian
of the gauge interactions.

If we consider the abelian gauge group U(1), the transformation for the chiral
superfield reads:

Φ → Φ′ = e−igΛΦ

Φ† → Φ′† = eigΛ
†
Φ† (3.40)

with g the U(1) charge. The parameter Λ has to be a left-handed superfield, in
order to end up still with chiral superfields.



3.2.3 Gauge Invariance 47

If the gauge transformation is global, namely does not depend on the space
coordinates, the only term in Eq. 3.30 which is not invariant is λiΦi; thus this
kind of terms can not appear in the lagrangian. If the gauge transformation is
local, even the kinetic term does not preserve the gauge invariance. It is needed
the introduction of a vector superfield, which transforms as:

V → V ′ = V + i(Λ− Λ†) (3.41)

The kinetic lagrangian Lkin therefore has the minimal coupling:

Φ†iΦi → Φ†ie
gV Φi (3.42)

This leads to the right transformation laws for the physical fields:

Aµ → A′µ = Aµ − i∂µ(a
∗ − a) (3.43)

with a the scalar component of the Λ left-handed superfield. Instead λ and D are
gauge invariant quantities:

λ → λ′ = λ (3.44)

D → D′ = D

The most general supersymmetric lagragian, invariant under abelian gauge
transformation is:

LSUSY =
1

4
(W αWα)θθ + (W̄ α̇W̄α̇)θ̄θ̄ + Φ†ie

gΛΦi + V (Φi) (3.45)

where V (Φi) is the superpotential, defined in Eq. 3.56, an holomorphic function
of the superfield and constituted only by gauge invariant interactions.

If the gauge group is non abelian the situation is quite similar, there are just
technical modifications. The chiral superfield has the same transformation law as
in Eq. 3.40, however Λ is now a matrix:

Λij = T aijΛa (3.46)

with T a being the gauge group generators, in the same representation of the super-
field Φ. Therefore we may introduce as many vector superfields Va as the number
of generators:

Vij = T aijVa (3.47)

The transformation rule in Eq. 3.42 becomes:

egV → egV
′
= e−igΛ

†
egV eigΛ (3.48)
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The coupling choice is always the minimal coupling of Eq. 3.42
The spinor Wα transforms as:

Wα = −1
4
D̄D̄e−gVDαe

gV (3.49)

with the generators in the adjoint group representation.
Notice that the scalar superfield Φ contains the matter content of the theory

and belong to the chiral representation of the supersymmetric group and to the
fundamental representation of the gauge group. Instead the vector field belongs
to the real representation of the SUSY transformations and to the adjoint repre-
sentation of the gauge group.

3.3 R-parity

As mentioned in section 3.1, a generic field theory has internal symmetries, with
generators Bl. Let’s take an abelian group, for a supersymmetric theory one gets
the following commutators:

[Qα, Bl] = Qα[
Q̄α̇, Bl

]
= −Q̄α̇ (3.50)

Clearly only one independent combination of the abelian generators actually has
a nonzero commutator with Qα and Q̄α̇; let us denote this U(1) generator by R:

[Qα, R] = Qα[
Q̄α̇, R

]
= −Q̄α̇ (3.51)

Thus SUSY in general possesses an internal global U(1) symmetry known as R-
symmetry. Notice that the supersymmetric generators have R-charge +1 and −1
respectively.

The supersymmetric lagrangian may contains renormalizable, gauge invariant
terms which violate the lepton number L or the baryon number B. In addition,
as we will see in the next sections, the SUSY particle spectrum contains majorana
fermions, leading to L-violating processes. Since such a reactions have never been
observed in experiments, no fermion number violation would seem to occur. Con-
cerning the baryon number violation, the most obvious experimental constraint
comes from the non-observation of proton decay. If the majorana particles were
massless then a generalization of fermion number conservation could be defined.
However these particles cannot have a zero mass, since supersymmetric particles
have not yet been observed, in which case the continuous R-symmetry of Eq. 3.51
must be broken [55]. It turns out that despite this breaking a discrete R-symmetry
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remains, described by the Z2 group. This leads to the multiplicatively conserved
quantum number called R-parity.

Formally one can define the R-parity of any particle of spin j, baryon number
B and lepton number L to be:

R = (−1)2j+3(B−L) (3.52)

Particles within the same supermultiplet do not have the same R-parity: all ordi-
nary particles are assigned a R-parity +1, whereas the supersymmetric partners
have a R-parity of −1. If R-parity is exactly conserved , then there can be no
mixing between the SUSY and ordinary particles and every interaction vertex will
contain an even number of R = −1 particles.

The R-parity assignment is very useful for phenomenology, since it leads to
three important consequences:

• supersymmetric particles can be produced only in pairs;

• there must be a lightest supersymmetric particle (LSP): such a particle could
not decay, must be stable. If the LSP is electrically neutral, it is weakly
interacting with ordinary matter and can make an interesting candidate for
CDM;

• each sparticle other than the LSP must eventually decay into a state which
contains an odd numbers of LSP (usually just one).

We will consider supersymmetric models conserving R-parity.

3.4 Supersymmetry Breaking

A realistic phenomenological model must contain supersymmetry breaking: the
supersymmetric lagrangian in Eq. 3.45 assigns identical masses to the ordinary SM
particles and their superpartners. This is clearly not realistic, if supersymmetry
exists.

We expect that supersymmetry should be an exact symmetry which is spon-
taneously broken, namely the ultimate model should have a lagrangian density
which is invariant under SUSY transformations, but a vacuum state which is not.
Unfortunately it is not easy to break supersymmetry spontaneously. One problem
follows directly from the definition of the SUSY algebra in Eq. 3.7:

1
4

(
Q̄1Q1 +Q1Q̄1 + Q̄2Q2 +Q2Q̄2

)
= P 0 ≡ H (3.53)

where H is the Hamiltonian. If supersymmetry is unbroken in the vacuum state,
it follows that H|0〉 = 0 and the vacuum has zero energy. Conversely, if SUSY is
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spontaneously broken in the vacuum state, then the vacuum must have positive
energy, since 〈0|H|0〉 > 0 from Eq. 3.53. Therefore supersymmetry will be broken
if Fi and/or Da does not vanish in the ground state, namely we are looking for
models in which the equations Fi = 0 and Da = 0 can not be simultaneously
satisfied for any values of the fields.

Many models of spontaneous symmetry breaking have indeed been proposed:
these always involve extending the minimal supersymmetric model to include new
particles and interactions at very high energy scales and there is no consensus on
exactly how this should be done.

Supersymmetry breaking through non zero D-terms is achieved by the Fayet-
Iliopoulos mechanism [80]. These models have troublesome problems, such as
breaking color, U(1)em charge or can not give rise to the correct mass scale for the
gaugino sector.

Models where supersymmetry breaking is due to non zero F -terms, called
O’Raifeartaigh models [81], determine the mass scale for SUSY breaking of a
dimensionful parameter introduced by hand. At the end these models seem to be
ad hoc.

Supersymmetry breaking may then be best described in terms of the effective
dynamics of the strongly coupled theory, which naturally generate the right scale
for the gauginos and scalar masses. These terms arise indirectly or radiatively
rather then from tree-level renormalizable couplings to the supersymmetric break-
ing order parameters. Supersymmetry breaking evidently occurs in a ”hidden
sector” of particles which have no (or only very small) direct coupling to the ”visi-
ble sector” chiral supermultiplets of the minimal supersymmetric model. However
the two sectors do share some interactions which are responsible for mediating
supersymmetry breaking from the hidden sector to the visible sector, where they
appear as calculable terms. There are two main competing proposal for what the
mediating interaction might be. The first is that they are gravitational, associ-
ated to the new physics, which appears at the Planck scale; this is the so called
gravity-mediated supersymmetry breaking scenario. The second possibility is that
the flavor-blind mediating interactions for supersymmetry breaking are the ordi-
nary electroweak and QCD gauge interactions. In this gauge-mediated scenario
the effective terms arise from loop diagrams involving some messenger particles.

From a practical point of view it is extremely useful to simply parameterize
the effects of the hidden sector by just introducing extra terms which break su-
persymmetry explicitly in the effective minimal supersymmetric lagrangian. The
new couplings should be soft in order to naturally maintain a hierarchy between
the electroweak scale and the Planck mass scale. Namely the introduction of di-
mensionless supersymmetry breaking couplings is forbidden.

In the most general SUSY breaking lagrangian Lsoft, the allowed terms turn
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out to be:

• scalar masses −m2
i |φi|2

• gaugino masses −1
2
mlλ̄lλl + h.c.

• trilinear scalar interactions −aijkφiφjφk + h.c.

• bilinear scalar terms −bijφiφj + h.c.

Gauge symmetry always let to introduce masses for gauginos. The m2
ij terms are

allowed for i, j such that φi, φ
j∗ transform in complex conjugate representation of

each other under all gauge symmetry; in particular this is true if i = j, so every
scalar is eligible to get a mass. The other terms may be present depending on the
lagrangian symmetries: the aijk and bij are allowed by gauge symmetry only if the
corresponding terms are considered in the superpotential.

Possible soft terms for the chiral supermultiplets fermions could always be reab-
sorbed into a redefinition of the superpotential and the scalar masses and trilinear
couplings. It has been shown rigorously that a softly-broken supersymmetric the-
ory is indeed free from quadratic divergences to all orders in perturbation theory
[82].

It is clear that Lsoft breaks supersymmetry, since it involves only gauginos and
sfermions and not their respective superpartners. The soft terms are capable of
giving masses to all of the scalars and gauginos even if the gauge bosons and chiral
fermions are massless or relatively light.

Most of we do not already know about a SUSY model has to deal with Lsoft.

3.5 Minimal Supersymmetric Standard Model

We will present the minimal supersymmetric extension of the Standard Model,
the MSSM, starting from the generic supersymmetric lagrangian, Eq. 3.45, and
the soft breaking lagrangian introduced in section 3.4.

The minimal supersymmetric lagrangian is the sum of the supersymmetric
lagrangian LSUSY and the soft SUSY breaking lagrangian Lsoft:

LMSSM = LSUSY + Lsoft (3.54)

The first term of the right hand side is defined as:

LSUSY = Lgauge + Lchiral (3.55)

The chiral lagrangian is given in Eq. 3.34, while the gauge part is reported in
Eq. 3.38. The soft lagrangian will be described in the succeeding discussion, see
Eq. 3.59.
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“Minimal” extension means that we want to keep the number of superfields and
interactions as small as possible. Since the SM matter fermions reside in different
representations of the gauge group than the gauge bosons, we have to place the
minimal numbers of different superfields. One generation of the SM is therefore
described by five left-chiral superfields: Q̂ contains the (s)quark SU(2) doublets,
D̂ and Û contain the up and down (s)quark singlet, L̃ describes the (s)leptons
doublets and finally R̂ contains the (s)lepton singlets. Of course we need three
generations to describe the matter content of the Standard Model. We have to
introduce vector superfields to describes the gauge sector. In particular we need
eight gluinos g̃ as partners of the gluons, three winos W̃ as partners of the SU(2)
gauge bosons and a bino B̃ as U(1)Y gaugino. The only subtlety in the field content
of the MSSM is in the choice of the Higgs sector. As in the SM we want to break
SU(2)W × U(1)Y invariance by SU(2) doublet scalar with hypercharge |Y | = 1/2.
Looking through the fields that have already been introduced, the sleptons doublets
fulfill this requirement. Unfortunately the sneutrino can not play the role of the
Higgs boson: if sneutrino would acquire a VEV, the letpon number would be
explicitly broken. The masses of chiral fermions must originate from terms in
the superpotential. Thus the superpotential has to be an analytic function of the
scalar superfields. This means that we are not allowed to introduce the hermitian
conjugate of a Higgs superfield in WMSSM. It would then be impossible to introduce
U(1)Y invariant term that give masses to both up-type and down-type quark if
there is only one Higgs superfield. We need at least two SU(2) Higgs doublets.
All the standard model particles with their supersymmetric partners are shown in
Tab. 3.1.

The MSSM superpotential is given by:

WMSSM = εij

(
µĤ1

i Ĥ
2
j − Y IJ

e Ĥ i
1L̂

I
j R̂

J − Y IJ
d Ĥ1

i Q̂
I
jD̂

J + Y IJ
u Ĥ2

i Q̂
I
j Û

J
)

(3.56)

while the scalar potential is computed as:

V =
1

2

(
DaDa + (D′)2

)
+ F ∗i Fi (3.57)

where:

Fi =
∂W

∂Ai

Da =
1

2
gA∗iσ

µ
ijAj

D′ =
1

2
eA∗iAj (3.58)

In the above expressions, Ai collectively denotes all scalar fields appearing in the
theory.
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Figure 3.1: The MSSM particle content, with both interactions and the mass
eigenstates. The corresponding superfields are reported.

The dimensionless Yukawa couplings Y IJ
u , Y IJ

d , Y IJ
e are 3×3 matrices in family

space, which we will consider real and diagonal in flavor space. They determine the
masses and CKM mixing angle of the ordinary quarks and leptons, after EWSB.
Since the top, the bottom and the tau are the heaviest fermions in the SM usually
the approximation that only the third family components are important.

Since the Yukawa interactions in a general supersymmetric theory must be
completely symmetric, these terms imply not only Higgs-quark-quark and Higgs-
lepton-lepton interactions, but also i.e. squark-Higgsino-quark and slepton-Higgsino-
lepton interactions. In general, from R-parity conservation it follows that in each
vertex there must be an even number of sparticles. As a consequence, for each
SM vertex one can construct the corresponding MSSM vertices by changing two of
the particles into their superpartners. In addition, the superpotential in Eq. 3.56
introduces new interactions, such as scalar quartic couplings.

The term proportional to µ is dimensionful and provides for higgsinos mass
terms as well as Higgs (mass)2 terms. Since it is positive definite, it is clear that
we cannot understand electroweak symmetry breaking without including super-
symmetry breaking (mass)2 soft term for the Higgs scalars, which can be negative.

The most physical relevant interaction vertices in the MSSM are typically dom-
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inated by the supersymmetric interactions of gauge-coupling strength. The cou-
plings of the Z,W, γ and gluons to the MSSM particles are determined completely
by gauge invariance of the kinetic terms in the lagrangian.

Thus the structure of the MSSM Lagrangians allows very little arbitrariness.
In fact all of the dimensionless couplings and all but one mass term, µ, correspond
directly to some parameters in the ordinary SM which were already measured by
experiment. In contrast, the supersymmetric breaking lagrangian apparently show
a considerable amount of arbitrariness:

LMSSM
soft = −1

2

(
M3g̃g̃ +M2W̃W̃ +M1B̃B̃

)
+ h.c. (3.59)

− εij

(
ΛIJ
u Ũ

J∗Q̃J
jH

2
i − ΛIJ

d D̃
J∗Q̃I

jH
1
i + ΛIJ

e R̃
J∗L̃IjH

1
i

)
+ h.c.

− (M2
Q)IJQ̃J∗

i Q̃
I
i − (M2

U)IJ Ũ IŨJ∗ − (M2
D)IJD̃ID̃J∗

− (M2
L)IJ L̃J∗i L̃

I
i − (M2

R)R̃IR̃J∗

− m2
H2
H∗

2H2 −m2
H1
H∗

1H1 − (bH1H2 + h.c.)

In Eq. 3.59 M1,M2 and M3 are the bino, wino and gluino mass parameters. Each
of ΛIJ

e ,Λ
IJ
u ,Λ

IJ
d is in general a complex 3 × 3 matrix in family space. The third

line of Eq. 3.59 consist of squark and sleptons mass terms: (M2)IJ are hermitian
matrices in family space. Finally in the last line we have supersymmetry breaking
contributions to the Higgs potential. All the M2

i are of the order O(m2
soft), while

Mi and Λi are defined at the mass scale msoft, with msoft not much larger than
O(1 TeV). LMSSM

soft introduces more than 100 real parameters with no counterpart
in the ordinary SM.

From the experiments it is possible to derive many organizing hints, leading to
a drastic reduction in the number of free parameters. Most of the soft parameters
involves flavor mixing, flavor changing neutral current (FCNC) and CP violation
of the type which is already severely restricted by observational data. All of these
effects in the MSSM can be evaded if one assume a soft-breaking universality:

M2
Q = m2

Q1 M2
U = m2

U1 M2
D = m2

D1 M2
L = m2

L1 m2
R = m2

R1

ΛU = Au0Yu ΛD = Ad0Yd Λe = Ae0Ye (3.60)

arg(M1), arg(M2), arg(M3), arg(Au0), arg(Ad0), arg(Ae0) = 0 or π

From Eqs. 3.60 it follows that the scalar mass parameters should be real and
that the soft terms do not introduce new complex phases. The matrices ΛIJ

i are
therefore real and diagonal in flavor space. For the Higgs sector, in order to avoid
complex phases and a non-hermitian lagrangian, the µ parameter and m2

Hi
should

set to be real.
The soft breaking universality relations are presumed to be the result of some

specific model for the origin of supersymmetry breaking. Even if it is rather
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unknown what the specific mechanism should actually be. Therefore there are
in general two different approaches for reducing the parameter freedom arising
from the soft breaking potential. In the so–called high–energy approach one im-
pose a particular structure on the supersymmetry breaking terms at a common
high energy scale, such as the Planck scale or the Grand Unification Scale (GUT,
MGUT = 1016 GeV) scale. Using the renormalization group equations, one can then
derive the low-energy MSSM parameters relevant for collider physics. The initial
conditions (at the appropriate high-energy scale) for the renormalization group
equations depend on the mechanism by which supersymmetry breaking is commu-
nicated to the effective low energy theory. Examples of this scenario are provided
by models of gravity–mediated and gauge–mediated supersymmetry breaking. An
alternative approach is a low–energy approach, in which the soft breaking param-
eters are fixed at the electroweak scale.

The supersymmetric model we adopt here in this thesis belongs to this second
type of approach, and is the so–called effective MSSM scheme at the electroweak
scale. The free independent parameters at low energy are: the SU(2) gaugino
mass parameter M2, the ratio between the U(1) and SU(2) gaugino mass param-
eters R ≡ M1/M2 (in GUT–induced case R = 5/3tan2θW ' 0.5). The Higgs
sector (Sec 3.5.1) will be described in addition by the Higgs mixing parameter µ,
tanβ = v2/v1 and the mass of the CP–odd Higgs mA, the masses of the other Higgs
bosons are calculated from mA by employing two–loop corrections. We will have
a common soft–mass for all the squarks (Sec 3.5.3), mQ (both right-handed and
left–handed), and a common dimensionless trilinear parameter for the third family
A (At̃0 = Ab̃0 ≡ AmQ̃ and Aτ̃0 ≡ AmL̃ and the trilinear parameters for the other
families being set equal to zero). Therefore we end up with few free parameters, to
which the free sneutrino parameters (presented in Chapter 4 and in Section 3.5.3)
will add up. In our calculations we will present first a fixed configuration in the
SUSY parameter space and we will scan the sneutrino mass parameters, then we
will present the results for a full scan of the supersymmetric parameter space as
reported in Appendix B.

3.5.1 Higgs sector

The two Higgs-doublets have opposite hypercharge, H1 with T3 = −1 and H2 with
T3 = 1, and are defined as:

H1 =

(
H0

1

H−
1

)
H2 =

(
H+

2

H0
2

)
(3.61)

The Higgs potential gets contribution from the scalar potential and from the
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soft breaking potential, VHiggs = V + Vsoft:

V =
1

8
g2
2

(
4|HI∗

1 H
j
2 |2 − 2

(
H i∗

1 H
i
1

) (
Hj∗

2 H
j
2

)
+
(
H i∗

1 H
i
1

)2
+
(
H i∗

2 H
i
2

)2)
+

1

8
g2
1

(
H i∗

2 H
i
2 −H i∗

1 H
i
1

)2
+ |µ|2

(
H i∗

2 H
i
2 +H i∗

1 H
i
1

)
(3.62)

Vsoft = m2
1H

i∗
1 H

i
1 +m2

2H
i∗
2 H

i
2 − (BµεijH

i
1H

j
2 + h.c.) (3.63)

Notice that in the MSSM the strength of the quartic interactions is determined by
the gauge coupling, instead this is not the SM case, where it is an unknown free
parameter.

We now have to demand that the minimum of this potential should break
electroweak symmetry down to electromagnetism SU(2)W × U(1)Y → U(1)EM.
From Eq 3.62 it comes out that at the minimum of the potential the charged
components of the Higgs scalars can not acquire VEVs, so we can set 〈H−

1 〉 =
〈H+

2 〉 = 0. The neutral components of the Higgs fields acquires non null vacuum
expectation values, vi = 〈H0

i 〉, which can be taken real and non negative:

H1 =

(
v1 + 1√

2
(S1 + iP1)

H−
1

)
H2 =

(
H+

2

v2 + 1√
2
(S2 + iP2)

)
(3.64)

For details of electroweak symmetry breaking see [83].
We need to require that VEVs reproduce the correct EWSB. The expectations

values can be connected to the known masses of the W, Z gauge bosons and with
the gauge couplings:

v2
1 + v2

2 =
2m2

Z

g2
2 + g2

1

v2
1 + v2

2 =
m2

W

g2
2

(3.65)

As a consequence, v1 and v2 are not independent parameters, but they are con-
strained to get the value v ≈ 174 GeV, with v2 = v2

1 + v2
2. It is usual to define a

new free parameter:

tan β =
v2

v1

(3.66)

The value of tan β is not fixed by present experiments, but tan β > 1 is required
from EWSB. Instead of the parameters |µ| and B, it is common to keep as free
parameters tan β and the sign of µ.

Notice that the H1 field gives mass to the down type fermions, while H2 to the
up type ones, being the fermion mass matrices proportional to Mu = yuv2,Md =
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ydv1 and Ml = ylv1. In the same way the Higgs provide the sfermion masses, see
3.5.3.

The Higgs scalar fields consist of two complex SU(2)W doublets, namely eight
real degrees of freedom. When electroweak symmetry is broken, three of them
are the Nambu-Goldstone bosons which becomes the longitudinal modes of the Z
and W± massive vector bosons. We are left with five degrees of freedom: they
represent the mass eigenstates of the five Higgs scalar fields in the MSSM. There
is one CP-odd neutral scalar A, two CP-even neutral scalars, h,H and two charged
fields H±: 

A = sin βP1 + cos βP2

h = −S1 sinα+ S2 cosα
H = S1 cosα+ S2 sinα
H+ = (H−

1 )∗ sin β +H+
2 cos β

H− = (H+)∗

(3.67)

The tree level masses are:
m2

A = m2
1 +m2

2 + 2µ2

m2
h,H = 1

2

(
m2

A +m2
Z ∓

√
(m2

A +m2
Z)

2 − 4m2
Zm

2
A cos2 2β

)
m2

H± = m2
A +m2

W

(3.68)

being h the lightest CP-even Higgs, by definition. In terms of the masses the
mixing angle α, which appears in Eqs. 3.67, is determined by:

cos 2α =
(m2

Z −m2
A) cos 2β√

(m2
A +m2

Z)
2 − 4m2

Zm
2
A cos2 2β

(3.69)

and the definition range is −π/2 < α < 0. In the Higgs interaction lagrangian
all the couplings are determined by the relation between the two angles, α and
β: the Higgs-fermion-fermion coupling turn out to be proportional to the ratio of
trigonometric functions of α and β, while Higgs-gauge bosons vertices are depen-
dent on (α− β), and finally the Higgs self interactions contain the sin (α+ β) or
cos (α+ β) combinations.

Notice that the masses of the Higgs are all connected one to each other. The
Higgs sector, at tree level is completely determined by two free parameters, tan β
and m2

A. The following relationships hold at tree level:

mh ≤ | cos 2β|mZ

mH± ≥ mW

mh < mA < mH

m2
h +m2

H = m2
A +m2

Z (3.70)
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As a consequence, H turn out to be bounded from below, its mass should be
greater than the Z mass. The tree level mass formulas, Eqs. 3.68, are subject
to significant quantum corrections, which are especially important for h, since
they weaken the upper bound on the mass of the lightest Higgs. The dominant
one loop contributions are due to top and stop loop diagrams: the quark top
is heavy, therefore its coupling with the Higgs may get large values; moreover
supersymmetry is broken and the stop has a different mass respect to the top and
the divergences in the top and stop loops are not exactly cancelled. The loop
contributions increase the scalar masses. The one loop h mass is given by:

m2
h . m2

Z +
3g2

2m
4
t

8π2m2
W

(
ln
m2
S

m2
t

+
X2
t

m2
S

(
1− X2

t

12m2
S

))
(3.71)

where m2
S is the average of the two stop masses mt̃1 and mt̃2 and Xt = At−µ cos β

is the top-squark mixing factor. Notice that the corrections are proportional to the
top mass. The lightest CP-even Higgs mass is still bounded from above but may
take values greater than mZ. Actually mh may run up to 114 GeV (for a SM–like
light Higgs) [84, 85] or up to several hundreds of GeV (depending on naturalness
assumptions). Nevertheless it is lighter than about 140 − 150 GeV [86, 87] for
mt = 175 GeV and mS ' 1 TeV. The absolute lower bound for the lightest Higgs
h is of 90 GeV (which occurs for specific values of the Higgs mixing angle). Eq. 3.71
represents also the lower bound for the H mass.

If h saturates the bounds of Eq. 3.71, A,H and H± would be heavy and nearly
degenerate and α = β − π/2. In this limit h has the same couplings as the SM
Higgs boson. Namely, depending on the set of model parameters, h might turn
out to deviate from a standard -model like Higgs boson or behaves in a way nearly
indistinguishable.

3.5.2 Higgsino and gaugino sectors

The higgsinos and electroweak gauginos mix with each other because of the effects
of electroweak symmetry breaking. The neutral higgsinos (H̃1, H̃2) and the neutral
gauginos (B̃, W̃ 3) combine to form four neutral mass eigenstates called neutralinos.
We will denote the neutralino mass eigenstates by χi (i = 0, 1, 2, 3), by convention
they are labelled in ascending order, so that χ0 is the lightest mass eigenstate.
The charged higgsinos (H̃±) and winos (W̃±) mix to form two mass eigenstates
with charge ±1, called charginos. We will denote the charginos mass eigenstates
by χ̃±i (i = 1, 2). As well as the neutralino case we define mχ̃±1

< mχ̃±2
.

Here we will present the mass spectrum and mixing, whereas the main inter-
action lagragians are reported in the Appendix A.
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Neutralinos

In the gauge-eigenstates basis ψ0 =
(
B̃, W̃ 3, H̃1, H̃2

)
the neutralino mass la-

grangian is:

− Lχ =
1

2

(
ψ0
)T Mχ

(
ψ0
)

+ h.c. (3.72)

where:

Mχ = (3.73)
M1 0 −mZ cos β sin θW mZ sin β sin θW
0 M2 mZ cos β cos θW −mZ sin β cos θW

−mZ cos β sin θW −mZ cos β cos θW 0 −µ
mZ sin β sin θW −mZ sin β cos θW −µ 0


The entries Mi come directly from the MSSM soft breaking lagrangian, Eq. 3.59,
while the µ terms are the supersymmetric higgsino mass term, Eq 3.62. The terms
proportional to mZ are the result of the Higgs-higgsino-gaugino coupling, with the
Higgs getting their VEVs, Eq 3.65.

Notice that in general Mχ is a complex symmetric matrix. Only one diag-
onalizing matrix N is required. We define the two-component mass-eigenstates
using:

χ0
i = Nijψ

0
j i, j = 1, ..., 4 (3.74)

whit N a unitary matrix satisfying:

N∗MχN
−1 = ND = diag(mχ1 ,mχ2 ,mχ3 ,mχ4) (3.75)

where ND is the diagonal neutralino mass matrix. One can choose N such that
the elements of the diagonal matrix ND are real and non-negative. The proper
four-component neutralino mass-eigenstates are given by:

χ̃0 =

(
χ0
i

χ̄0
i

)
i = 1, .., 4 (3.76)

Note that the neutralinos are Majorana fermions. The condition of real and posi-
tive eigenvalues is not necessary, it is possible to diagonalize the matrix of Eq. 3.73
using a new rotation matrix Z, leading to:

Z∗MχZ
−1 = N ′

D = diag(ε1mχ1 , ε2mχ2 , ε3mχ3 , ε4mχ4) (3.77)

where the εi are the mass-eigenvalue signs. The two rotation matrices are con-
nected by the relation:

Nij =
√
εiZij (3.78)
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Hence the four neutralino mass-eigenstates are defined by:

χi = Zi1B̃ + Zi2W̃
3 + Zi3H̃1 + Zi4H̃2 i = 1, ..., 4 (3.79)

It is usual to define the superpartners of the SM photon and Z, the photino γ̃ and
the zino z̃, as a rotation in the bino and wino space by the Wienberg angle θW :{

γ̃ = + cos θW B̃ + sin θW W̃
3

z̃ = − sin θW B̃ + cos θW W̃
3 (3.80)

Charginos

The chargino spectrum is analyzed in a similar way as for the neutralinos. In the

gauge-eigenstates basis ψ± =
(
W̃+, H̃+

2 , W̃
−, H̃−

1

)
, the chargino mass term is given

by:

− Lχ± =
1

2

(
ψ±
)T Mχ±

(
ψ±
)

+ h.c. (3.81)

where, in 2× 2 block form:

Mχ± =

(
0 XT

X 0

)
X =

(
M2 mW

√
2 sin β

mW

√
2 sin β µ

)
(3.82)

Again, the M2 term comes from the soft breaking lagrangian, Eq 3.59, while the
µ term from the higgsinos sector, Eq. 3.62. The terms proportional to mW come
from EWSB and Eqs. 3.65.

We define two-component mass-eigenstate via:

χ+
i = Vijψ

+
j χ−i = Uijψ

−
j i, j = 1, 2 (3.83)

where U and V are unitary matrices chosen such that:

U∗XV −1 = MD = diag(m1,m2) (3.84)

MD being the diagonal chargino mass matrix. In particular U and V can be chosen
so that the elements of the diagonal matrix MD are real and non-negative. The
proper two components definition of the charginos are:

χ+
1 =

(
χ+

1

χ̄−1

)
χ+

2 =

(
χ+

2

χ̄−2

)
(3.85)

Since they are only 2× 2 matrices it is easy to solve for the masses explicitly:

m2
1,2 =

1

2

(
M2

2 + µ2 + 2m2
W ∓∆

)
∆ =

√
(M2

2 + µ2 + 2m2
W)

2 − 4|µM2 −m2
W sin 2β|2 (3.86)
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3.5.3 Sfermion sector

The sfermion sector includes all the superpartners of the leptons and quarks,
namely to each SM fermionic field f is associated a complex scalar field f̃ . We will
widely discuss the slepton sector, since it contains the sneutrino phenomenology.
All the sneutrino interaction lagrangians are reported in Appendix A, while here
the mass terms are illustrated.

The mass and interaction terms arise from three source: the gauge interaction
D-terms, the F -terms coming from the superpotential W and the most general set
of soft supersymmetry breaking terms. From Eqs. 3.56 to 3.58:

V = VF + VD + Vsoft (3.87)

with:

VF =
(
−µ∗H i∗

2 + yLi∗ē∗
) (
−µH i

2 + yLiē
)

+ y2|εijH i
1L

j|2 + y2|εijH i
2L

j|2

+
(
yH i∗

1 ē
∗) (yH i

1ē
)

+
(
−µ∗H i∗

1 + y2Q
i∗ū∗

) (
−µH i

1 + y2Q
iū
)

+
(
−µ∗H i∗

2 + y1Q
i∗d̄∗
) (
−µH i

2 + y1Q
id̄
)

+ y2
1|εijH i

1Q
j|2 (3.88)

+y2
2|εijH i

2Q
j|2 +

(
y1H

i∗
1 d̄

∗ − y2H
i∗
2 ū

∗) (y1H
i
1d̄− y2H

i
2ū
)

VD =
1

8
g2
2

(
4|H i∗

1 Q
i|2 + 4|H i∗

2 Q
i|2 − 2Qi∗Qi

(
H i∗

1 H
i
1 +H i∗

2 H
i
2

)
+
(
Qi∗Qi

)2)
+

1

8
g2
1

(
H i∗

2 H
i
2 −H i∗

1 H
i
1 + fqQ

i∗Qi + fuū
∗ū+ fdd̄

∗d̄
)2

+
1

8
g2
2

(
4|H i∗

1 L
i|2 + 4|H i∗

2 L
i|2 − 2Li∗Li

(
H i∗

1 H
i
1 +H i∗

2 H
i
2

)
+
(
Li∗Li

)2)
+

1

8
g2
1

(
H i∗

2 H
i
2 −H i∗

1 H
i
1 + fLL

i∗Li + feē
∗ē
)2

(3.89)

Vsoft = m2
QQ

i∗Qi +m2
uū
∗ū+m2

dd̄
∗d̄+

(
εijy1AdH

i
1Q

j d̄− εijH
i
2Q

jū
)

+m2
LL

i∗Li +m2
eē
∗ē+

(
εijy1AeH

i
1L

j ē
)

(3.90)

with y, y1,2 being the Yukawa couplings and fq = 1/3, fu = −4/3, fd = 2/3, fL =
1, fe = 2. Obviously Q and L refers to the SU(2)L (s)quark and (s)leptons dou-
blets, while ū, d̄ and ē to the right-handed fields.

First of all, we assume that the interactions are flavor-blind, therefore the
squark and sleptons families can not mix with each other. The Yukawa couplings,
from VF , are negligible for all the family except the t and b squark and the tau
slepton.

The second term of Eqs. 3.88 comes from gauge interactions D-term. It leads
to a splitting in the mass spectrum produced by electroweak symmetry break-
ing. Each slepton and squark will get a contribution ∆Φ to its (mass)2, coming
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from the SU(2)W and U(1)Y D-term quartic interactions. These terms are model-
independent, for a given value of tan β, and are given by:

∆Φ = (T3Φ − eΦ sin2 θW) cos 2βm2
Z (3.91)

where T3Φ and eΦ are the third component of weak isospin and the electric charge
of the scalar superfield Φ.

To each fermion fL and fR corresponds a complex scalar field f̃L and f̃R. The
four component notation is as follows:

Q =

(
ũL
d̃L

)
ū = ũR d̄ = d̃R

L =

(
ν̃L
ẽL

)
ē = ẽR (3.92)

Considering a generic sfermion, the mass lagrangian is defined to be:

Lmass =
1

2

(
f̃ ∗L f̃ ∗R

)
M2

(
f̃L
f̃R

)
(3.93)

In particular the mass matrix has the form:

M2 =

(
m2
L̃

+DL̃ +m2
f mf (Af + µ tan β)

mf (Af + µ tan β) m2
R̃

+DR̃ +m2
f

)
(3.94)

with DL̃ and DR̃ the left and right handed expression of Eq. 3.91, respectively. In
the next chapters we will unify the soft mass terms for all the sleptons and and
for all the squarks, m2

L and m2
R and m2

Q. Here we have presented the lagrangian
at the electroweak scale, the unification can be done at the GUT scale, as in
gravity–mediated supersymmetric models, or at low energy, called effective MSSM.
As mentioned before we will adopt this second type of approach in fixing the
parameters of the supersymmetric models.

Thus the mass eigenstate are:{
f̃1 = + cos θf̃L + sin θf̃R
f̃2 = − sin θf̃L + cos θf̃R

(3.95)

while the mass eigenvalues are obtained diagonalizing the 2×2 matrix in Eq. 3.94.
Depending on the choice of the Yukawas, the mass squark eigenstates can be

a superposition of right and left handed states. The same holds in the case of the
tau lepton; for the µ and e sleptons, the Yukawas are negligible, therefore the mass
eigenstates coincide with the right and left handed states.
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Especially, the sneutrino and the selectron lagrangians are defined by:

− Lmν̃
= ν̃∗Lν̃L{m2

l̃
+

1

2
m2
Z cos 2β}

−LmẽL
= ẽ∗LẽL{m2

L̃
−m2

Z cos 2β(
1

2
+ eL sin2 θW ) +m2

f}

−LmẽR
= ẽ∗RẽR{m2

R̃
+m2

Z cos 2βeR sin2 θW +m2
f} (3.96)

From Eq. 3.91, it turns out that the sneutrino is lighter than the corresponding
charged slepton, since cos 2β is negative:

m2
l̃L
−m2

ν̃L
= − cos 2βm2

W (3.97)

At most they would be degenerate if the soft term is very large compared with the
D-term, m2

L � sin2 θW cos 2βm2
Z.

The above presented is the sneutrino sector in the standard minimal supersym-
metric model. We will extend Eqs. 3.88 with the introduction of new mass and
interaction terms for the sneutrino in the superpotential and in the soft breaking
potential. The arising modified phenomenology will be widely discussed in the
next chapter 4.



Chapter 4

Sneutrino phenomenology and
cosmological relic abundance

The sneutrino, ν̃, is a scalar supersymmetric particle and belongs to the same
superfield of the neutrino, as discussed in section 3.5.3. Therefore it shares with
the neutrino the same quantum numbers: both are electrically neutral, colorless,
have same hyper-charge but different masses, since supersymmetry is broken, and
obviously different spins.

Actually sneutrinos may provide a good candidate for the solution of the miss-
ing matter in the Universe, depending on the supersymmetric model taken into
account. They enclose all the main features of a CDM particle: by assumption
they are LSP, thus stable, they do not interact with light and are WIMPs.

All the calculations of the relic abundance are done using the code described in
Section 2.6, and solving the Boltzmann equation, where we assume that sneutrino
were thermally produced in the early Universe.

First of all we will discuss the cosmological sneutrino properties in the frame-
work of the standard MSSM in Sec. 4.1 and we will call this model “STD model”.
Then we will introduce a right handed neutrino superfield 4.2, so the arising models
are called “LR models”. The third typology of SUSY models, called “6L violating
models”, contains L flavour violating terms in the lagrangian, Sec. 4.3. Finally in
Section 4.4 the last class of models, called “Maj models”, contain right handed
sneutrino fields and 6L violating terms simultaneously. For these models, we will
esplicitely write down only terms that contribute to the masses and not the gauge
interaction terms involving neutrino superfields in the superpotential and in the
soft supersymmetry breaking potential. All the considered supersymmetric mod-
els are low energy supersymmetric extensions of the Standard Model, supposing a
soft or spontaneous SUSY breaking in an hidden sector and conserve R-parity. All
the experimental constraints involving these supersymmetric models are discussed
in Appendix B.
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Sneutrinos in connection with the dark matter problem have also been discussed
in different frameworks some of which may be found in Refs. [88, 89, 90, 91, 92,
93, 94, 95].

4.1 MSSM sneutrinos

Sneutrinos in the Minimal Supersymmetric Standard Model have been studied in
the past: light sneutrinos (mν̃ ≤ mW) have been considered in [96, 97, 98] while
heavy sneutrinos have been investigated by [99, 100].

In the MSSM there are three left-handed ν̃L sneutrinos, superpartners re-
spectively of the νe, νµ and ντ . From the first equation in Eqs. 3.96, it follows
that the three sneutrinos are degenerate mass eigenstates with squared masses
m2

1 = m2
L + 1/2m2

Z cos 2β. Here and thereafter we will denote by m1 the mass
of the lightest sneutrino mass eigenstate. The phenomenology of the sneutrino is
only slightly sensitive to tan β, the main free parameter being mL. The interac-
tion terms get contributions from the superpotential WMSSM, Eq 3.56, and from
the SUSY breaking potential Vsoft, Eq. 3.88, and are reported in Appendix A.

The experimental bounds on MSSM sneutrinos come from searches for su-
persymmetry at colliders and from studies of width and decays of the Z boson.
Regarding the accelerator bound, it is induced by the non observation of the cor-
responding charged sleptons. As it is shown in Eqs. 3.96, these latter possess both
left handed and right handed components: for equal masses, namely ml̃R

= ml̃L
,

the cross section for the right handed field is smaller than for the left handed
state, so limits are set conservatively for the production of l̃R type particles. For
selectrons, current limits are 73 GeV for ẽR and 107 GeV for ẽL [72, 101], while
we have 94 GeV for µ̃R and 81.9 GeV for a generic mixing of τ̃L and τ̃R. Let us
consider Eqs. 3.96, where the mass lagrangians of the slepton sector are reported:
notice that there are two mass parameters, mL for the left handed SU(2) doublets,
and mR for the right handed singlets. Here and thereafter we will assume that the
parameters mL and mR, which usually are matrices in flavour space, are diagonal
and common over the three leptonic families. The sneutrino mass phenomenology
is thus related to the left handed charged component behavior and independent
on the value of mR. Therefore, in general, a bound to the mass of the lightest
charged sleptons does not directly transfer to a mass limit to the corresponding
sneutrino. For instance in mSUGRA scenarios the values of the parameters at the
electroweak scale are induced by the renormalization group evolution equations
from the GUT scale; referring to the slepton squared masses they lead to:

m2
R = m2

0 + 0.15m2
1/2

m2
L = m2

0 + 0.52m2
1/2 (4.1)
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where m0 and m1/2 are defined at the GUT scale and are the common values of
the gauginos and scalar masses in the soft supersymmetric breaking potential. In
this framework the lower bound on the sneutrino mass is 84 GeV [72, 101]. The
low energy MSSM model does not necessarily invoke mSUGRA relations for the
parameters, therefore we assume that in this minimal version of the MSSM all
the soft mass parameters of the charged and neutral leptons are common at the
electroweak scale and we set mL = mR. In this case the collider limit can be
weakened, depending on the value of tan β, until to become as low as the limit
coming from the invisible Z decay width. Sneutrinos lighter than mZ/2 contribute
to the invisible Z width with:

∆ΓZ =
Γν
2

[
1−

(
2m1

mZ

)2
]3/2

θ(mZ − 2m1) (4.2)

where Γν = 167 MeV is the Z invisible decay width into one neutrino species. We
consider ∆ΓZ < 2 MeV [72], which translates into a sneutrino mass limit of 43.7
GeV for one sneutrino species and of 44.7 GeV for three degenerate sneutrinos [72].
We will assume these latter as the sneutrino lower mass bounds in the subsequent
phenomenological analysis.

Let us now turn to the sneutrino phenomenology relevant for the dark matter.
The sneutrino annihilation channels are reported in Tab. 4.1, at the end of the
chapter, for definiteness for the first family only. In these minimal MSSM models,
the three sneutrinos are degenerate in mass: they therefore must be considered
jointly in the calculations of the relevant processes. Sneutrinos lighter than mW

can annihilate into all possible fermionic final states, except the top quark, and
the dominant process is the t-channel neutralinos exchange, as we will discuss
later. Heavier sneutrinos (m1 > mW) can annihilate into a much greater set of
final states and the total annihilation cross section is dominated by gauge boson
channels, in particular by the process ν̃ν̃ → W+W−.

We include coannihilation processes, listed in Tab. 4.1, which may arise when
the sleptons are close in mass to the sneutrinos. Although one might expect that
this case results in a relic abundance three times larger than the case without
coannihilation, in fact it is a little more complicated. Some annihilation channels,
namely ν̃iν̃j → νiνj, ν̃iẽLj → νieLj and ẽLiẽLj → eLieLj, with i, j flavor indices, can
now occur in nine different ways, whereas all the others possible channels can occur
in three different ways. For general values of the parameter space of the model,
sneutrinos may eventually also coannihilate with neutralinos and/or charginos,
but this case is more accidental than the one with sleptons, due to the relation in
Eq. 3.97: if mL is increased, the sneutrino and the charged slepton masses become
more and more close to each other, up to being degenerate for mL at the TeV
scale. In the models presented here we have esplicitely neglected coannihilation
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with the gaugino and higgsino sectors, by considering configurations which possess
neutralinos at least 30% heavier than the lightest sneutrino.

An example of sneutrino relic abundance Ωh2 in the standard MSSM is shown in
Fig 4.1 as a function of the sneutrino massm1. In this plot all the parameters of the
low energy MSSM model are fixed, except mL, which is kept running in the range
from 1 GeV up to 1 TeV. The Higgs masses are mh = 120 GeV, while H, A and the
charged higgs H± are degenerate with a common mass mH ' mA ' mH± ' 400
GeV. Finally tanβ has been fixed at 20 and the widths of all the Higgs bosons at
1 GeV: indeed the Higgs widths become experimentally significant, of the order of
ΓHiggs ' 10 GeV, for large values of tanβ and for heavy masses of h, H, A and H±,
see Ref. [102]. The lightest neutralino mass is mχ̃0 = min(294 GeV, 1.3m1) for the
solid curve, and mχ̃0 = 1.3 m1 for the dashed curve. This latter case, which possess
light neutralinos, requires gaugino–non universality [103, 104, 105] in order to evade
the neutralino mass lower bound of about 50 GeV, derived for gaugino universal
models. We have considered two different neutralino configurations because the
t–channel neutralino exchange is the dominant channel for light sneutrinos. We
remark that the t–channel is proportional to 1/m2

χ̃0
i

(for the channel ν̃ν̃ → νν)

and to 1/m4
χ̃0

i
(for the channel ν̃ ¯̃ν → νν̄): if the neutralino is taken to be heavy

compared with the sneutrino mass the annihilation rate gets reduced, while if
the neutralino is taken to be light the cross section gets enhanced and the relic
abundance is much lower, leading to a larger sets of viable sneutrino configurations.
In the MSSM models this distinction between the two neutralino behavior is not
relevant, since sneutrino are excluded in the interested mass range, however it will
turns out to be very usefull in the extended SUSY models, as we will see. The
dashed-dotted line represents the invisible Z width lower mass bound: we have
plotted the relic abundance in a larger interval for sake of comparison with the
modified models discussed later on.

The relic abundance of the sneutrino is typically very small [96, 97], much lower
than the cosmological range for CDM derived by WMAP, see Eq. 1.6. We conclude
that sneutrinos in the standard MSSM are not good dark matter candidates, except
for masses in a narrow range which we determine to be 600-700 GeV, consistent
with previous analyses [99]. In all the mass range from mZ/2 up to 600 GeV the
sneutrino as LSP are cosmologically viable, namely their relic abundance is below
the WMAP bound, but they are underabundant.

In Fig. 4.1 notice the three dips represent the pole of the Z boson, at m1 =
mZ/2, the h pole, around m1 ' 60 GeV, and the degenerate H, A and H± pole
(H± and A are exchanged in the coannihilation processes). Obviously the higgs
poles may move in the allowed mass range, see Eqs. 3.68 and 3.70, since the higgs
masses are not fixed. At a sneutrino mass of the order of mW, the deep drop is
due to the opening of the W+W− annihilation channel.
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4.2 Right-handed sneutrino models

In this class of models the superfield content of the standard minimal supersym-
metric model is extended by the introduction of right handed neutrino superfields
N I , one for each family generation I. These models possess a rich sneutrino phe-
nomenology and may account for a neutrino mass of Dirac type. Past studies and
references about these models can be found in [106, 107, 108, 109, 110, 111].

The superpotential in Eq. 3.56 gets an additional contribution:

W = εij(µĤ
1
i Ĥ

2
j − Y IJ

l Ĥ1
i L̂

I
j R̂

J + Y IJ
ν Ĥ2

i L̂
I
jN̂

J) (4.3)

where Y IJ
ν is a matrix in flavor space, which we again choose real and diagonal in

flavor space, from which the Dirac mass of neutrinos are obtained mI
D = v2Y

II
ν .

Also the soft–breaking potential gets modified:

Vsoft = (M2
L)IJ L̃I∗i L̃

J
i + (M2

N)IJ Ñ I∗ÑJ − [εij(Λ
IJ
l H

1
i L̃

I
j R̃

J + ΛIJ
ν H

2
i L̃

I
jÑ

J) + h.c.]

(4.4)

where we take both the matrices M2
N and ΛIJ

ν real and diagonal. The diagonal
common entries for M2

N are denoted as m2
N .

The sneutrino mass–term potential is now:

Vmass =

[
m2
L +

1

2
m2
Z cos(2β) +m2

D

]
ν̃∗Lν̃L + [m2

N +m2
D]Ñ∗Ñ + F 2(ν̃∗LÑ + Ñ∗ν̃L)

(4.5)
The parameter F 2, which mixes the left and right handed sneutrino fields is:

F 2 = vΛν sin β − µmDcotgβ (4.6)

In the basis defined by the vector Φ† = (ν̃∗L, Ñ
∗), we can define the sneutrino mass

potential as:

Vmass =
1

2
Φ†LRM

2
LR ΦLR (4.7)

where the squared–mass matrix M2
LR is:

M2
LR =

(
m2
L + 1

2
m2
Z cos(2β) +m2

D F 2

F 2 m2
N +m2

D

)
(4.8)

The Dirac neutrino mass is small, and can be safely neglected. The parameter mN

in general does not depend on the other mass parameters, in particular is not linked
to mL, which instead is related to the charged leptons masses, as discussed in the
previous section 4.1. We are therefore allowed to vary freely mN , and whenever
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mN is small enough, sneutrinos lighter than those encountered in the standard
MSSM models are in principle viable. As long as the left–handed mass mL is
compatible with the mass lower bounds on the charged leptons (which occurs for
mL & 80− 90 GeV) m1 can be small, provided that mN � mL, without entering
in conflict with accelerator bounds. In this case, light sneutrinos may arise, and
the only relevant limit which remains is the one provided by the invisible Z–width,
which we discuss in a moment. Moreover the F 2 term provides an additional source
of splitting between the sneutrino and charged slepton masses.

The off diagonal term F 2 is relevant for the mixing among the mass eigenstates,
obtained by diagonalizing M2

LR. For Λν aligned along the Yukawa matrix Yν ,
i.e. for Λν = ηYν , F

2 is necessarily very small as compared to the diagonal
entries (especially the element (M2

LR)11 of the matrix), because in that case F 2 is
proportional to the neutrino mass mD, and is therefore negligible since both v and
µ are electroweak scale parameters. However, Λν is in general a free parameter.
In this case F 2 ' vΛν sin β may naturally be of the order of the other entries of
the matrix, and induce a sizeable mixing of the lightest sneutrino in terms of left
handed and right handed fields. We define the mixing as follows:{

ν̃1 = − sin θ ν̃L + cos θ Ñ

ν̃2 = + cos θ ν̃L + sin θ Ñ
(4.9)

where θ is the LR mixing angle. Sizeable mixings reduce the coupling to the Z–
boson, which couples only to left handed fields, and therefore have relevant impact
on all the sneutrino phenomenology, as recognized in Refs. [106, 107, 108, 109, 110].
The right handed sneutrino is a sterile component respect to all the supersymmetric
fields except the Higgs bosons, as we can see from the superpotential Eq. 4.3 and
the soft breaking potential Eq. 4.4. The modified interaction vertices are reported
in Appendix A.

Due to the mixing between left and right sneutrino states, the lightest sneutrino
ν̃1 coupling with the Z boson is reduce by a factor sin θ. If ν̃1 is light enough to be
produced in Z decay its contribution to the Z width is given by:

∆ΓZ = sin4 θ
Γν
2

[
1−

(
2m1

mZ

)2
]3/2

θ(mZ − 2m1) (4.10)

The main consequence is that sneutrinos light than mZ/2 are now viable: as we
will show sneutrinos of the order O(1 GeV) are possible for small values of the
mixing angle. Actually a small sin θ means that the sneutrino is essentially a right
handed sneutrino with a small fraction of active component.

The free parameters in the sneutrino sector for the LR model are therefore mL,
mN and F 2. We will vary freely mL, which is not linked to slepton masses by
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gauge invariance, and F 2, while we will take mL in the range from 100 GeV up
to the TeV scale, in order to be compatible with the collider limits for charged
sleptons.

In Figs. 4.4.2, 4.2 and 4.3, we show the correlation between the mixing angle
sin θ, the right handed soft mass mN and the sneutrino mass m1, for different
values of the F 2 parameter and for two different values of the scalar soft mass mL.
In Fig 4.4.2 mL is fixed at 120 GeV: for mN . mL the sneutrinos turn out to
be light and largely mixed with the right handed component Ñ , namely sin θ has
very small values, as can be noticed in Fig. 4.2, and the Z width bound may be
avoided. All the curves start from a value of mN below which the negative mass
squared eigenvalue m2

1 occurs. If we increase mL, as in Fig 4.3, up to 1 TeV the
tachionic bound is meet for small values of mN and the mixing angle diminishes.
For large values of mL and F 2 small mixing can occur also for heavy sneutrinos.

In Figs 4.4, 4.4.2 and 4.5 a full scan over the sneutrino parameter mN and mL is
done, for F 2 = 102 GeV2, 103 GeV2 and 104 GeV2 respectively. The remaining set
of parameters of the supersymmetric model is fixed as described in section 4.1. The
solid [blue] region in the right corner is forbidden from the Z-width bound: notice
that light sneutrinos are allowed in these supersymmetric models provided a small
mixing angle, | sin θ| . 0.4. In the plane m1 − sin θ we plot the phenomenological
viable sneutrino configurations: the black regions are allowed by collider limits,
the red regions have acceptable relic abundance and finally the light blue regions
are compatible with the bounds of direct searches of dark matter. These latter
will be exhaustively considered in the next chapter 5. Consider small values of
F 2: for small mN the mixing angles are typically very small for light sneutrinos,
almost vanishing, namely the lightest sneutrino is already mostly right handed.
For mN ' mL large mixing are still allowed, while when mN > mL the sneutrino
is very similar to the standard MSSM sneutrino, since the left handed component
dominates the mixing. The increase in value of the parameter F 2 leads to a
more rich and interesting phenomenology, since large mixing angles are viable also
for light sneutrinos and, as shown in Figs. 4.4.2 and 4.5 the Z width bound is
important.

A large mixing with the right handed field Ñ is important for the cosmological
properties of the sneutrino: the interactions are reduced and the corresponding
relic abundance gets enhanced. The dependence of the relic abundance on the
sneutrino parameters is plotted versus m1 in Figs. 4.4.2, 4.6 and 4.7; the other
parameters are fixed at the same values used in the previous section. All the
models shown in the plot are acceptable from a point of view of all experimental
constraints, including the invisible Z width. The horizontal solid and dotted line
delimit the WMAP interval for cold dark matter. In the first two plots we have
varied the value of the mixing angle in the range sin θ = 0.1 up to sin θ = 1 (blue
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region), which corresponds to a pure left handed sneutrino, at fixed mL = 120 GeV
and mL = 1 TeV respectively. For a small mL the phenomenological acceptable
configurations are not as different as the standard case for light sneutrinos, while
the relic abundance increases for heavy sneutrinos. A TeV scale mL is more in-
teresting: light sneutrinos are not only viable but can be dominant (in a mass
range from few GeV up to 10 GeV) if the left right mixing is large, indeed the
heavy sneutrinos are less sensible and behave similarly to the previous case. In
Fig. 4.7 it is shown the relic abundance for LR models for a full variation of the
sneutrino parameter space: 120 GeV < mL < 1 TeV, 1 GeV < mN < 1 TeV and
10 GeV2 < F 2 < 104 GeV2. The points with an acceptable relic abundance at
masses below 10 GeV are obtained for models with light neutralinos, assuming
gaugino non universality. The t-channel neutralino exchange is sensitive to neu-
tralino masses: if neutralinos are heavy the cross section gets reduced, while taking
light neutralinos will enhance the corresponding annihilation channels and lead to
acceptable relic abundance for small sin θ.

Contrary to the standard MSSM sneutrino, in LR models sneutrinos may rep-
resent the dominant dark matter component for a wide range of masses, spanning
from few GeV up to approximately 300 GeV. When F 2 is small, as in Fig. 4.4, the
mixing angles have values much lower than 10−2, thus the sneutrinos are practi-
cally pure right handed fields and get high values for the relic abundance, above the
WMAP bounds. In this case only heavy sneutrinos with m1 ≥ mW have accept-
able Ωh2 values, since the annihilation channel into W+W− opens and produces
a sharp drop in the relic abundance and maintain it in the WMAP range until
m1 ' 200 GeV. When F 2 increases, like in Figs 4.4.2 and 4.5, the cosmologically
allowed parameter space opens up. The mixing angles are typically larger than
the previous case and may reach values of the order of 0.3. Light sneutrino, with
mass of 10 or few GeV for F 2 = 103 and F 2 = 104 respectively, become accept-
able. The F 2 term does not modify significantly the phenomenology of the heavy
sneutrino: also in the two latter case, sneutrinos are compatible with the WMAP
observations for masses up to 200-300 GeV.

The analysis presented until now has been done for a specific set of supersym-
metric parameters, with fixed Higgs masses and peculiar neutralino and chargino
masses. We now go further and analyse with a full scan all the SUSY parame-
ter space. The parameter space is defined in Appendix B with the inclusion of
the experimental constraints. For instance the sneutrino parameters are varied
in the following ranges: 100 GeV < mL < 3 TeV, 1 GeV < mN < 1 TeV and
1 GeV2 < F 2 < 106 GeV2.

In Fig. 4.4.2 we show F 2 as a function ofmN ; the crosses [red] refer to sneutrinos
with relic abundance in the cosmological relevant range, while the dots [blue]
denote underabudant sneutrinos. As we noticed, for low values of mN , which turns
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out to drive the sneutrino masses, there is a correlation between the off diagonal
term and the soft right handed mass; at high values of mN , the phenomenological
viable sneutrino configuration are spread in all the parameters range. Fig 4.8
shows the correlation between mL and mN , with the same notation as the previous
picture. Again, the lightest sneutrino mass eigenstates is composed mainly by the
right handed Ñ for mN ≤ mL, while for mN > mL it holds the opposite. Finally
in Fig 4.4.2 we plot the the viable LR models in the plane m1 − sin θ: small
mixing angles, namely sin θ . 3 × 10−2, correspond to heavy sneutrinos (m1 '
O(100 GeV)), while for sin θ & 0.1, the parameter space allows light sneutrinos
as dominant dark matter component. This is clear in Fig 4.9, where the relic
abundance versus m1 is reported, for the full scan in the SUSY parameter space.
The most relevant new feature is that, respect to Figs. 4.6 and 4.7, the mass range
allowed by the cosmological constraints is enlarged up to 800 GeV and all the
interval above the Z pole may lead to strongly subdominant sneutrinos, due either
to the occurrence of the Higgs poles in the annihilation cross section or to the
mixing with the right handed sneutrino field.

We conclude that for a full scan in the parameter space in LR models, af-
ter all experimental constraints are imposed, sneutrino dark matter is perfectly
viable, both as dominant and as subdominant component, for the whole mass
range 15 GeV . m1 . 800 GeV. The lower limit of 15 GeV represents therefore a
cosmological bound on the sneutrino mass in LR models.

4.3 L–number violating sneutrino models

In the presence of L-number violation, sneutrinos can mix with anti-sneutrinos
because there are no other quantum numbers which forbids the mixing. These
models have the same superfield content of the MSSM but in the superpotential
and in the soft breaking potential 6L terms are introduced, leading to a non renor-
malizible lagrangian. Sneutrino mixing phenomena have been discussed [46, 106,
107, 108, 109, 110, 112, 113, 114], in connection also to the problem of the neutrino
masses.

The simplest approach for the neutrino to acquire a Majorana mass term, is
to introduce a gauge invariant five dimensional operator [106, 113, 115, 111] that
violate lepton number by two units (∆L = 2):

L5 =
gIJ
Λ

(
εijL

I
iHj

) (
εklL

J
kHl

)
+ h.c. (4.11)

where the indices I, J label the three slepton generations. The neutrino Majorana
mass term is generated after electroweak symmetry breaking, by the neutral com-
ponents of the doublet Higgs fields, which acquires VEVs. The five dimensional
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term is generated by new physics at the scale Λ, which turns out to be of the order
Λ & 1013 GeV from current bound on light neutrino masses. Such a parameter
close to the GUT scale provides a neutrino mass of the order mM ∼ g2v

2/Λ, where
g2 and v have been defined in section 3.5.1.

This extension of the MSSM superpotential allows L-number violating terms
in the sneutrino lagrangian, the effect of the ∆L = 2 operator is to introduce a
mass splitting and mixing into the sneutrino-antisneutrino sector; the sneutrino
and the antisneutrino will then no longer be mass eigenstates. Therefore the mass
potential is modified as:

Vmass =

[
m2
L +

1

2
m2
Z cos(2β)

]
ν̃∗Lν̃L +

1

2
m2
B(ν̃Lν̃L + ν̃∗Lν̃

∗
L) (4.12)

where mB is a mass parameter that makes the mass lagrangian no longer diagonal
in the (ν̃L ν̃

∗
L) basis. In this basis the squared–mass matrix reads:

M2
6L =

(
m2
L + 1

2
m2
Z cos(2β) m2

B

m2
B m2

L + 1
2
m2
Z cos(2β)

)
(4.13)

and it may be conveniently diagonalized by a rotation into a basis defined by the
CP–even ν̃+ and CP–odd ν̃− sneutrino eigenstates [106]:{

ν̃+ = 1√
2

(ν̃ + ν̃∗)

ν̃− = −i√
2

(ν̃ − ν̃∗)
(4.14)

The states ν̃+ and ν̃− are also mass eigenstates. The squared–mass eigenvalues are
easily computed:

m2
1,2 = m2

L +
1

2
m2
Z cos(2β)±m2

B (4.15)

which implies ∆m2 ≡ m2
2 − m2

1 = 2m2
B. The mixing angle is fixed at the value

θ = π/4.
The Z coupling to sneutrinos is non–diagonal in the (ν̃+, ν̃−) basis, which are

now non–degenerate in mass. The first consequence is that the invisible Z–width
decay occurs via the process Z → ν1ν2 and is therefore modified as:

∆ΓZ =
Γν
2

[
1−

(
m1 +m2

mZ

)2
]3/2

θ(mZ −m1 −m2) (4.16)

Therefore the bound of the Z invisible width is weakened depending on the size of
the splitting ∆m. We let run the scalar mass mL from 80 GeV, to be safe regarding
the collider limit for charged sleptons. If mB is taken to be large enough, close to
its upper limit, which prevents tachionic sneutrinos, m1 may be small andm2 large.
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Thus the sum of the two never get smaller than mZ: in this case the Z invisible
width does not impose limits on light sneutrinos. We will see that sneutrinos of the
order of 10 GeV are now allowed. Thus the parameters relevant for the sneutrino
sector are mL and mB.

In Fig 4.4.2 it is shown the correlation between the one loop correction of the
neutrino mass and the lightest sneutrino mass eigenstate: we see that sneutrinos
light as 10 GeV are perfectly viable in L-number violating models.

The neutrino mass and the sneutrino mass splitting are related as a consequence
of the lepton number violating interactions and supersymmetry breaking. Thus
we can use upper bounds on neutrino masses to set bounds on the sneutrino mass
splitting. In general the existence of a sneutrino mass splitting generates a one loop
contribution to the neutrino mass. This effect is generic and is independent of the
mechanism that generates the sneutrino mass splitting. Similarly the existence of
a Majorana neutrino mass generates a one loop contribution to the sneutrino mass
splitting. However the latter effect can be safely neglected since it is of the order
∆mν̃ ∼ (g2

2/16π2)mν [110]. In contrast the one loop correction to the neutrino
mass is potentially significant and may dominate the tree level mass. These one
loop effects introduce a direct connection of the sneutrino phenomenology to the
neutrino physics. Sneutrino dark matter phenomenology will therefore be bounded
by neutrino physics in a non trivial way.

The one loop contribution to the neutrino mass comes from the neutralino-
sneutrino loop in Fig. 4.4.2 and is given by [111]:

∆m1loop
neutrino ' −

1

32π2

∑
ik

mχ̃0
i
(g2Z2i − g1Z1i)

2 (z2
1k − z2

2k

)(∆B0

∆m2

)
ik

(4.17)

where the Zij are the neutralino mass eigenvalues, defined in Eq. 3.79, while the
zkl are the sneutrino mass eigenvalues, obtained by diagonalizing the mass matrix
Eq. 4.13 and: (

∆B0

∆m2

)
ik

≡
∂B0(mχ̃0

i
,mν̃k)

∂m2
ν̃k

(4.18)

where B0 is the standard 2 point loop integral evaluated at p2 = 0 [116].
The one loop correction is basically proportional to the mass difference be-

tween the two sneutrino mass eigenstates ∆m = m2 − m1, as one can see from
Fig. 4.10. The horizontal dashed lines represent the current kinematical neutrino
mass bounds: 2 eV for electron type neutrinos, 0.2 MeV for muon type neutrinos
and 18 MeV for tau type neutrinos, from [72]. We will consider the bound on the
νe mass as the more reliable limit on the neutrino mass and all our conclusions
will be referred to this limits. Indeed the data from atmospheric oscillations, from
cosmological observations disagree with the kinematical bounds unless more than
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three families are present and/or additional sterile neutrinos are introduced with
special mixing patterns with active neutrinos.

Actually, if we consider a neutrino mass bound of 2 eV, Fig 4.10 shows a strong
degeneracy in the sneutrino mass eigenstates and allows very small mass splittings,
therefore the phenomenology is very similar to the one of the MSSM models,
there are no significant modifications. Instead if the upper neutrino mass bound
comes from the muon type neutrinos, sizeable splittings arise in the sneutrino mass
eigenstates, of the order of 100 MeV; even large mixings are allowed for tau type
neutrinos, of the order of 30 GeV. The latter cases provide light sneutrinos, which
were forbidden in the MSSM due to the Z invisible width bound.

In the calculations of the relic abundance there are some differences respect to
the standard minimal model. The mixing changes some couplings of the sneutrinos,
first of all, as noticed, the off diagonal Z coupling, and therefore the annihilation
channels. The new interaction vertices are reported in Appendix A: as an example
notice that the sneutrino-sneutrino-Higgs couplings A.1 are diagonal in the (ν̃+,
ν̃−) basis, while the sneutrino-neutralino-neutrino A.6 are no more diagonal. In
the calculations of the relic abundance we have now to include the coannihilation
between the two sneutrino mass eigenstates ν̃1 and ν̃2, as reported in Tab 4.2.
When the mass splitting is large the coannihilation cross section gets reduced and
the relic abundance may increase: in fact in the ”STD model“ the Z boson s
channel exchange and the neutralino t channel are very efficient, leading to high
values for the cross section. Instead the greater the splitting in mass between the
coannihilating particles, the less efficient is the annihilation process. Obviously
the coannihilation with the corresponding charged sleptons is taken into account
as in the standard case, see Tab 4.1.

In Fig. 4.11 is shown the relic abundance with a scan over both parameters.
The remaining values of the parameters are the same as for the standard MSSM
model, Sec. 4.1. The resulting relic abundance for a mass bound on the neutrino
mass of 18 MeV is plotted (blue band). This would correspond to the case of a tau
sneutrino dark matter, since we are applying the tau neutrino kinematical mass
bound. We see that the relic abundance increases and light sneutrinos down to
10 GeV are acceptable. Instead if we consider the mass bound of 2 eV on the
electron neutrino, the relic abundance reduces to the standard case of the MSSM,
discussed in the previous section 4.1.
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4.4 Majorana models: implications in the sneu-

trino sector

In this section we will discuss see-saw extend MSSM models, which accommodate
sneutrino mixing phenomena and Majorana masses for the neutrinos compatible
with the observed neutrino mass pattern. These models may be built by adding to
the minimal MSSM right handed neutrino superfields N̂ and L-number violating
terms; they therefore share the properties of both LR models and 6L models and
provide a rich sneutrino phenomenology.

The most general and renormalizable superpotential that contribute to the
masses and non gauge interactions of the neutrinos and sneutrinos is given by [106,
110]:

W = εij(µĤ
1
i Ĥ

2
j − Y IJ

l Ĥ1
i L̂

I
j R̂

J + Y IJ
ν Ĥ2

i L̂
I
jN̂

J) +
1

2
M IJN̂ IN̂J (4.19)

where the matrices M IJ , Y IJ
l and Y IJ

ν are chosen to be real and diagonal, namely
we do not consider flavor mixings. We assume M IJ = MδIJ ; this last term is a
Majorana mass term and a source of L-number violation. The general form of the
soft supersymmetry breaking potential may be written as [111]:

Vsoft = (M2
L)IJ L̃I∗i L̃

J
i + (M2

N)IJ Ñ I∗ÑJ −
[(m2

B)IJÑ IÑJ + εij(Λ
IJ
l H

1
i L̃

I
j R̃

J + ΛIJ
ν H

2
i L̃

I
jÑ

J) + h.c.] (4.20)

where we assume again that the matrices (M2
L)IJ , (M2

N)IJ , (m2
B)IJ ,ΛIJ

l and ΛIJ
ν

are diagonal in the flavor space.
Let us consider the properties of the neutrino masses generated via the see-

saw mechanism [117, 118, 119, 120, 121, 122]. A Dirac mass for the neutrinos is
obtained through the Yukawa interaction as mI

D = v2Y
II
ν , but it is not chosen as a

free parameter. It is instead derived by the condition that the neutrino masses are
determined by the see-saw. The terms quadratic in the neutrino fields are given
in terms of two component fermion fields by:

− Lν =
1

2

(
νTL νcTL

)
Mν

(
νL
νcL

)
+ h.c. (4.21)

with:

Mν =

(
0 mD

mT
D M

)
(4.22)

Provided that M � mD, this matrix is of see-saw type. The neutrino masses are
obtained by diagonalizing Eq. 4.22, neglecting terms of the 1/M : we get one light
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neutrino with mν ' mI
D/M

2 and one heavy neutrino, decoupled from the MSSM
spectrum with a mass roughly at the M scale, for each generation. In our analyses
we will fix, for definiteness, the neutrino mass to be 2 eV, in order to saturate
the bound which comes from the radiative contribution to the neutrino masses
discussed in the section 4.3.

We now turn to the sneutrino sector. Sneutrinos are superposition of the left
handed ν̃L fields and the right handed Ñ fields. Since in the superpotential and
in the soft breaking potential there are L-number violating terms, it is convenient
to work in the CP eigenstate basis, as we did for the 6 L models. The sneutrino
masses are therefore obtained by diagonalizing a 4× 4 squared matrix, given by:

M2
Maj =


m2
L +D +m2

D F 2 +mDM 0 0
F 2 +mDM m2

N +M2 +m2
D +m2

B 0 0
0 0 m2

L +D +m2
D F 2 −mDM

0 0 F 2 −mDM m2
N +M2 +m2

D −m2
B


(4.23)

having defined in accord with Eq. 4.14 the vector basis as Φ† =
(
ν̃∗+ Ñ∗

+ ν̃∗− Ñ∗
−

)
. D

stands for the D-term, defined in Eq. 3.94 and F 2 is defined as Eq. 4.6. Notice that the
sneutrino squared mass matrix separate into CP-even and CP-odd blocks. In general
the terms F 2±mDM induce a left-right mixing of the sneutrino eigenstates, while mB is
responsible for CP splitting. The new mass parameter M is responsible for the left-right
mixing, since it appears in the off diagonal elements of the squared mass matrix M2

Maj .
If it is large it can lead two light sneutrinos and two very heavy sneutrinos decoupled
from the low energy scale spectrum, since it enters also in the diagonal terms. A sizeable
splitting occurs when mDM ' F 2.

The sneutrino eigenstates may be defined as:

ν̃i = Zi1ν̃+ + Zi2Ñ+ + Zi3ν̃− + Zi4Ñ− i = 1, 2, 3, 4 (4.24)

Notice that sneutrinos are now superpositions of CP eigenstates of both the left handed
and right handed neutrino superfield: these models add the properties of mixing with
the right handed component together with an off diagonal Z coupling in a natural way.

The sneutrino sector is now characterized by the following parameters: mL, mN , M ,
mB and F 2. The parameter mL is linked by gauge invariance to the charged slepton
sector, therefore it has to be necessarily larger than about 80-100 GeV to fullfill the
charged slepton mass bounds. The other parameters are free and not directly related
to the electroweak symmetry breaking scale. We will vary freely mN , mB and F 2 as we
did in the previous sections. M is related to the Majorana neutrino mass: typically, in
see-saw models, a natural scale for M is an high energy scale of the order of 109 GeV,
which accommodate a neutrino mass below the eV scale and a Dirac mass term of the
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order of the GeV scale. However another possibility is to consider M ' 1 TeV, leading
to a eV neutrino mass with mD ' 1 MeV, since mD is a Dirac mass term arising from
a Yukawa interaction of unknown strength. We therefore will analyse two different
Majorana models: the first one has a TeV scale Majorana mass term, so it is a low scale
model, which we will call Maj[A], while in the second one, called Maj[B], we choose
109 GeV to be the scale for the Majorana mass parameter. We will see that the choice
of the parameter scale changes strongly the phenomenology.

The models have been analyzed with a scan on all the SUSY parameter space, as
reported in Appendix B; the choice of the sneutrino parameters is indeed discussed when
necessary.

4.4.1 TeV scale Majorana mass term

We consider a see-saw mass scale M of the order of TeV scale. As noticed before the
radiative contribution to the neutrino mass can impose strong bounds on the splitting of
the sneutrino masses. The absolute one loop contribution to the neutrino mass are shown
in Fig. 4.4.2 as a function of ∆m, varying the free parameters as: 102 GeV < mN <
103 GeV, 1GeV < mB < 103 GeV and 1 GeV2 < F 2 < 104 GeV2. In this case we see that
large mass splittings are possible even if we fix the electron type neutrino mass limit as
bound, contrary to the L-number violating case. This is a consequence of the mixing with
the right handed field Ñ , naturally induced in the Maj models: the couplings with the
other MSSM fields are reduced and therefore the radiative contributions to the neutrino
masses are suppressed. This is manifest in Fig. 4.12, where the sterile components of the
sneutrino eigenstates are plotted as a function of the mass splitting ∆m. The correlation
is of direct proportionality, more the sneutrinos are mixed with the sterile fields Ñ , the
larger the allowed splittings between the mass eigenstates are.

The relic abundance arising from these models is shown in Fig 4.4.2 versus the
lightest sneutrino massm1. Notice that Maj[A] models provide sneutrinos as dark matter
dominant component in the whole range spanning from 5 GeV to 1 TeV. Especially
heavy sneutrinos, with a mass greater than mW, can be also underabundant. This is
a consequence of the efficient W+W− annihilation channel and of the Higgs poles. As
compared to the pure LR case, heavy sneutrinos have a more interesting phenomenology
from a cosmological point of view, because of the presence of L-number violating terms.

The distribution of the cosmological acceptable models is shown in Figs. 4.13, 4.4.2
and 4.14. Light sneutrinos typically require small F 2 values, contrary to the LR models,
as denoted in Fig. 4.13. Regarding the mN parameter, light sneutrinos are strongly
correlated to it respect to sneutrino heavier than 100 GeV, Fig 4.4.2. Light sneutrinos
are practically pure right-handed fields, while the CP splitting play an important role
for heavy sneutrinos; indeed, as we can see in Fig 4.14, sneutrino with m1 > mW may be
either strongly mixed with the right components (this is the case for mainly dominant
dark matter sneutrinos) or the sterile components are subleading and they present a left
handed behavior (typically they are subdominant dark matter halo components).
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4.4.2 Large scale Majorana mass term

The so called Maj[B] model is a large scale Majorana mass parameter model. The mass
term is fixed at M = 109 GeV. In this case the large value of M splits the four sneutrino
mass eigenstates into the sets of almost degenerate mass eigenstates: two sneutrinos at
the electroweak scale and two at the M scale respectively arise. The latter sneutrinos
result to be very heavy and decoupled from the particle spectrum. Diagonalizing the
mass matrixMMaj , Eq. 4.23, to first order in 1/M , since it is the largest mass parameter,
the two lightest sneutrino eigenstates have squared masses given by:

m2
ν̃1,2 = m2

L + 1/2m2
Z cos 2β ∓ 1

2
∆m2

ν̃ (4.25)

where the squared mass difference ∆m2 ≡ m2
ν̃2
− m2

ν̃1
is of the order 1/M . Thus in

the large M limit we recover the two degenerate sneutrino states of the MSSM, usually
chosen to be ν̃, ¯̃ν. For finite M , these two states mix with a 45◦ mixing angle and we
are reconduced to the L-number violating case.

These class of models are less rich from a phenomenological point of view compared
with the Majorana low scale models.

In Fig. 4.4.2 it is shown the contributions of the sneutrino mass difference to the
absolute value of one loop neutrino mass. Actually we see that large mass splittings, up to
10 MeV, are allowed, compared with the 6L and Maj[A] models. As in the previous cases,
a full scan in the SUSY parameter space have been done: the arising relic abundance
is plotted in Fig. 4.15, as a function of the sneutrino mass m1. Cosmological relevant
sneutrinos are present only in the range 80 − 90 GeV and 500 − 600 GeV. In the range
from 90 GeV up to 500 GeV sneutrinos are strongly subdominant, while sneutrinos
heavier than 600 GeV are excluded by the WMAP experimental limits.
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Figure 4.1: STD model – Sneutrino relic abundance Ωh2 as a function of the
sneutrino massm1. The higgs masses for the lightest CP–even higgs is 120 GeV, for
the heaviest CP–even H and the CP–odd A is 400 GeV. The solid (dashed) curves
refer to models with (without) gaugino universality. The vertical line denotes
the lower bound on the sneutrino mass coming from the invisible Z–width. The
horizontal solid and dotted lines delimit the WMAP interval for cold dark matter.
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Initial States Annihilation Products Available Channels

ν̃L ˜̄νL νν̄ Z(s),χ̃0
i (t, u) i = 1, 4

ll̄ Z(s), h(s),H(s),χ̃±i (t, u) i = 1, 2
qq̄ Z(s), h(s),H(s)

W+W− Z(s), h(s),H(s), ẽL(t), 4–point
ZZ h(s),H(s), ν̃L(t, u), 4–point

hh,HH, hH h(s),H(s), ν̃L(t), 4–point
AA h(s),H(s), 4–point

Ah,AH Z(s)
H+H− Z(s), h(s),H(s), ẽL(t), 4–point
W+H− h(s),H(s), ẽL(t, u)
Zh,ZH Z(s), ν̃L(t, u)

ZA h(s),H(s)
ν̃Lν̃L νν χ̃0

i (t, u) i = 1, 4
ẽL ˜̄eL νν̄ Z(s), χ̃±i (t, u) i = 1, 2

ll̄ γ(s),Z(s), h(s),H(s),χ̃0
i (t, u) i = 1, 4

qq̄ γ(s),Z(s), h(s),H(s)
W+W− γ(s),Z(s), h(s),H(s), ν̃L(t), 4–point

ZZ h(s),H(s), ẽL(t, u), 4–point
γγ ẽL(t, u), 4–point
Zγ ẽL(t, u), 4–point

hh,HH, hH h(s),H(s), ẽL(t, u), 4–point
AA h(s),H(s), 4–point

Ah,AH Z(s)
H+H− γ(s),Z(s), h(s),H(s), ν̃L(t), 4–point
W+H− h(s),H(s), ν̃L(t)
Zh,ZH Z(s), ẽL(t, u)

ZA h(s),H(s)
ẽLẽL ll χ̃0

i (t, u) i = 1, 4
ν̃L ˜̄eL νē W+(s), χ̃0

i (t, u) i = 1, 4
W+Z W+(s), ẽL(t), ν̃L(t), 4–point
W+γ W+(s), ẽL(t), 4–point

W+h,W+H W+(s),H+(s), ẽL(t), ν̃L(t)
W+A H+(s)
ZH+ H+(s), ẽL(t), ν̃L(t)
γH+ H+(s), ẽL(t)
AH+ W+(s), 4–point

ν̃LẽL νll χ̃0
i (t, u) i = 1, 4

Table 4.1: Summary of the sneutrino annihilation and coannihilation channels.
For definiteness, we report here the case of the first family.
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Figure 4.2: LR model – Upper panel: Lightest sneutrino mass eigenstate m1 as a
function of the right handed soft mass parameter mN for different values of the
off diagonal F 2 term. The solid [black], dashed [blue], dot–dashed [green] and
dot–dot–dashed [red] lines denote F 2 = 10, 102, 103, 104 respectively. The soft
mass parameter mL is fixed at the value of 120 GeV. Lower panel: Sneutrino left–
right mixing angle θ as a function of the right handed soft mass parameter mN

for different values of the off diagonal F 2 term. The solid [black], dashed [blue],
dot–dashed [green] and dot–dot–dashed [red] lines denote F 2 = 10, 102, 103, 104

respectively. The soft mass parameter mL is fixed at the value of 120 GeV.
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Figure 4.3: LR model – Sneutrino left–right mixing angle θ as a function of the
right handed soft mass parameter mN for different values of the off diagonal F 2

term. The solid [black], dashed [blue], dot–dashed [green] and dot–dot–dashed
[red] lines denote F 2 = 10, 102, 103, 104 respectively. The soft mass parameter mL

is fixed at the value of 1 TeV.
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Figure 4.4: LR model – Sneutrino mass m1 as a function of the sneutrino left–right
mixing angle θ with F 2 fixed at the value 102 GeV2 and for a scan of themL andmN

soft parameters in the ranges: 120 GeV < mL < 1 TeV and 1 GeV < mN < 1 TeV.
The down right [blue] region is excluded by the Z invisible width bound, the black
area denotes the regions where the sneutrino has a relic abundance out of the
WMAP limits, the red area refers to cosmological viable sneutrinos while the light
[light blue] dots are in accord with the direct detection experimental bounds of
DAMA, see next chapter 5.3. The white areas are not covered by the models for
the choice of the parameters adopted here.
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Figure 4.5: LR model – Upper panel: Sneutrino mass m1 as a function of the
sneutrino left–right mixing angle θ with F 2 fixed at the value 103 GeV2 . Lower
panel: Sneutrino mass m1 as a function of the sneutrino left–right mixing angle θ
with F 2 fixed at the value 104 GeV2. The scan on themL andmN soft parameters is
in the ranges: 120 GeV < mL < 1 TeV and 1 GeV < mN < 1 TeV. The down right
[blue] region is excluded by the Z invisible width bound, the black area denotes the
regions where the sneutrino has a relic abundance out of the WMAP limits, the
red area refers to cosmological viable sneutrinos while the light [light blue] dots
are compatible with the direct detection limits of CDMS, see next chapter 5.3.
The white areas are not covered by the models for the choice of the parameters
adopted here.
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Figure 4.6: LR model – Upper panel: Sneutrino relic abundance Ωh2 as a function
of the sneutrino mass m1 at fixed mL = 120 GeV. Lower panel: Sneutrino relic
abundance Ωh2 as a function of the sneutrino mass m1 at fixed mL = 1 TeV. The
solid [black] curve denotes the standard MSSM relic abundance, while the band
[blue] refers to all viable sneutrino configurations varying the sneutrino left–right
mixing angle θ in the range 0.1 < sin θ < 1. The higgs and neutralino masses are
defined as Fig. 4.1. The horizontal solid and dotted lines [yellow band] delimit the
WMAP interval for dark matter.
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Figure 4.7: LR model – Scatter plot of the sneutrino relic abundance Ωh2 as
a function of its mass m1 with a scan over the F 2, mN and mL parameters in
the following ranges: 10 GeV2 < F 2 < 104 GeV2, 1 GeV < mN < 1 TeV and
120 GeV < mL < 1 TeV. The higgs and neutralino masses are defined as Fig. 4.1.
All the models shown in the plot are acceptable from the point of view of the
all experimental constraints. The horizontal solid and dotted lines [yellow band]
delimit the WMAP interval for dark matter.
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Figure 4.8: LR model – Upper panel: F 2 off diagonal term as a function of the right
handed soft mass parameter mN for a full scan of the supersymmetric parameter
space. The sneutrino parameters are varied as follows: 100 GeV < mL < 3 TeV,
1 GeV < mN < 1 TeV and 1 GeV2 < F 2 < 106 GeV2. The ranges of the other rel-
evant parameters is described in the text. Lower panel: Soft left mass parameter
mL as a function of the right soft mass mN for a full scan of the supersymmetric
parameter space. Crosses [red] refer to models with sneutrino relic abundance in
the cosmologically relevant range, dots [blue] refer to cosmologically underabun-
dant sneutrinos and open circles [black] denote configurations which have direct
detection cross section in the current sensitivity range.
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Figure 4.9: LR model – Upper panel: Sneutrino left–right mixing angle θ as a
function of the sneutrino mass m1 for a full scan of the supersymmetric parameter
space. The sneutrino parameters are varied as Fig 4.4.2. Crosses [red] refer to mod-
els with sneutrino relic abundance in the cosmologically relevant range, dots [blue]
refer to cosmologically underabundant sneutrinos and open circles [black] denote
configurations which have direct detection cross section in the current sensitivity
range. Lower panel: Sneutrino relic abundance as a function of the sneutrino mass
m1 for a full scan of the supersymmetric parameter space. The sneutrino parame-
ters are varied as Fig 4.4.2. Dots [blue] refers to all the models acceptable from the
point of view of the all experimental constraints. The horizontal solid and dotted
lines [yellow band] delimit the WMAP interval for dark matter.
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Initial States Annihilation Products Available Channels

ν̃iν̃i i = 1, 2 ll̄ h(s),H(s)
qq̄ h(s),H(s)

W+W− h(s),H(s), ẽL(t), 4–point
ZZ h(s),H(s), ν̃L(t, u), 4–point

hh,HH, hH h(s),H(s), ν̃L(t), 4–point
AA h(s),H(s), 4–point

H+H− h(s),H(s), ẽL(t), 4–point
W+H− h(s),H(s), ẽL(t, u)
Zh,ZH ν̃L(t, u)

ZA h(s),H(s)
ν̃1ν̃2 νlνl χ̃0

i (t, u) i = 1, 4
ll̄ Z(s),χ̃±i (t, u) i = 1, 2
νν̄ Z(s),χ̃0

i (t, u) i = 1, 4
qq̄ Z(s)

W+W− Z(s)
Ah,AH Z(s)
H+H− Z(s)
Zh,ZH Z(s)
ll̄ χ̃±i (t, u) i = 1, 2

Table 4.2: Summary of the ν̃1ν̃1 and ν̃2ν̃2 annihilation and ν̃1ν̃2 coannihilation
channels in 6L models.
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Figure 4.10: 6L model – Upper panel: Neutralino-sneutrino loop diagram contribut-
ing to the one loop corrections to the neutrino mass. Lower panel: Correlation
between ∆m1loop

neutrino and ∆m for a scan of the sneutrino mass parameters varied
in the interval: 80 GeV < mL < 1000 GeV and 10−4 GeV < mB < 102 GeV. The
lightest neutralino is a pure bino of 1 TeV mass. The dashed [red] horizontal lines
represents the current νe, νµ and ντ mass bounds, respectively.
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Figure 4.11: 6 L model – Upper panel: Absolute value of the one loop correction
to the neutrino mass vs the lightest sneutrino mass eigenstate. The parameters
are as in Fig. 4.10. The horizontal dashed [red] lines denote upper limits on
neutrino masses, as labelled. Lower panel: Sneutrino relic abundance Ωh2 as a
function of the sneutrino mass m1. The solid [black] curve is the standard MSSM
relic abundance, while the [blue] band represents the viable values of the relic
abundance for a scan of the sneutrino parameters, 10−4 GeV < mB < 102 GeV
and 80 GeV < mL < 1000 GeV. All the other parameters have been defined in
Fig. 4.1. The horizontal solid and dotted lines delimit the WMAP interval for cold
dark matter.
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Figure 4.12: Maj[A] model – Upper panel: Absolute one loop contributions to the
sneutrino mass |∆m1loop

neutrino| versus the mass splitting of the two lightest sneu-
trino CP eigenstates ∆m for a Majorana mass M = 1 TeV. The scan over
the sneutrino mass parameters covers the range: 102 GeV < mN < 103 GeV,
1 GeV2 < F 2 < 104 GeV2 and 1 GeV < mB < 103 GeV. The horizontal lines
denote the neutrino experimental mass bounds, as labelled. Lower panel: Ster-
ile component of the lightest sneutrino field as a function of the mass splitting
of the two lightest sneutrino CP eigenstates, for the low scale Majorana model,
M = 1 TeV.
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Figure 4.13: Maj[A] model – Upper panel: Sneutrino relic abundance Ωh2 as a
function of the lightest sneutrino CP mass eigenstate m1 for a Majorana mass
parameter fixed at M = 1 TeV. All the models shown in the plot are acceptable
from the point of view of all experimental constraints. The horizontal solid and
dashed lines denote the WMAP interval for cold dark matter. Lower panel: F 2

off diagonal term as a function of the lightest sneutrino mass m1 for a full scan
of the supersymmetric parameter space in the Majorana low scale model class,
M = 1 TeV. The other sneutrino parameters are varied as in Fig. 4.4.2. Crosses
[red] refer to models with sneutrino relic abundance in the cosmologically relevant
range, dots [blue] refer to cosmologically underabundant sneutrinos and open cir-
cles [black] denote configurations which have direct detection cross section in the
current sensitivity range.
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Figure 4.14: Maj[A] model – Upper panel: Right handed soft mass parameter mN

as a function of the lightest sneutrino massm1 for a full scan of the supersymmetric
parameter space. Lower panel: Sterile component of the lightest sneutrino field as
a function of the lightest sneutrino mass m1. The low scale Majorana mass is fixed
at M = 1 TeV. The remaining sneutrino parameters are varied as in Fig. 4.4.2.
Crosses [red] refer to models with sneutrino relic abundance in the cosmologically
relevant range, dots [blue] refer to cosmologically underabundant sneutrinos and
open circles [black] denote configurations which have direct detection cross section
in the current sensitivity range.
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Figure 4.15: Maj[B] model – Upper panel: |∆m1loop
neutrino| versus the mass splitting

of the two lightest sneutrino CP eigenstates ∆m. Lower panel: Sneutrino relic
abundance Ωh2 as a function of the lightest sneutrino CP mass eigenstate m1. The
Majorana mass parameter is fixed at M = 109 GeV. The sneutrino parameters are
in the same range of Fig. 4.4.2. All the models shown in the plot are acceptable
from the point of view of all experimental constraints. The horizontal solid and
dashed lines denote the WMAP interval for cold dark matter.



Chapter 5

Sneutrino direct detection
properties

The dark matter particles move in the Milky Way halo, so it is worthwhile from the
point of view of both cosmology and particle physics, to explore the possibility to detect
them. This can be done directly in terrestrial detectors sensitive to the nuclear recoil
caused by the passing wind of dark matter particles. If sneutrinos are indeed the CDM
constituents, there should be a flux of these particles in the Galaxy and of course in the
solar neighborhoods.

The most important direct detection process is elastic scattering off nuclei, although
inelastic processes [123] and scattering on electrons [124] have also been suggested in the
literature.

The recoil energy transferred in a collision between an incident particle of mass m
and velocity v and a nucleus of mass mN in the detector upon the scattering angle θ is
given by:

ER =
m2mN

(m+mN )2
v2 (1− cos θ) (5.1)

Therefore the mean energy of the process is of the order:

< ER >' KeV
(
mN
GeV

)(
m

(m+mN )

)2
(5.2)

where we have considered a WIMP mean velocity in the Galactic halo to be v ' 10−3 c '
300Km/s. The recoils have energy of the order of a few KeV, so detectors should in
principle have high sensitivity to heavy nuclei recoils and a good background rejection,
in order to deal with such a low energy and rare signals. Moreover notice that particle
detectability depends upon the particle mass and velocity and on the choice of the target
material.

We will first discuss, in Sec. 5.1, the main properties of the direct detection rates
and the astrophysical uncertainties that may affect the predictions. Then referring to
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the sneutrino particles, we will discuss their elastic cross section properties, Sec. 5.2.
The major current experiments are presented in section 5.3. Finally in the last sections
we present the results of the various supersymmetric models: we will see that standard
sneutrino, Sec 5.4 are almost completely ruled out by direct detection limits, the same
holds for sneutrino in L-number violation models 5.6. Instead LR models, Sec 5.5 and
Maj models, Sec. 5.7, provide viable signals for direct detection.

5.1 Detection rate and differential spectrum

The rate of CDM particles detection can be obtained by folding in the flux of the WIMPs
with the probability of their interactions in the detector. For particles with speed w with
respect to the Earth and massm and a detector with threshold energy Eth the differential
event rate is given by [125, 126]:

dR
dER

=
∑
i

NT,i
ρ�
m

∫
d−→wf(−→w )

dσi
dER

(w,ER) (5.3)

where NT,i is the number of the target nuclei of the i species per unit of mass, since
the detector can be monoatomic like Ge detectors, but in general may be built by
different types of nuclei, like NaI. f(−→w ) denotes the WIMP distribution function in
the Earth frame (w = |−→w |), usually defined as in Eq. 1.10 to be an isotropic Maxwell
-Boltzmann distribution for an isothermal non rotating halo. dσi/dER is the WIMP-
nucleus differential cross section, with ER, the energy of the nuclear recoil, defined in
Eq. 5.1. ρ� is the local value of the total non baryonic dark matter density, defined in
Sec. 1.2. Notice that the direct detection rate is proportional to ρ�, therefore only the
parameters in the neighborhoods of the sun are outstanding.

The WIMP velocities in the galactic halo are small, typically of the order of β =
v/c ' 10−3. Therefore the WIMP nucleus interactions is a low energy process and can
be simplified in the following way:

dσi
dER

(w,ER) =
dσi
dER

(w, 0)F 2
I (ER) (5.4)

where Fi is the nucleus form factor, which takes into account the finite dimension of the
nucleus. For coherent interaction it is usually parameterized by the Helm form [127]:

F (q2) =
3j1(r0)
qr0

e(−1/2q2s2) (5.5)

where s ' 1 fm is the thickness of the nucleus surface, r0 = (r2−5s2)1/2 with r = 1.2A1/3

fm being the mean nucleus radius and finally j1(r0) is the first kind spherical Bessel
function.

At low energy, q2 → 0, the WIMP–nucleus differential cross section is isotropic, thus
is holds:

dσi
dER

(w, 0) =
σi

EmaxR

(5.6)
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where σi is the total elastic scattering cross section on pointlike nucleus, and EmaxR is
the maximum recoil energy:

EmaxR =
2m2mN

(m+mN )2
w2 (5.7)

Therefore the differential event rate can be rewritten as:

dR
dER

=
∑
i

Ri
〈EmaxR 〉

F 2
i (ER)Ii(ER) (5.8)

where 〈EmaxR 〉 is the maximum recoil energy mediated over the velocity in the Earth
frame, Ri contains the contributions from the WIMP nucleus interactions and from the
local density distribution of the dark matter particles:

Ri = NT,i
ρ�
m
σi〈w〉 (5.9)

and:

Ii(ER) =
〈w2〉
〈w〉

∫ wmax

wmin
R

dw
f(w)
w

(5.10)

with wminR is the minimum detectable velocity, given by:

w2
min =

Eth(m+mN )2

2m mN
(5.11)

while wmax is the escape velocity of the WIMPs, usually taken to be 500− 600 km/s for
a truncated Maxwell-Boltzmann velocity distribution.

The total event rate is given by:

R =
∫ E0

R

Eth
R

dR
dER

(5.12)

where the threshold recoil energy EthR depends on the detector characteristics and E0
R

is usually chosen to maximize the signal to noise ratio. As we have seen, the recoil
energies are of the order of few KeV; instead of measuring directly the nuclei recoil, the
detectors are based on different techniques, which are sensible to the effects of the recoil,
like scintillation, heat production and ionization. In order to deal with the experimental
data we define the electron equivalent energy Eee:

Eee = QER (5.13)

where Q is the quenching factor and depends on the detector properties. Typical values
for the quenching factor are of the order of the percent.

The direct searches are affected by many uncertainties of nuclear and astrophysical
source. Regarding the particle physics the main problem comes from the WIMP–nucleus
differential cross section at low energy: sizeable uncertainties are due to the estimate
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of the hadronic matrix elements, which describes the quark density contents in the
nucleon. In the calculation of the hadronic matrix element the so called pion–nucleon
sigma term is crucial in the determination of the quark couplings: the determination of
its numerical value from experimental data is rather involved, see Refs. [128, 129]. From
an astrophysical point of view, coming back to Eq. 5.3, we stress that extracting an
information about the WIMP nucleus cross section from the experimental data requires
the use of a specific expression for the velocity distribution function f(−→w ). The main
problem arises from the velocity distribution of WIMPs in the galactic halo [22]. We
have poor indications on the velocity distribution profile: different kind of halo models
may change drastically the exclusion regions in the experimental data. Usually the
velocity distribution function is dependent not only on the halo density profile but also
on the density distribution of all the other galactic components. The bulge can be
described by using a spheroidal distribution which gives a sizeable contribution inside
the first kpc from the galactic center, and is truncated at about r ' 2kpc. The disk
has an an exponential distribution which in most of the models dies away at about 4
kpc from the galactic center. Therefore we will assume that in the solar neighborough
ρvis � ρDM [130]. The key parameters for direct detection searches are the local mean
velocity v0 ' 220 km/s in the galactic rest frame, leading to 〈w〉 ' 300 km/s in the
Earth frame, and the local density, usually assumed ρ� ' 0.3 GeV/cm3.

5.2 Elastic cross-section on nuclei and nucleon

Dark matter particles scatter off of the detector nuclei with elastic cross section given
by [131]:

σN =
(

m2mN
π(m+mM)2

)
|M|2 (5.14)

where M is the invariant amplitude, constant at low energy.
The invariant amplitude can receive contributions from three different sources: weak

Spin Independent (SI) interactions, weak Spin Dependent interactions (SD) and strong
interactions. The sneutrino interaction with the nucleus is purely SI, namely the sneutri-
nos undergo coherent interactions proportional to the nucleon number or to the mass of
the nucleus. The dominant channel is a t channel Z boson exchange, while a sub-leading
contribution comes from the Higgs mediated t channel. Thus the sneutrino elastic cross
section is the sum of the two contributions:

σN = σZ
N + σh,H

N (5.15)

Let us first consider the Z mediated channel. The scattering rate in the non rela-
tivistic limit for any particle that scatters off of nuclei by Z exchange was computed by
Goodman and Witten [131]. Sneutrinos have a vector couplings to Z bosons, since for
such particles the axial couplings, which only produce small spin-dependent effects, can
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be neglected. At low energy (q2 → 0), the weak scattering amplitude is:

MZ =
g2
1 + g2

2

m2
Z

J0
ν̃J

0
T (5.16)

where J0
ν̃ and J0

T are the zero components of the weak neutral currents of the sneutrino
and the target nucleus. For the sneutrino, J0

ν̃ depends only on the hypercharge, J0
ν̃ =

Ȳ /2, with Ȳ = 1/2(YR + YL). For a nucleus with N neutron and Z protons, we define
N̄ = N − (1− 4 sin2 θW )Z; then J0

T = N̄/4. Hence the scattering amplitude is:

MZ = GF
Ȳ N̄√

2
(5.17)

with GF the Fermi constant. Substituting in Eq. 5.14 the cross section through Z
exchange reads:

σZ
N = G2

F Ȳ
2N̄2

(
m2 m2

N
2π(m+mN )2

)
(5.18)

The result applies to all particles with vector couplings to the Z boson. Especially it holds
in the case of massive Dirac neutrinos [125], nevertheless the annihilation phenomenology
is very different from that of sneutrinos.

Hereafter rewriting Eq. 5.18, using Y = 1 the coherent Z exchange scattering for the
sneutrino becomes:

σZ
N =

G2
F

2π
m2 m2

N
(m+mN )2

(
A+ 2(2 sin2 θW − 1)Z

)2 (5.19)

The parameter A refers to the atomic number of a nucleus of mass mN .
For a general LSP, scalar Higgs exchange contributes to the coherent scattering

amplitude [132]. The Higgs bosons couple to light (u, d, s) quarks, whose masses and
nucleonic matrix elements 〈N |qq̄|N 〉 have to be taken from non perturbative model
estimates. Moreover they couple to heavy quarks, whose abundance in the nucleon
can be calculated perturbatively and may be determined using an effective lagrangian
approach, which amounts to keeping only the leading term in an expansion in the inverse
quark mass. These latter contributions can be understood as being due to an effective
LSP gluon interaction, multiplied with the matrix element 〈N |FµνFµν |N 〉 related to
the nucleon mass (Fµν is the gluon field strength tensor). Therefore, the Higgs–bosons
exchange cross section is derived in analogy to the neutralino scattering cross section
mediated by the Higgs bosons, following [133, 134]. The sneutrino coherent cross section
mediated by the Higgs bosons turns out to be:

σh,HN =
m2
N

4π(m1 +mN )2
(fpZN + fn (AN − ZN ))2 (5.20)

where fp and fn denote the effective coupling of the sneutrino to the nucleus, whose
determination (like in the case of neutralino–nucleus scattering) is rather involved and
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we do not reproduce it here. Details may be found for instance in Refs. [128, 129]. For
the case of sneutrinos, the effective couplings may be written as:

fi = mN

u,d,s∑
q

kq +
c,b,t∑
Q

kQ

 i = n, p

where kq and KQ are defined as:

kq = fTq

∑
j=1,2

cjν̃c
j
q

m2
hj

kQ =
2
27
fTG

∑
j=1,2

cjν̃c
j
Q

m2
hj

(5.21)

where cjν̃ denote the sneutrino-Higgs couplings, ciq and ciQ the quark-Higgs couplings,
fTq is the nucleon mass fraction due to light quark q and fTG

= 1 −
∑u,d,s

q fTq . From
the analyses of Refs. [128, 129] we derive the following numerical values: fTu = 0.023,
fTd

= 0.034 and fTs = 0.14 for the proton and fTu = 0.019, fTd
= 0.041 and fTs = 0.14

for the neutron. We remind that these quantities are affected by a sizeable uncertainty
which can increase the direct detection cross section up to a factor of a few [128].

To compare theoretical expectations with experimental data, and experimental data
of different detectors among themselves, it is useful to convert the WIMP–nucleus cross
section to the WIMP–nucleon cross section. This procedure is feasible independently of
the nuclear model and of the specific nature of the WIMP only under the hypothesis that
the coherent cross section is dominant and the WIMPs couple equally to protons and
neutrons. Under this assumption, the sneutrino nucleon cross section and the sneutrino
nucleus cross section is given by:

σ
(scalar)
nucleon = σN A2 m2

N

m2
N

(1 +mN /m)2

(1 +mN/m)2
(5.22)

where mN is the nucleon mass (proton or neutron mass). Actually in the theoretical
predictions for the sneutrino nucleon scattering and in the comparison with the experi-
mental data we will use a slightly different definition of the elastic cross section. Let us
introduce ξ as the fractional amount of local non-baryonic DM density:

ξ = min(1,
Ων̃h

2

ΩCDMh2
) (5.23)

therefore the effective cross section will be ξσ(scalar)
nucleon , namely we take into account the

possibility that the sneutrinos may be subdominant in the dark matter halo.
In Fig. 5.2 we compare the Z mediated and the Higgs mediated elastic channels

for the sneutrino in the standard minimal model of Sec 4.1; as previously mentioned,
the Z t channel is very efficient, compared to the Higgs channels, which are two order
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of magnitude lower than the Z channel for light sneutrinos (m1 < mZ/2) and become
almost six order lower for heavy sneutrinos, m1 ' 1 TeV. The dips in the ξσ(scalar)

nucleon

are due to the ξ factor, which is proportional to Ωh2. The dependence on the relic
abundance introduces a dependence on 〈σannv〉 in the rescaling factor: clearly we see
that the dips corresponds to the resonant Z and Higgs annihilation s channels. The
elastic scattering cross section by itself would not present a resonant behavior, since it
is a t channel process.

5.3 Present experiments and results

Many deep underground experiments have been designed or are planned for direct de-
tection of non baryonic dark matter. We will briefly comment two of them: DAMA/NaI
at Laboratori Nazionali del Gran Sasso (I) and CDMS at the Soudan Underground Lab-
oratory (USA). These two experiments deal with different target nuclei and detection
techniques and are representative of the two classes of experiments that are currently
running. For an exhaustive and detailed description of the present and future direct
detection experiments see e.g. [135, 136].

To obtain a reliable signature for WIMPs it is convenient to follow a model inde-
pendent approach. In principle three main possibilities exist, based on the correlation
between the distribution of the events and the galactic motion of the Earth:

• correlation of the recoil direction with that of the Earth velocity due to the dis-
tribution of dark matter particles velocities; it is very hard to realize;

• correlation of the time occurrence of each events with the diurnal rotation of
the Earth: this effect can be appreciable only for relatively high cross section
candidates;

• the annual modulation signature: it is able to test a wide range of cross sections
and of WIMP halo densities.

The annual modulation of the signal rate is induced by the Earth revolution around
the sun, see Fig. 5.1; as a consequence, the Earth is crossed by a larger WIMP flux in
June (when its rotational velocity is summed to the one of the solar system with respect
to the galactic frame) and by a smaller one in December (when the two velocity are
subtracted). The relation between the WIMP velocity −→w in the Earth frame and −→v
respect to the galaxy, is given by:

−→v = −→v ⊕ +−→w
−→v ⊕ = −→v � +−→v ⊕rot (5.24)

where −→v ⊕ and −→v � denote the velocities of the Earth and the Sun in the Galactic rest
frame (|−→v �| ' v0 + 12km/s), and −→v ⊕rot is the Earth’s orbital velocity around the sun
(|−→v ⊕rot | ' 30km/s). Projecting Eq. 5.24 in the galactic plane, we get:

|−→v ⊕| = |−→v �|+ |−→v ⊕rot | cos γ cos{ω(t− t0)} (5.25)
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Figure 5.1: Earth frame projected on the galactic plane, where the rotational
velocity v⊕ of the sun in the Galaxy is shown and the relative motion of the Earth
around the sun, w; from [135].

where γ is the inclination of the plane of rotation with respect to the galactic one,
ω = 2π/T with T = 1 year, and t0 ' 2nd June. The change in the reference frame of
Eq. 5.24 to Eq. 5.25 introduces a time dependence in the expected rate.

DAMA/NaI [137, 138, 139, 140, 141] is a highly radio-pure 100 Kg NaI scintilla-
tion experiment, and is designed to detect the annual modulated signature of a WIMP.
The Na and I nuclei have a non zero spin value, therefore they are sensitive both to
SI and SD couplings. The purely SI scenario represents only a particular case of the
more general framework of a WIMP candidate with mixed SI and SD interactions. The
model independent approach on the data offers an evidence of an annual modulation
signal. The 7 annual cycle data favor the presence of a modulated cosine–like behavior,
which is inferred to the annual modulation of the signal, at 6.3 σ C.L., compatible with
different WIMP models and elastic couplings. In the figures which report the theoreti-
cal predictions for sneutrino detection in the various SUSY models, the allowed DAMA
region is interpret as due to particle interaction, see e.g. Fig 5.3. The region has been
calculated [22] by analysing the annual modulation signal present in the DAMA/NaI
data in terms of relic WIMP with purely coherent interactions and by taking into ac-
count the astrophysical uncertainties arising from galactic halo modeling. Further in-
sight into the annual modulation signature are expected from the upcoming results of
the DAMA/LIBRA experiment, which is currently running with a mass of 250 Kg [142].

The second class of experiments do not attempt to exploit the annual modulation
signature, but instead rely on the development of background rejection techniques in
order to reduce the background signals to the sum of low neutrons plus dark matter
recoils. This type of experiments provide upper bounds on the scattering cross section
of nuclei.
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CDMS [143, 144] is designed to detect recoils of atomic nuclei that have been scat-
tered by incident WIMPs in Germanium (Ge) and Silicon (Si) crystals (72 Kg x day with
a 1.5 Kg Ge plus 0.6 Kg Si detector). The search is most sensitive to spin-independent
DM-nucleon scattering amplitudes. Coherent superposition of SI cross sections gives Ge
better sensitivity than Si, except for small WIMP masses, where the kinematics increase
the Si sensitivity. The experiment discriminates nuclear recoil from electron recoils by
measuring both the ionization and phonon energies of interactions within the cryogenic
detectors. The data analysis discard all the possible events, therefore up to now no
signals have been detected. Hence the bounds set by CDMS should be regarded as an
exclusion upper limits on the WIMP-nucleon SI elastic cross section. The upper bound
strongly depends on the WIMP model and on the halo velocity distribution. In the fig-
ures comparing the sneutrino nucleon elastic scattering with the CDMS results, see e.g.
Fig 5.4, we can see three different curves, which have been calculated taking into account
three different galactic halo model: the upper curve is the more conservative limit and is
obtained from a spherical density distribution by non isotropic velocity dispersion, the
central curve denotes the standard isothermal sphere, while the lower curve is calculated
using an axisymmetric density distribution ρDM [22].

We briefly mention the recent results from the XENON10 Collaboration (15 Kg
active liquid Xe) [145]. They have been presented with an exposure of 136 Kg x day and
appear more stringent than the CDMS bounds by a factor which ranges from 2 to 10,
depending on the WIMP mass. These upper bounds refer to a isothermal density halo
model only.

5.4 MSSM sneutrinos direct detection

The experimental results, namely the positive indication in the DAMA/NaI data versus
the upper limits of CDMS, have different nature and there is no solid criterion to con-
sistently combine the various experimental results, therefore we will present our direct
detection analyses by comparing separately our results with the DAMA/NaI region and
with the CDMS upper bounds.

Let us turn now to the standard MSSM sneutrino results, shown in Figs. 5.3 and 5.4.
The sneutrino nucleon elastic cross section on nucleon is compared with the DAMA/NaI
annual modulation region in the former plot. Notice that minimal supersymmetric sneu-
trinos as dark matter are strongly constrained [99] but some very specific configurations
are still viable and could explain the annual modulation effect. The predictions match
with the experimental data only in regions of the parameter space where the sneutrinos
are highly subdominant. Indeed MSSM sneutrino are still viable, when the sneutrino
mass matches the pole condition for annihilation through a light Higgs. However, since
the masses of the Higgs bosons may vary, the dips in ξσ

(scalar)
nucleon may occur at any value

of the sneutrino mass above mh/2, where mh is the lightest CP-even Higgs, bounded
from below at mh & 93 GeV [72]. Thus sneutrinos in a mass range from mZ/2 up to 200
GeV may be compatible with the DAMA/NaI annual modulation region. In principle
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this may appear a fine tuned condition, but it is not as different as the case of relic
neutralinos in mSUGRA models, where the relic abundance is typically acceptable only
in very specific regions of the parameter space, where strong coannihilation occurs or
the pole of the A-boson is met [104, 105, 146].

On the contrary, the mass range 600-700 GeV, where sneutrinos are dominant com-
ponents of the dark matter halo, is clearly excluded by direct detection.

In Fig. 5.4 minimal standard sneutrinos scalar cross section ξσ
(scalar)
nucleon are compared

with the CDMS bounds. We see that there are three different curves, see Sec. 5.3,
regarding the experimental limits: the dotted curve denotes the upper bound for a
standard isothermal halo and excludes totally sneutrinos as dark matter. The dashed
line refers to the more conservative upper bounds and leads to some very marginal room
for MSSM sneutrinos, when the sneutrinos stay on the CP-even light Higgs pole. In the
dot–dashed curve an axisymmetric halo model is taken into account and sneutrinos are
completely exclude by this stringent upper limit.

The analyses agree with previous results which excluded the standard minimal sneu-
trino as a dominant component of dark matter [99, 147]. But still we consider the
subdominant sneutrinos as viable relic particles and we have shown that there is, in very
limited and restricted mass ranges, a possibility for the MSSM sneutrinos.

Sneutrinos are subdominant or excluded by direct detection since the t channel Z
boson exchange in the elastic cross section off nuclei is very efficient and some orders
of magnitude greater than the Higgs channel exchange. The extended supersymmetric
models present a more rich phenomenology in the direct detection analyses, since the
sneutrino coupling to the Z gauge boson is reduced or is off diagonal.

5.5 Right-handed model direct detection

The main feature of these extended SUSY models is that sneutrinos are mixed eigenstates
of the left ν̃L field and of the right handed sterile Ñ field. Therefore the coupling of
the sneutrino with the Z gauge boson is reduced proportionally to the left–right mixing
angle sin θ and consequently the elastic cross section on nucleon through Z exchange,
see Eq. 5.19, is reduced by a factor sin4 θ. Also the Higgs mediated cross section, see
Eq. 5.20, results modified as:

ξσh
nucleon ∝ ξ

(
F 2 sin 2θ − cos 2β sin2 θ

)2 (5.26)

using the LR interaction vertices in Appendix A.
Let us discuss first the LR models scanned over the sneutrino mass and mixing

parameters with fixed SUSY Higgs, neutralinos and charginos sectors, as described in
Sec 4.2. In Figs. 5.5, 5.6 and 5.7 the sneutrino nucleon cross section ξσ(scalar)

nucleon is reported
as a function of the sneutrino mass m1 for progressively larger values of F 2. The direct
detection bounds, although relevant for many configurations, now is easily evaded. Most
of the configurations are allowed and a large fraction of these would be a candidate to
explain the DAMA/NaI annual modulation signal and/or are not excluded by the CDMS
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upper bounds. The compatibility with sneutrino dark matter and the annual modulation
signal increases when F 2 is increased, especially for light sneutrinos. Fig 5.5 shows a
lower mass bound of 80 GeV, which is due to the relic abundance bound, as discussed
previously in relation with Fig 4.4: most of the cosmological viable configurations are
compatible with the direct detection bounds. When F 2 is increased, lighter sneutrinos
become possible configurations, as it is shown in Fig 5.6. Here we see that the sneutrinos
mass can span from 10 GeV up to 200 GeV respect to the CDMS conservative upper
limit, and sneutrino in the mass range from 10 GeV up to 60 GeV can account for the
DAMA annual modulation signal. In Fig 5.7, for F 2 = 104 GeV2 the situation is even
better, the sneutrino in all the whole mass range are compatible with direct detection
searches, without invoking fine tuned conditions for the parameters.

In Figs. 5.8 and 5.9 we report a scan over the left right mixing angle for mL = 120
GeV and mL = 1 TeV, respectively. The black solid curve represent the value of the
standard sneutrino elastic scattering through Z exchange and the blue band denote all
the allowed configurations for a scan of sin θ in the range from 0.1 (lower band limit) up
to 0.9 (upper limit of the band). For small mixing, namely large sin θ, ξσ(scalar)

nucleon is not
that sensible to the mixing and the reduction is small, therefore these LR models need
some fine tuning in the sneutrino parameters to be compatible with the experimental
constraints. If sin θ gets small a large compatibility range open up leading to viable
sneutrino configurations in the mass range from few GeV up to the TeV. In these cases
the elastic scattering through Z exchange is almost completely suppressed and the only
contributions arise from the Higgs t channel.

Let us now turn to the full scan on the SUSY parameter space, as described in
Appendix B, for a more general analysis. Only points which are accepted by cosmological
constraint are shown, namely cosmologically dominant sneutrinos are denoted by red
crosses and subdominant dark matter halo component by blue dots.

In Fig 5.10 we show the dependence of the sneutrino nucleon cross section on the
left right mixing angle sin θ. The green band denotes the sensitivity of the current ex-
periment for direct searches. As discussed before, except for some configurations with
values of sin θ & 0.5 which are excluded, both dominant and subdominant sneutrinos
with mixing angle in the range 0.1 to 0.5 are at the current sensitivity of the direct
detection experiments. For small values of sin θ the predicted cross section is some order
of magnitude lower than the present sensitivities. In Fig 5.11 the sneutrino nucleon cross
section as a function of m1 is shown. The presence of the mixing with the right handed
Ñ field allows the possibility to have viable sneutrino cold dark matter. A fraction of
configurations are excluded by direct detection, but contrary to the standard MSSM
models, a large portion of the SUSY parameter space is compatible with the direct de-
tection bounds, both for dominant and for subdominant sneutrinos. The occurrence of
sneutrinos which are not in conflict with direct detection limits and that could account
for the annual modulation effect in DAMA/NaI is a very interesting feature of these
models. We plotted in Fig 5.12 the direct detection relevant cross section ξσ

(scalar)
nucleon

and the sneutrino relic abundance Ωh2, with the yellow vertical band representing the
WMAP interval for cold dark matter. Notice that cosmologically dominant (or slightly
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subdominant) sneutrinos are compatible with the direct detection bounds and may be
detected in the near future and can account for the annual modulation signature in the
DAMA data. As before, there are configurations of the parameters which lead to dom-
inant sneutrino with a low elastic scattering cross section: these sneutrinos correspond
to almost pure right handed sneutrino. Moreover we see that there are configurations
which are at the right level of experimental sensitivities but are strongly subdominant;
in this case the dark matter halo is composed mainly of different DM candidates but
nevertheless represents a relic species from the early Universe potentially detectable in
the experiment sites.

5.6 L number violating sneutrino direct detec-

tion

The 6 L models allow for L-number violating terms in the superpotential and in the
soft supersymmetry breaking potential, as described in Sec. 4.3. The main feature of
such terms is the introduction of a splitting in the sneutrino masses and a rotation of
the sneutrino eigenstates into a CP basis. In this new basis the resulting sneutrino Z
boson coupling is no longer diagonal. Therefore the elastic scattering through t channel
exchange of a Z becomes an inelastic reaction, namely instead of the process ν̃ +N →
ν̃+N one has to produced the heaviest state, ν̃1+N → ν̃2+N . It is a simple kinematical
constraint that ν̃1 can only scatter inelastically off of a nucleus with a mass mN if:

∆m <
β2m1mN

2(m1 +mN )
(5.27)

with ∆m = m2−m1, as defined in Sec. 4.3. This effect need to be taken into account in
the calculations for the direct detection cross section. The inelasticity effect produces a
suppression in the direct detection rates, which depends on the energy of the recoil, the
type of nucleus and on the energy threshold of the detector, as discussed in Sec. 5.1. We
define a suppression factor for direct detection as:

S =
R(E1, E2;∆m)
R(E1, E2; 0)

(5.28)

where R(E1, E2;∆m) and R(E1, E2; 0) denote the direct detection rate integrated in
the energy range (E1, E2) and calculated for a sneutrino mass splitting ∆m and for the
standard MSSM case (∆m = 0) respectively. We chose the quenched energies to be
Eee1 = 2 KeV and Eee2 = 10 KeV for the Iodine at DAMA/NaI and Eee1 = 10 KeV
and Eee2 = 100 KeV for the Germanium, in the CDMS detectors. These Eee values
correspond to the threshold energy for the two experiments. Instead of modifying the
experimental results (since we can not do separately for each configuration of the model
parameter space) in order to introduce the effects of the suppression factors, as done
in [107, 108, 109], we compare the standard experimental curves with a suppressed
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scattering process. Thus we redefine the scattering cross section as:[
ξσ

(scalar)
nucleon

]
eff

= S(ξσ(scalar)
nucleon)Z + (ξσ(scalar)

nucleon)h,H (5.29)

where the Z mediated scattering incorporates the suppression factors.
In Fig 5.7.2 we show the ratio of the suppression factors for the case of the Iodine and

Germanium nuclei, which are more sensitive to coherent scattering respect to Na and Si
nuclei. Notice that for sneutrinos lighter than 200 GeV the detection rates in CDMS can
be much more suppressed than in the DAMA/NaI experiment. This is a consequence
of the different responses of the two detectors to the dark matter distribution function
and mass, as a consequence of the different quenching factors and thresholds energies.
Thus 6 L models can provide a realization of inelastic dark matter models, proposed in
Refs. [107, 108, 109]: if the dark matter can only scatter by making a transition into
a slightly heavier state the CDMS and DAMA/NaI are no longer in conflict, since in
DAMA there could be some significant regions of sensitivity that are inaccessible to the
existing Ge experiments.

In Fig 5.13 the suppression factors are plotted as function of the one loop contribution
to the neutrino mass. As we did in the last section, if we consider 2 eV as the neutrino
mass bound, the suppression factors are close to one, so we could not expect great
differences respect to the standard MSSM case. If instead we consider the tau neutrino
mass bound, we notice that the scattering off nuclei through Z exchange is totally drop
out, therefore in Eq. 5.29 only the Higgs mediated process survives, with a consequent
reduction of ξσ(scalar)

nucleon , see Fig. 5.2.
Finally the last plot in Fig. 5.14 shows the sneutrino nucleon cross section in terms of

the sneutrino mass m1: the blue band represents configurations in the sneutrino param-
eter space (see Sec 4.3 for the parameter values), considering 18 MeV the neutrino mass
bound. We see that light sneutrinos are compatible with the upper bound of CDMS,
in the mass range from 10 GeV up to the Z pole scale. This is due to the large mass
splitting of the two sneutrino states which effectively suppresses direct detection medi-
ated by the Z boson. Such configurations provide viable dark matter candidates, even
if subdominant, only by taking into account the tau neutrino mass bound. Assuming
the more reliable electron neutrino mass bound it is recovered the minimal MSSM case.
Heavy sneutrino, m1 > mZ/2 are ruled out by direct detection if the annihilation cross
section does not match the Higgs poles conditions, as discussed for the standard case.

5.7 Majorana models and direct detection rates

See–saw models, including a Majorana mass term, provide naturally a mass splitting in
the sneutrino mass eigenstates, diagonal in the CP basis, and introduce right handed
sneutrino Ñ fields with a consequent mixing between left and right handed sneutrinos.
Therefore, as discussed in the case of L–number violating models, also in Majorana
models the direct detection rate is suppressed from the inelasticity of the sneutrino
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nucleon scattering. Thus the definition of the scattering cross section on nuclei is given
by Eq. 5.29.

5.7.1 TeV scale Majorana mass term

In Fig 5.15 we shown the suppression factor for Germanium and Iodine as a function of
the one loop contributions to the neutrino mass. In this case values of the order of 10−5

for the suppression factors are viable even if we consider the neutrino mass bound to be
2 eV. Again the Ge nuclei show a greater suppression respect to the Iodine nuclei.

Direct detection is shown in Fig 5.16, where the sneutrino nucleon coherent scattering
ξσ

(scalar)
nucleon is plotted as a function of the sneutrino mass m1 and the scan is done over

all the parameter space of the SUSY model, as explained in Appendix B. The blue dots
refers to subdominant halo components, while the red crosses denote dominant sneutrino
configurations. We clearly notice that sneutrinos may be divide in three different classes,
depending on the values of ξσ(scalar)

nucleon . Configurations on the top of the plot are certainly
excluded by direct detection. On the left corner light sneutrinos may not only explain
the annual modulation region but appear the dominant component of dark matter.
Heavy sneutrinos on the right are not compatible with the DAMA/NaI region but are
acceptable if we consider the CDMS upper bounds; in this case they can be either
dominant or subdominant halo dark matter components.

In Fig 5.17 we report the sneutrino nucleon scattering ξσ(scalar)
nucleon in correlation with

the sneutrino relic abundance Ωh2: almost all the cosmologically relevant configurations
are under investigation or under reach of direct detection studies. Majorana models
(with a TeV scale Majorana mass) provide a more rich phenomenology compared to
the LR models, where dominant sneutrinos were mainly excluded by direct detection or
possess very low values of the coherent cross section of nucleon.

5.7.2 Large scale Majorana mass term

In Sec. 4.4.2, we have seen that large mass splitting are allowed, interesting for the
inelasticity properties [106, 107, 108, 109].

In these models direct detection comes back as a very stringent bound, as we can
see in Fig 5.19: almost all the sneutrino configurations are excluded. There is very
marginally room only for subdominant halo components in the intermediate mass range
around 100 GeV.

Fig. 5.19 shows an inverse correlation between the inelastic scattering ξσ(scalar)
nucleon and

the relic abundance Ωh2: sneutrinos in the relevant interval of WMAP are excluded by
direct detection bounds. Only a small fraction of subdominant sneutrinos may account
for the annual modulation signal.
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Figure 5.2: Contributions to the sneutrino nucleon cross section ξσ
(scalar)
nucleon as func-

tion of the sneutrino mass m1. The solid [black] curve denote the Z mediated t
channel, while the dashed [blue] curve refers to the Higgs exchange channel. The
vertical dashed line represent the Z width bound. The experimental curves which
refer here to the upper limit from the CDMS experiment [143, 144, 148] (presented
in the next section 5.3), as re–evaluated in Ref. [148] for three different galactic
halo models which delimit the uncertainty band. The dotted line refers to the
standard isothermal sphere with v0 = 220 km s−1 and ρ0 = 0.3 GeV cm−3. The
upper dashed line refers to a cored–isothermal sphere with a core radius of 5 Kpc
(model B1 in Ref. [148]) and with v0 = 170 km s−1 and ρ0 = 0.2 GeV cm−3. The
lower dashed–dotted line refers to an axisymmetric density profile with a power–
law potential (model C3 in Ref. [148]) with v0 = 270 km s−1 and ρ0 = 1.66 GeV
cm−3.



Sneutrino direct detection properties

Figure 5.3: STD model – Sneutrino–nucleon scattering cross section ξσ
(scalar)
nucleon as

a function of the sneutrino mass m1, for the same set of parameters of Fig. 4.1.
The solid (dashed) curves refer to models with (without) gaugino universality.
The vertical line denotes the lower bound on the sneutrino mass coming from
the invisible Z–width. The dashed–dotted curve shows the DAMA/NaI region,
compatible with the annual modulation effect observed by the experiment [137,
138, 139, 140, 141].
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Figure 5.4: STD model – Sneutrino–nucleon scattering cross section ξσ
(scalar)
nucleon as a

function of the sneutrino mass m1. Notations are as in Fig. 5.3, except for the
experimental curves which refer here to the upper limit from the CDMS experiment
[143, 144, 148], as re–evaluated in Ref. [148] for three different galactic halo
models which delimit the uncertainty band. The dotted line refers to the standard
isothermal sphere with v0 = 220 km s−1 and ρ0 = 0.3 GeV cm−3. The upper
dashed line refers to a cored–isothermal sphere with a core radius of 5 Kpc (model
B1 in Ref. [148]) and with v0 = 170 km s−1 and ρ0 = 0.2 GeV cm−3. The lower
dashed–dotted line refers to an axisymmetric density profile with a power–law
potential (model C3 in Ref. [148]) with v0 = 270 km s−1 and ρ0 = 1.66 GeV cm−3.
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Figure 5.5: LR model – Sneutrino–nucleon scattering cross section ξσ
(scalar)
nucleon as

a function of the sneutrino mass m1, for F 2 = 102 GeV2 and for a scan of the
soft mass parameters mL and mN in the ranges: 120 GeV < mL < 1 TeV and
1 GeV < mN < 1 TeV. The higgs and neutralino masses are defined as Fig. 4.1.
The dot-dashed region shows the DAMA/NaI region [137, 138, 139, 140, 141], as
Fig 5.3. All the configurations have a relic abundance compatible with the WMAP
bound.
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Figure 5.6: LR model – Sneutrino–nucleon scattering cross section ξσ
(scalar)
nucleon as a

function of the sneutrino mass m1, for F 2 = 103 GeV2 and for a scan of the soft
mass parameters mL and mN in the ranges: 120 GeV < mL < 1 TeV and 1 GeV <
mN < 1 TeV. The higgs and neutralino masses are defined as Fig. 4.1. The dashed,
dotted and dot-dashed curves denote the CDMS upper bounds [143, 144, 148], as
in Fig 5.4. All the configurations have a relic abundance compatible with the
WMAP bound.
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Figure 5.7: LR model – Sneutrino–nucleon scattering cross section ξσ
(scalar)
nucleon as

a function of the sneutrino mass m1, for F 2 = 104 GeV2 and for a scan of the
soft mass parameters mL and mN in the ranges: 120 GeV < mL < 1 TeV and
1 GeV < mN < 1 TeV. The higgs and neutralino masses are defined as Fig. 4.1.
The dot-dashed region shows the DAMA/NaI region[137, 138, 139, 140, 141], as
Fig 5.3. All the configurations have a relic abundance compatible with the WMAP
bound.
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Figure 5.8: LR model – Sneutrino–nucleon scattering cross section ξσ
(scalar)
nucleon

as a function of the sneutrino mass m1. The solid [black] curve denotes the
standard MSSM cross section, while the band [blue] refers to all viable sneu-
trino configurations varying the sneutrino left–right mixing angle θ in the range
0.1 < sin θ < 1, for mL fixed at 120 GeV. The higgs and neutralino masses are
defined as Fig. 4.1. The dashed, dotted and dot-dashed curves denote the CDMS
upper bounds [143, 144, 148], as in Fig 5.4.
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Figure 5.9: LR model – Sneutrino–nucleon scattering cross section ξσ
(scalar)
nucleon as a

function of the sneutrino mass m1. The solid [black] curve denotes the standard
MSSM cross section, while the band [blue] refers to all viable sneutrino configura-
tions varying the sneutrino left–right mixing angle θ in the range 0.1 < sin θ < 1,
for mL fixed at 1 TeV. The higgs and neutralino masses are defined as Fig. 4.1.
The dot-dashed region shows the DAMA/NaI region[137, 138, 139, 140, 141], as
Fig 5.3.
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Figure 5.10: LR model – Sneutrino–nucleon cross section ξσ
(scalar)
nucleon as a func-

tion of the left right mixing angle sin θ for a full scan in the SUSY parameter
space. The sneutrino parameters are varied as follows: 100 GeV < mL < 3 TeV,
1 GeV < mN < 1 TeV and 1 GeV2 < F 2 < 106 GeV2. Crosses [red] refer to models
with sneutrino relic abundance in the cosmologically relevant range; open circles
[blue] denote sneutrino configurations cosmologically subdominant. The horizontal
[green] band represents the sensitivity of the current direct detection experiments.
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Figure 5.11: LR model – Sneutrino–nucleon cross section ξσ
(scalar)
nucleon as a function

of the sneutrino mass m1 for a full scan in the SUSY parameter space. The sneu-
trino parameters are varied as in Fig 5.10. Crosses [red] refer to models with
sneutrino relic abundance in the cosmologically relevant range; open circles [blue]
denote sneutrino configurations cosmologically subdominant. The dot-dashed re-
gion shows the DAMA/NaI region[137, 138, 139, 140, 141], as Fig 5.3.
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Figure 5.12: LR model – Sneutrino–nucleon cross section ξσ
(scalar)
nucleon versus the sneu-

trino relic abundance Ωh2 for a full scan in the SUSY parameter space. The
sneutrino parameters are varied as in Fig 5.10. Crosses [red] refer to models
with sneutrino relic abundance in the cosmologically relevant range; open circles
[blue] denote sneutrino configurations cosmologically subdominant. The horizontal
[green] band represents the sensitivity of the current direct detection experiments.
The vertical [yellow] band denotes the WMAP interval for cold dark matter.
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Figure 5.13: 6 L model – Upper panel: Ratio of the suppression factor for Ger-
manium and Iodine as a function of the sneutrino mass m1. The sneutrino
mass parameters are varied in the ranges: 10−4 GeV < mB < 102 GeV and
102 GeV < mL < 103 GeV. Lower panel: Suppression factor of the direct detection
rate as a function of the absolute value of the one loop contribution to the neutrino
mass. The sneutrino mass parameters are varied as 10−4 GeV < mB < 102 GeV
and 102 GeV < mL < 103 GeV. Crosses [blue] refer to the Iodine nucleus, open
circles [green] to Germanium nucleus. The vertical lines denote the upper limit on
the neutrino masses, as labelled.
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Figure 5.14: 6L model – Sneutrino–nucleon scattering cross section ξσ
(scalar)
nucleon as a

function of the sneutrino mass m1. The solid [black] curve denotes the standard
MSSM cross section, while the band [blue] refers to the sneutrino–nucleon cross
section for a scan of the sneutrino parameters, 10−4 GeV < mB < 102 GeV and
80 GeV < mL < 1000 GeV. The higgs and neutralino masses are defined as
Fig. 4.1. The dashed, dotted and dot-dashed curves denote the CDMS upper
bounds [143, 144, 148], as in Fig 5.4.
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Figure 5.15: Maj[A] model – Suppression factor of the direct detection rate as a
function of the absolute value of the one loop contribution to the neutrino mass
for a Majorana mass parameter M = 1 TeV. The sneutrino mass parameters are
varied as 1 GeV < mB < 103 GeV, 102 GeV < mN < 103 GeV and 1 GeV2 <
F 2 < 104 GeV2. Crosses [blue] refer to the Iodine nucleus, open circles [green] to
Germanium nucleus. The vertical lines denote the upper limit on the neutrino
masses, as labelled.
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Figure 5.16: Maj[A] model – Sneutrino–nucleon cross section ξσ
(scalar)
nucleon as a function

of the sneutrino mass m1 for a full scan in the SUSY parameter space with a Ma-
jorana mass scale M = 1 TeV. The sneutrino parameters are varied as: 102 GeV <
mN < 103 GeV, 1 GeV < mB < 103 GeV and 1 GeV2 < F 2 < 104 GeV2. Crosses
[red] refer to models with sneutrino relic abundance in the cosmologically relevant
range; open circles [blue] denote sneutrino configurations cosmologically subdomi-
nant. The dot-dashed region shows the DAMA/NaI region[137, 138, 139, 140, 141],
as Fig 5.3.
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Figure 5.17: Maj[A] model – Sneutrino–nucleon cross section ξσ
(scalar)
nucleon versus the

sneutrino relic abundance Ωh2 for a full scan in the SUSY parameter space with
a Majorana mass scale M = 1 TeV. The sneutrino parameters are varied as in
Fig 5.16. Crosses [red] refer to models with sneutrino relic abundance in the
cosmologically relevant range; open circles [blue] denote sneutrino configurations
cosmologically subdominant. The horizontal [green] band represents the sensitivity
of the current direct detection experiments. The vertical [yellow] band denotes the
WMAP interval for cold dark matter.
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Figure 5.18: Maj[B] model – Sneutrino–nucleon cross section ξσ
(scalar)
nucleon as a function

of the sneutrino mass m1 for a full scan in the SUSY parameter space with a
Majorana mass scale M = 109 GeV. The sneutrino parameters are varied as
follows: mN = 0, 103 GeV < mB < 108 GeV and 1 GeV2 < F 2 < 104 GeV4.
Crosses [red] refer to models with sneutrino relic abundance in the cosmologically
relevant range; open circles [blue] denote sneutrino configurations cosmologically
subdominant. The dot-dashed region shows the DAMA/NaI region[137, 138, 139,
140, 141], as Fig 5.3.
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Figure 5.19: Maj[B] model – Sneutrino–nucleon cross section ξσ
(scalar)
nucleon versus the

sneutrino relic abundance Ωh2 for a full scan in the SUSY parameter space with
a Majorana mass scale M = 109 GeV. The sneutrino parameters are varied as
in Fig 5.18. Crosses [red] refer to models with sneutrino relic abundance in the
cosmologically relevant range; open circles [blue] denote sneutrino configurations
cosmologically subdominant. The horizontal [green] band represents the sensitivity
of the current direct detection experiments. The vertical [yellow] band denotes the
WMAP interval for cold dark matter.



Chapter 6

Sneutrino in the light of indirect
dark matter searches

Dark matter particles are distributed in the Galactic halo and may annihilate in pairs
producing a bunch of possible signals. Among these signals, antimatter, in particular
antiprotons and antideuterons, and gamma rays may be produced. During the process of
formation of the solar system, dark matter particles could be captured by gravitational
attraction into heavy bodies, like the Sun and the Earth and there annihilate. The
only annihilation products which can escape are neutrinos. The energy scale of the
annihilation products is determined by the mass of the dark matter particles.

In the following sections we briefly summarize the main features of the antimatter,
gamma rays and neutrino fluxes originating from dark matter annihilation. In Section 6.4
we discuss the theoretical expected indirect signals from sneutrino interactions in our
Galaxy, in the minimal and extended supersymmetric scenarios of Chapter 4.

6.1 Antiproton and antideuterium signals

In general antimatter production is expected from dark matter particles annihilation
in our Galaxy: positrons e+, antiprotons p̄ and antideuterons D̄ are produced. In this
Section we will consider the two latter type of antiparticles. Referring to antiprotons,
many data have been collected by BESS [149, 150] and will be soon improved by the large
statistics provided by the PAMELA satellite [151] and by the AMS [152] collaboration
on board of the ISS. The D̄ signal is very weak, therefore antideuterium nuclei have
not yet be found by the balloon experiment BESS, but more promising searches will be
offered once more by AMS and by the GAPS [153, 154] spectrometers.

Secondary antiprotons are naturally produced by spallation of primary nuclei, mostly
cosmic ray protons and helions, on the diffuse gas of the Milky Way ridge. If sneutrinos
pervade our Galaxy a primary component adds up to that secondary distribution. The
spectral distortion that ensues is expected a priori in the low energy region for mere
kinematic reasons: unlike for a sneutrino annihilation, the center of mass frame for
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spallation event is not at rest with respect to the Galaxy. In principle an excess of low
energy antiprotons is a signature of an unconventional production, such as sneutrino
annihilation.

The antiproton production differential rate [155] per unit volume and time is a func-
tion of space coordinates (r, z defined in the Galactic rest frame) and of antiproton
kinetic energy Tp̄:

qSUSY
p̄ (r, z, Tp̄) =

1
2
〈σv〉0 g(Tp̄)

(
ρν̃(r, z)
mDM

)2

(6.1)

where 〈σv〉0, defined in Eq. 2.54, denotes the average over the Galactic velocity distri-
butions of the dark matter particle (which are highly non relativistic since their average
velocity is of the order of β ∼ 10−3) annihilation cross section and ρν̃(r, z) denotes the
sneutrino density distribution, which is assumed to be proportional to the total dark
matter density distribution as ρν̃(r, z) = ξρDM (r, z) (with ξ defined in Eq. 5.23), in
order to take into account both dominant and subdominant sneutrino relics. Finally the
second term in Eq. 6.1, denotes the antiproton differential spectrum per annihilation
event:

g(Tp̄) =
1

σann

dσann(ν̃ν̃ → p̄+X)
dTp̄

=
∑
f

BRf

(
dNf

p̄

dTp̄

)
(6.2)

where f lists all the sneutrino annihilation final state particles which can subsequently

produce antiprotons with a branching ratio BRf and
dNf

p̄

dTp̄
denotes the differential energy

distribution of the antiprotons generated by f . The production and decay chain of
each final state follows semi–analytic calculations, until a quark is produced [155]. We
use detailed fits and interpolations over the results of PYTHIA [156] simulations for
the treatment of the processes involved in the quark hadronization and the subsequent
hadron decays.

The source term qSUSY
p̄ (r, z, Tp̄) is therefore a combination of astrophysical factors

and of particle physics properties (the sneutrino self annihilation cross section and the
hadronization into antiprotons of the annihilation products), and can be factored out.

Once the p̄ are produced they diffuse throughout the Galaxy: the propagation is
affected by many physical processes, such as diffusion, scattering, energy losses, anni-
hilation and reacceleration. The antiproton source spectra are therefore propagated in
the galactic environment to determine the antiproton flux at the local position in the
Galaxy Φ(R�, 0, Tp̄):

qSUSY
p̄ (r, z, Tp̄) −→ ΦIS(R�, 0, Tp̄) (6.3)

The propagation of cosmic rays antiprotons has been considered in the framework of a
two–zone diffusion model, which has been described at length in Refs. [155]. We notice
that the antiproton signal does not depend strongly on the critical behavior of the dark
matter density profiles [155]; therefore respect to an isothermal cored profile a NFW
density distribution produces fluxes which are only 20% higher. The main uncertainty,
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relevant for the antiproton signals, comes from the lack of knowledge of the shape of
the diffusion zone and which affects the propagation parameters. The diffusion model
has five free parameters δ, K0, L, Vc and VA. The disk of the Galaxy is described as
a thin disk of radius R = 20 Kpc, which contains the interstellar gas and is embedded
n a thicker diffusive halo, supposed to have a cylindrical shape with the same radius
R as the disk and height L which is not well known. The matter density is much
lower in the diffusion halo so that spallation of the charged nuclei occur only in the
disk. Moreover the standard sources also happen to be located in the disk. The spatial
diffusion of cosmic rays is assumed to occur uniformely in the whole (disk and halo)
diffusion volume, with the same strength. The corresponding diffusion coefficient has
been defined as K(E) = k0β(R/1GV)δ, where R stands for the particle rigidity and K0

and δ are free parameters of the model. We also consider the possibility that a Galactic
wind blows the particles away from the disk in the z vertical direction, with a constant
speed Vc. It induces an adiabatic dilution of the energy of the particles in the disk due
to the sudden change in Vc. One of the processes that modify the antiproton energy
distribution is a minimal reacceleration on random hydrodynamics waves, i.e. diffusion
in momentum space. This process is assumed to occur only in the disk and is related
to the velocity of disturbances in the hydrodynamical plasma VA, called Alfven velocity.
The sets of diffusion parameters are constrained by analysing stable nuclei (mainly by
fitting the boron to carbon ratio B/C). The predictions for secondary antiprotons in
this thesis are done using the astrophysical parameters reported in [155]: δ = 0.70,
K0 = 0.0112 kpc2/Myr, L = 4 Kpc, Vc = 12 km/s and VA = 52.9 km/s provide the
median supersymmetric antiproton flux, while δ = 0.46, K0 = 0.0765 kpc2/Myr, L = 15
Kpc, Vc = 5 km/s and VA = 117.6 lead to the maximal antiproton signal.

The fluxes we obtain after propagation are the interstellar fluxes of antiprotons at the
Sun’s position in the Galaxy. We have to further propagate them inside the heliosphere
where the cosmic ray particles which eventually reach the Earth are affected by the
presence of the solar wind; the top–of–atmosphere (TOA) antiproton flux ΦTOA

p̄ is
obtained as in Ref. [155]. The solar modulation has the effect of depleting the low
energy tail of the antiproton flux. The effect is clearly more pronounced for periods of
strong solar activity, when the solar wind is stronger. In our analysis we have considered
the minimum of the solar activity.

We mentioned before that an excess of antiprotons is in principle expected in the low
energy tail of the antiproton spectrum, since sneutrinos are highly non relativistic in the
Galaxy and therefore annihilate almost at rest. However because secondary antiprotons
undergo inelastic yet non annihilating collisions in the interstellar medium, the high
energy particles tend to lose energy and to populate the low energy tail of the spectrum
that consequently is much flatter than previously estimated. This motivates the search of
other cosmic ray signatures such as antideuterium D̄ [157]. The nuclei of antideuterium
are less sensitive to such problems. As for the antiprotons, light antinuclei result from the
interaction of high–energy cosmic-ray protons with the interstellar gas of the Milky Way
disk. They form when an antiproton and an antineutron merge. The two antinucleons
must be at rest with respect to each other in order that fusion takes place successfully.
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For kinematic reasons, a spallation reactions create very few low–energy particles. Low–
energy secondary D̄ are even further suppressed. Energy loss mechanisms are also less
efficient in shifting the antideuterium energy spectrum towards low energies. On the
other hand, supersymmetric antideuterium nuclei are manufactured at rest with respect
to the Galaxy. In sneutrino annihilations, antinucleons are predominantly produced
with low energies. This feature is further enhanced by their subsequent fusion into
antideuterons, hence a fairly flat spectrum arises [157]. Below a kinetic energy per
nucleon of TD̄ = 1−3 GeV/n, secondary antideuterons are quite suppressed with respect
to their supersymmetric partners. That low–energy suppression is orders of magnitude
more effective for D̄ than for p̄, but antideuteron fluxes are quite small with respect to
antiproton fluxes. The production of antideuterons is more involved than antiprotons
production, the calculation of the probability for the formation of an antideuteron can
proceed in two steps [157]. We first need to estimate the probability for the creation of
an antiproton-antineutron pair. Then, those antinucleons merge to yeld an antinucleus
of deuterium. The D̄ propagation and the T.O.A. flux are evaluated in Ref. [157].

6.2 Gamma rays

Dark matter would be not so dark after all, since ν̃ − ν̃ annihilation in the galaxies is
expected to lead, among other final states previously described, to a γ’s signal which
could in principle be detected above known backgrounds. Moreover the γ do not interact
with the galactic magnetic field, therefore they trace the source. Since the dark matter
annihilation rate is proportional to the square of its density, a signal enhancement is
expected in high density regions like the center of our Galaxy. Such gamma rays might
be identified by forthcoming or just operating atmospheric Cerenkov telescope such as
MAGIC [158], HESS [159] or satellite detectors like EGRET [160, 161] and GLAST [162].

The diffuse photon flux from dark matter annihilation in the galactic halo, coming
from a given direction in the sky defined by an angle of view ψ from the galactic center,
and observed by a detector with angular resolution θ can be written as [163]:

dΦγ

dEγ
(Eγ , ψ, θ) =

dΦSUSY

dEγ
(Eγ)× Φ(ψ, θ) (6.4)

The energy dependence in the γ differential flux, is given by the annihilation spectrum:

dΦSUSY

dEγ
(Eγ) =

1
4π
〈σannv〉0
2m2

DM

∑
f

dNf
γ

dEγ
BRf (6.5)

where, once again, 〈σannv〉0 is the dark matter self–annihilation cross section times

the relative velocity of the two annihilating particles, dNf
γ

dEγ
is the differential photon

spectrum for a given f annihilation final state with branching ratio BRf . The geometry
dependence for the diffuse emission of our Galaxy is given by the line–of–sight integral:

Φ(ψ, θ) =
∫

∆Ω(ψ,θ)
dΩ′

∫
l.o.s.

ρ2
DM

(
r(λ, ψ′)

)
dλ(r, ψ′) (6.6)
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where r is the galactocentric distance, related to the distance λ from us by the relation
r =

√
λ2 +R2

� − 2λR� cosψ and ∆Ω(ψ, θ) is the solid angle of observation pointing in
the direction of observation ψ and for angular resolution of the detector θ. Notice that
Eq. 6.4 is factorized into two distinct terms: a cosmological factor Φ which takes into
account the geometrical distribution of DM in the galaxy and a supersymmetric factor
ΦSUSY which contains the information about the nature of dark matter.

Assessing the size of such signals depends on many uncertain aspects of both astro-
physics, related to Φ, and particle physics, related to ΦSUSY. For instance the central
structure of the DM halo is far from being well determind, as mentioned in Sec. 1.2
and this can lead to uncertainties on the calculation of expected gamma rates spanning
several orders of magnitude. A sensitive issue is the presence of substructures in galactic
halos, which can change predictions as compared to a smooth mass distribution. Also
important and rather unknown are effects of baryons on the inner part of galaxies, as
described in Sec. 1.2 taking into account baryon dissipation processes, that may enhance
the gamma ray signals. This in general holds for gamma rays coming from the galactic
center, while γ rays coming from large galactic latitudes, if substructures are not taken
into account, are less strongly dependent on the halo density profile. We will comment
further these uncertainties in the discussion of the theoretical predictions for sneutrinos,
together with the choice of the dark matter density model for the galactic halo.

The diffuse photon spectrum is contained into the supersymmetric factor ΦSUSY and
originates from the production of fermions, gauge bosons, Higgs bosons and gluons. Both
gauge bosons and Higgs bosons eventually decay into fermions. The hadronization of
quarks and gluons, in addition to radiative processes, can produce gamma rays. The
main channel of γ rays production goes through the production and subsequent decay
of neutral pions, ν̃ν̃ → qq̄ → [fragmentation] → π0 → 2γ. Sneutrino annihilation into
lepton pairs can also produce gamma ray from electromagnetic showering of the final
state leptons. In the case of the τ lepton production, their semihadronic decays also
produce neutral pions, which further contribute to the γ rays flux. We have evaluated
the diffuse photon spectrum originating from hadronization and radiative processes by
means of a Monte Carlo simulation with the PYTHIA package [156].

6.3 Neutrino flux

Among the indirect methods for searches of DM, a promising signal consists in neu-
trinos with energy Eν . mDM produced by annihilations of dark matter particles ac-
cumulated in the core of the Earth and of the Sun looked for by large neutrino tele-
scopes. MACRO [164], SuperKamiodande [165] and AMANDA [166] already obtained
constraints on such neutrino fluxes, while experiments that are under construction, like
ANTARES [167] and ICECUBE [168], or that are planned, like NEMO [169] will offer
improved sensitivities.

A flux of neutrinos is produced inside the Earth or the Sun as a consequence of
annihilation of dark matter particles which have been gravitationally captured inside
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these celestial bodies [170, 171, 172]. The differential neutrino flux is given by [173]:

dNν

dEν
=

Γann
4π d2

∑
f

BRf
dNf

dE
(6.7)

where f runs over the different final states of the DM annihilations with branching ratios
BRf , d is the distance of the neutrino source from the detector (e.g. the Earth radius)
and dNf/dE is the differential distribution of the neutrinos generated by the hadroniza-
tion of quarks and gluons and the subsequent hadronic semileptonic decays and by the
tau decays. The dark matter particles are highly non relativistic, therefore their annihi-
lations occur almost at rest and the main phenomenological parameters that determine
the neutrino spectra are the DM mass, the annihilation rates and the branching ratios
of the basic channels into which the DM particles annnihilate: qq̄, ll̄, νν̄,W+W−,ZZ
and Higgs particles and mixed gauge bosons Higgs final states. For sneutrinos in the
presented supersymmetric models the νν channels are due to t channel neutralino and
chargino exchange, and as discussed before are very efficient.

The annihilation rate Γann depends on the rate of captured particles and therefore
linearly on the dark matter nucleus scattering cross section ξσ

(scalar)
N and on the local

dark matter density ρ�.
Also the neutrino flux suffers from astrophysical uncertainties, mainly due to the

poor knowledge of the local dark matter density and of the local dark matter velocity
distribution function. The local density plays a role in the setup of capture and an-
nihilation equilibrium in the Earth, while the velocity distribution affects mainly the
capture process: capture is driven by the relation between the DM velocity and the
escape velocity of capturing body.

Neutrinos escape from the center of the Earth and of the Sun passing through matter
and regions at different densities. Therefore the propagation affects the flavor and the
energy spectra of the neutrinos [173]. Refererring to the Earth, the main distortion effect
is due to neutrino oscillations with a length comparable to the radius of the Earth, R⊕.

Neutrinos may produce up-going muons µ± generated by the scattering with the
rock below the detector and that run across the detector. This is traduced into a clear
signature in the neutrino telescope, since the atmospheric background can be suppressed
exploiting directionality. The muon flux at the detector depends on the neutrino energy
spectrum and spatial distribution, the differential ν − N charged current cross section
for the muon production and the energy losses and the multiple scattering of the muon
in the rock or water surrounding the detector.

6.4 Sneutrino in supersymmetric models and in-

direct detection signals

In this Section we will present the expected signals from sneutrino annihilation into
gamma rays and antimatter in the galactic halo and predicted neutrino fluxes from the
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center of the Earth. We will consider only the SUSY models more relevant for the
sneutrino cosmological properties, namely LR models and Majorana models (as defined
in Capther 4, we recall that Maj[A] models refer to a Majorana mass at the TeV scale,
while Maj[B] models denote a Majorana mass at the scale 109 GeV). Indeed these models
provide sneutrinos as good dark matter components and with direct detection signals
compatible with the current experimental bounds. Thus it is interesting to go further
in a deep investigation and study the possible indirect annihilation signals.

We will not discuss the standard MSSM and the 6L models, since the expected signals
do not differs from the Maj[B] case and do not provide interesting results.

6.4.1 Indirect detection rates in right–handed models

Let us start with the theoretical prediction for antiproton fluxes in LR supersymmetric
models, from mixed sneutrino annihilation in the galactic halo. In Fig. 6.1 the antipro-
ton fluxes are evaluated at the kinetic energy of the antiproton of Tp̄ = 0.23 GeV, while
in Fig 6.2 at Tp̄ = 37.5 GeV. In the plots only the cosmologically viable configurations
are shown: the crosses [red] refer to dominant dark matter sneutrino, while the dots
[blue] denote subdominant sneutrinos. The grey points refer to configurations which
are excluded by direct detection searches. In Fig 6.1 the antiproton fluxes have been
evaluated in a low energy bin, where the antiproton signals have a better chance to
be disentangled by the background produced by the spallation of cosmic rays over the
galactic medium. The yellow shaded area denotes the amount of the exotic antiprotons
which can be accommodated in the BESS data in that energy bin. This has been estab-
lished on the basis of the theoretical calculation of the antiproton background [174] and
on BESS measurements, by determining the maximal amount of exotic antiproton flux
which can be accommodated on the top of the background, without entering in conflict
with the BESS data and its experimental error, at 90% C.L. Notice that none of the
sneutrino configurations, in the mass range from 30 GeV up to 200 GeV, are excluded
by the BESS data but are one order of magnitude below the current experimental sen-
sitivities. A change in the parameters which enter in the diffusion equation can lead to
an increase of about a factor of 8 or a decrease of up to a factor 10 in the predicted
fluxes [155]. Therefore our predictions may be altered by these factors depending on
the choice of the parameters in their allowed ranges [175]. In the case of the choice of
astrophysical parameters which produce the maximal antiproton signal, the scatter plot
in Fig. 6.1 would be enhanced by a factor of 8, therefore still BESS data would not
exclude any sneutrino configuration. These will be detectable with just a small increase
in the experimental sensitivity.

Prospects for the future are shown by the dashed and dotted horizontal lines, which
denote our estimated sensitivity of the PAMELA [151] (dashed line) and AMS [152]
(dotted line) detectors to exotic antiprotons after a run of 3 years: the sensitivities are
determined as admissible excess within the statistical experimental uncertainty if the
measured antiproton flux consists only in the background (secondary) component. The
estimate has been performed by using the background calculation of Ref. [174], and refers
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to a 1–σ statistical uncertainty. All the supersymmetric configurations in Fig. 6.1 above
the dashed or dotted lines can be potentially identified by PAMELA or AMS as a signal
over the secondaries, while those which are below the dashed or dotted lines will not
contribute enough to the total flux in order to be disentangled from the background. We
therefore see that, in the case of the median antiproton flux, namely a median choice of
the parameters of the two–zone diffusion model, shown in the Figure, only AMS will have
the possibility to detect a signal from sneutrino dark matter, for masses around 60 GeV
or for masses in the range 100–200 GeV. We notice that most of these configurations
refer to subdominant sneutrinos: this justifies the approach to consider relic particle
candidates also when they are not dominant dark matter components, since a signal
from relic particles in the galaxy may well be discovered. In the case of astrophysical
propagation parameters close to the values which provide the maximal antiproton signal,
both PAMELA and AMS will have good chances to detect sneutrinos whit masses in
the range 50− 200 GeV.

Notice that in a mass range of 65–130 GeV a large fraction of configurations, po-
tentially detectable by AMS, are excluded by the direct detection upper bounds. This
shows a nice interplay between different dark matter searches techniques. In Fig. 6.3 we
plot the antiproton flux against the direct detection cross section ξσ(scalar)

nucleon , as well as the
foreseen capabilities of PAMELA and AMS together with the current direct detection
sensitivity region. Notice that a fraction of the configurations which are excluded by
direct searches would be reached by PAMELA and AMS sensitivities. Direct detection
and antiproton searches offer a good deal of complementarity: direct detection is sensible
to configurations which provide very low antiproton signals and viceversa.

From these figures it appears to be not only a stronger probe to sneutrino dark
matter but also a good chances of antiproton detection.

We come back to Fig 6.2: the antiproton flux is evaluated at an higher energy, at
which CAPRICE [176] reports the detection of a flux potentially in excess of the theoret-
ical background. The band refers to a signal which would fill the CAPRICE excess. At
this energy bin sneutrino signals are not able to reach the level of the CAPRICE excess
for a median choice of the propagation parameters. In the case of a maximal antiproton
signal, namely a signal produce with the set of diffusion parameters which enhance the
antiproton flux, a marginal compatibility would arise, for sneutrino in the mass range
from 200 to 500 GeV. The dashed and dotted lines denote the sensitivities of PAMELA
and AMS respectively: for a median choice of astrophysical parameters only AMS will
potentially be able to investigate a small fraction of sneutrino configurations, while for
a maximal choice both AMS and PAMELA will probe configurations in the mass range
of 200–500 GeV. Light sneutrinos are not probed at this antiproton energies: they can
not produce antiprotons at energies above their mass, since annihilations occur almost
at rest.

In Fig 6.4 we show the predicted antideuterium fluxes at the kinetic energy per
nucleon of TD̄ = 0.23 GeV/n. The dashed and dotted lines refer to the expected sen-
sitivities of GAPS and AMS, evaluated as described previously for the antiproton flux.
The D̄ produced by sneutrino annihilation provide fluxes which are below the current
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experimental sensitivities, but are of the same order of the ones of the future experi-
ments. We see that antideuteron searches will offer a sensitivity to sneutrino dark matter
comparable to the antiproton searches. A signal detectable in one channel by two dif-
ferent detectors, will be detectable also in the other channels, again in two different
experiments. Moreover, one of the detector, AMS, has the capabilities to detect a signal
in both channels. The possibility to cross correlate different signals and to complement
their information would be an extraordinary opportunity for dark matter searches. This
is further complemented by direct detection: the light grey points, near the AMS sensi-
tivity, are configurations discarded by direct searches. The signals are below the current
experiment sensitivities.

Also the gamma ray signal provides good configuration for left–right handed mixed
sneutrinos. In Fig. 6.5 we show the expected γ flux at Eγ = 1.5 GeV coming from the
center of the Galaxy in an angular bin which corresponds to the EGRET [160, 161] field
of view. The choice of the energy bin refers to the case where EGRET detects an excess
of gamma rays over the background from the galactic center. The yellow shaded area
refers to this excess: exotic gamma rays into the yellow band are compatible with the
EGRET data and those close to the solid horizontal line are able to explain the excess.

As noticed in Sec. 6.2, the geometry of the sneutrino distribution in the Universe
strongly affects the gamma ray signals. In Fig. 6.5 we have used the Moore et al. [21, 19]
strongly peaked profile (r−1.5), see Tab. 1.1. For a NFW profile behavior of r−1 [18],
Tab. 1.1, the sneutrino predicted gamma ray flux would decrease by a factor of 60 and
an additional factor of 10 for cored profile [163]. However for a r−1.5 profile, which are
typical also for baryon dissipation effect [27, 28] in the galaxy and/or are due to the
growth of a black hole [23, 24, 25, 26], sneutrino dark matter is at the level of explaining
the EGRET excess, in a range mass from 65 up to 250 GeV. Clearly the cored profiles
lead to a very low gamma flux and therefore are not able to fill the EGRET excess.

In Fig 6.5 we show our estimate for the capabilities of GLAST, for one year data
taking. We have taken into account the GLAST effective area as in Ref. [162] and we
have derived our predictions for the same angular energy bin of EGRET. Notice that
GLAST will be sensitive to sneutrino configurations of masses between 30 GeV and 600
GeV, and will be close to detect also very light sneutrinos with further live time of data.
Again for milder profiles, the sensitivity of GLAST will be reduced to a small range of
masses (60-300 GeV) but nevertheless some configurations are still viable. We comment
also that the angular resolution of GLAST will be much better than the EGRET one and
therefore the capabilities of GLAST would be even more promising than the predicted
ones in Fig. 6.5.

Let us now turn to the possible neutrino flux produced form annihilation of sneutrinos
trapped by gravitational capture in the center of the Earth. In Fig. 6.6 we show the
prediction for the flux of upgoing muons from the Earth as a function of the sneutrino
mass m1. The results are compared with the upper bound of Superkamiokande, MACRO
and AMANDA. Notice that neutrino telescopes are sensitive to many viable sneutrino
dominant and subdominant configurations, in particular for sneutrino in the mass range
from 50 GeV up to 100 GeV. In Fig. 6.7 we have reported the upgoing muon flux with
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the sneutrino nucleon scattering cross section ξσ(scalar)
nucleon : we see that the two signals are

strongly correlated, as mentioned previously. Neutrino detectors upper bounds exclude
regions which are mainly discards already by direct detection searches.

6.4.2 Majorana models and indirect detection rates

In Fig 6.8 it is shown the antiproton flux at the antiproton kinetic energy Tp̄ = 0.23 GeV
for Maj[A] sneutrino models. Contrary to the LR models, here some configurations
are excluded by the BESS data. Moreover configurations excluded by direct searches
would have produced very low antiproton signals, practically undetectable by AMS and
PAMELA. Also in these models, antiproton searches and direct detection experiments
denote a high level of complementarity, both in the ability to exclude model configura-
tions and in the prospects of detection. This is clearly summarized in Fig. 6.9 where the
antiproton fluxes are correlated with the sneutrino nucleon scattering cross section. No-
tice that a fraction of configurations which are currently under study by direct detection
experiments (either just inside the CDMS sensitivity range or inside the DAMA/NaI
annual modulation region) have a chance of detection by the future PAMELA and AMS
flight or by some highly sensitive future experiments.

The antideuteron signal, shown in Fig 6.10 at the kinetic energy per nucleon of
TD̄ = 0.23 GeV/n, has a behavior similar to the antiprotons signal: also in this case direct
detection searches and indirect detection in different channels are complementary. The
configurations for lighter sneutrinos above the GAPS sensitivity line are almost excluded
by the BESS data on antiprotons, but those under the GAPS and AMS sensitivity lines
are under reach.

Notice that, for Maj[A] models, antimatter searches are not sensitive to heavy sneu-
trinos.

We turn now to the gamma ray expected flux form the Galactic center, shown in
Fig 6.11, at the energy Eγ = 1.5 GeV for a EGRET–like angular resolution. Contrary
to the LR models, the predicted flux can be detected from EGRET and GLAST also if
we take into account a NFW dark matter profile. Only light sneutrinos (m1 < 80 GeV)
produce configurations able to explain the EGRET excess. GLAST will be sensitive to
a large fraction of the sneutrino configurations.

Fig. 6.12 shows the upgoing muon flux from the Earth and the sneutrino nucleon
scattering cross section. Contrary to the LR models, all the configurations are below
the sensitivities of the current experiment and some of them are discarded by direct
detection upper limits. However sneutrino in Maj[A] models may be detectable by an
increase of sensitivity, although the increase should be sizeable.

The antiproton fluxes at the antiproton kinetic energy of 0.23 GeV for Maj[B] models
are shown in the scatter plot of Fig. 6.13: the sneutrino configurations provided by
these models are subdominant in the dark matter halo and practically undetectable
by current and future antiproton searches. The antideuterium and gamma rays fluxes
denote the same characteristics, therefore for these models indirect detections are not
very appealing.
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Fig. 6.14 refers to the upgoing flux from the Earth predicted for Maj[B] models; we
clearly see that also for these signals the indirect searches are not very appealing. Most
of the configurations are discarded by direct detection upper limits or are much below
current neutrino detectors sensitivities.
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Figure 6.1: LR model – Antiproton flux at the antiproton kinetic energy Tp̄ = 0.23
GeV as a function of the sneutrino mass m1, for the galactic propagation parame-
ters which provide the median value of antiproton flux and for a solar activity at
its minimum. Crosses [red] refer to models with sneutrino relic abundance in the
cosmologically relevant range; open circles [blue] denote sneutrino configurations
cosmologically subdominant and light grey points are excluded by direct detection
searches. The [yellow] shaded area denotes the amount of exotic antiprotons which
can be accommodated in the BESS data [149, 150]. The dashed and dotted lines
show the PAMELA [151] and AMS [152] sensitivities to exotic antiprotons for 3
years missions, respectively.



6.4.2 Majorana models and indirect detection rates 141

Figure 6.2: LR model – Antiproton flux at the antiproton kinetic energy Tp̄ =
37.5 GeV as a function of the sneutrino mass m1, for the galactic propagation
parameters which provide the median value of antiproton flux and for a solar
activity at its minimum. Notation are as in Fig 6.1, except for the upper [dark
yellow] band which refers to the possible excess over the background measured
by CAPRICE [176]. The lower area [yellow] denote fluxes compatible with the
CAPRICE data.
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Figure 6.3: LR model – Antiproton flux at the antiproton kinetic energy Tp̄ = 0.23

GeV correlated with the sneutrino nucleon cross section ξσ
(scalar)
nucleon . Crosses [red]

refer to models with sneutrino relic abundance in the cosmologically relevant range;
open circles [blue] denote sneutrino configurations cosmologically subdominant.
The horizontal line denote the upper limit from BESS [149, 150] and the shaded
area [yellow] shows the amount of exotic antiprotons which can be accommodated
in the BESS data. The dashed and dotted horizontal lines show the PAMELA [151]
and AMS [152] sensitivities to exotic antiproton for 3 years missions, respectively.
The vertical solid line denotes a conservative upper bound for direct detection
searches and the vertical band [green] refers to the current sensitivities of the
direct detection experiments.
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Figure 6.4: LR model – Antideuteron flux at the antideuteron kinetic energy per
nucleon Td̄ = 0.23 GeV/n as a function of the sneutrino mass m1. Notation are
as in Fig 6.1. The dashed and dotted lines denote the GAPS [153] and AMS [152]
sensitivities, respectively.
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Figure 6.5: LR model – Gamma ray flux from the galactic center at the pho-
ton energy Eγ = 1.5 GeV, as a function of the sneutrino mass m1, for a Moore
halo density profile [21, 19] and for the angular resolution of EGRET [160, 161].
Crosses [red] refer to models with sneutrino relic abundance in the cosmologically
relevant range; open circles [blue] denote sneutrino configurations cosmologically
subdominant and light grey points are excluded by direct detection searches. The
shaded area [yelllow] denotes the amount of exotic gamma rays compatible with
the EGRET excess [160, 161]. The dashed line shows the GLAST [162] sensitivity
for 1 year data taking and for the same EGRET angular bin.
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Figure 6.6: LR model – Upgoing muon flux from sneutrino pair annihilation in
the center of the Earth ΦEarth

µ as a function of the sneutrino mass m1. Crosses
[red] refer to models with sneutrino relic abundance in the cosmologically rel-
evant range; open circles [blue] denote sneutrino configurations cosmologically
subdominant. The solid, dashed and dotted lines denote the upper limit from
SuperKamiokande [165], MACRO [164] and AMANDA [166], respectively.
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Figure 6.7: LR model – Upgoing muon flux from sneutrino pair annihilation in
the center of the Earth ΦEarth

µ correlated with the sneutrino nucleon cross section

ξσ
(scalar)
nucleon . Crosses [red] refer to models with sneutrino relic abundance in the

cosmologically relevant range; open circles [blue] denote sneutrino configurations
cosmologically subdominant. The horizontal line denotes the current upper bound
from neutrino telescopes. The vertical solid line denotes a conservative upper
bound for direct detection searches and the vertical band [green] refers to the
current sensitivities of the direct detection experiments.
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Figure 6.8: Maj[A] model – Antiproton flux at the antiproton kinetic energy Tp̄ =
0.23 GeV as a function of the sneutrino mass m1, for the galactic propagation
parameters which provide the median value of antiproton flux and for a solar
activity at its minimum. The Majorana mass is M = 1 TeV and a full scan in
the supersymmetric parameter space as in Fig 4.4.2. Crosses [red] refer to models
with sneutrino relic abundance in the cosmologically relevant range; open circles
[blue] denote sneutrino configurations cosmologically subdominant and light grey
points are excluded by direct detection searches. The [yellow] shaded area denotes
the amount of exotic antiprotons which can be accommodated in the BESS data
[149, 150]. The dashed and dotted lines show the PAMELA [151] and AMS [152]
sensitivities to exotic antiprotons for 3 years missions, respectively.
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Figure 6.9: Maj[A] model – Antiproton flux at the antiproton kinetic energy

Tp̄ = 0.23 GeV correlated with the sneutrino nucleon cross section ξσ
(scalar)
nucleon , for a

Majorana mass scale of 1 TeV and a full scan in the supersymmetric parameter
space as in Fig 4.4.2. Crosses [red] refer to models with sneutrino relic abundance
in the cosmologically relevant range; open circles [blue] denote sneutrino config-
urations cosmologically subdominant. The horizontal line denote the upper limit
from BESS [149, 150] and the shaded area [yellow] shows the amount of exotic
antiprotons which can be accommodated in the BESS data. The dashed and dot-
ted horizontal lines show the PAMELA [151] and AMS [152] sensitivities to exotic
antiproton for 3 years missions, respectively. The vertical solid line denotes a con-
servative upper bound for direct detection searches and the vertical band [green]
refers to the current sensitivities of the direct detection experiments.
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Figure 6.10: Maj[A] model – Antideuteron flux at the antideuteron kinetic energy
per nucleon Td̄ = 0.23 GeV/n as a function of the sneutrino mass m1, for a
Majorana mass scale of 1 TeV and a full scan in the supersymmetric parameter
space as in Fig 4.4.2. Notation are as in Fig 6.1. The dashed and dotted lines
denote the GAPS [153] and AMS [152] sensitivities, respectively.
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Figure 6.11: Maj[A] model – Gamma ray flux from the galactic center at the pho-
ton energy Eγ = 1.5 GeV, as a function of the sneutrino mass m1, for a Moore halo
density profile [21, 19] and for the angular resolution of EGRET [160, 161]. The
Majorana mass is M = 1 TeV and a full scan in the supersymmetric parameter
space as in Fig 4.4.2. Crosses [red] refer to models with sneutrino relic abundance
in the cosmologically relevant range; open circles [blue] denote sneutrino configu-
rations cosmologically subdominant and light grey points are excluded by direct
detection searches. The shaded area [yelllow] denotes the amount of exotic gamma
rays compatible with the EGRET excess [160, 161]. The dashed line shows the
GLAST [162] sensitivity for 1 year data taking and for the same EGRET angular
bin.
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Figure 6.12: Maj[A] model – Upgoing muon flux from sneutrino pair annihilation
in the center of the Earth ΦEarth

µ correlated with the sneutrino nucleon cross section

ξσ
(scalar)
nucleon . The Majorana mass is M = 1 TeV and a full scan in the supersymmetric

parameter space as in Fig 4.4.2. Crosses [red] refer to models with sneutrino
relic abundance in the cosmologically relevant range; open circles [blue] denote
sneutrino configurations cosmologically subdominant. The horizontal line denotes
the current upper bound from neutrino telescopes. The vertical solid line denotes
a conservative upper bound for direct detection searches and the vertical band
[green] refers to the current sensitivities of the direct detection experiments.
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Figure 6.13: Maj[B] model – Antiproton flux at the antiproton kinetic energy

Tp̄ = 0.23 GeV correlated with the sneutrino nucleon cross section ξσ
(scalar)
nucleon , for a

Majorana mass scale of 109 GeV and a full scan in the supersymmetric parameter
space as in Fig 4.4.2. Crosses [red] refer to models with sneutrino relic abundance
in the cosmologically relevant range; open circles [blue] denote sneutrino config-
urations cosmologically subdominant. The horizontal line denote the upper limit
from BESS [149, 150] and the shaded area [yellow] shows the amount of exotic
antiprotons which can be accommodated in the BESS data. The dashed and dot-
ted horizontal lines show the PAMELA [151] and AMS [152] sensitivities to exotic
antiproton for 3 years missions, respectively. The vertical solid line denotes a con-
servative upper bound for direct detection searches and the vertical band [green]
refers to the current sensitivities of the direct detection experiments.
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Figure 6.14: Maj[B] model – Upgoing muon flux from sneutrino pair annihila-
tion in the center of the Earth ΦEarth

µ correlated with the sneutrino nucleon cross

section ξσ
(scalar)
nucleon . The Majorana mass is M = 109 GeV and a full scan in the su-

persymmetric parameter space as in Fig 4.4.2. Crosses [red] refer to models with
sneutrino relic abundance in the cosmologically relevant range; open circles [blue]
denote sneutrino configurations cosmologically subdominant. The horizontal line
denotes the current upper bound from neutrino telescopes. The vertical solid line
denotes a conservative upper bound for direct detection searches and the vertical
band [green] refers to the current sensitivities of the direct detection experiments.



Conclusions

In this thesis we have re–analyzed the sneutrino phenomenology in the standard minimal
supersymmetric model and in extensions of it, which can account for the neutrino masses.
All the considered supersymmetric models conserve R-parity, thus the LSP is stable and
by assumption is the sneutrino, the superpartner of the neutrino. Therefore sneutrinos
turn out to be stable, neutral, weakly interacting: they may account for the cold dark
matter content of the Universe.

Sneutrinos as particle candidates for DM have been studied in the past in a num-
ber of interesting papers, as mentioned in chapter 4, where their relic abundance and
scattering cross section off nucleons, relevant for the direct detection searches of dark
matter, have been calculated and discussed. Typically, in MSSM models, the sneutrino
relic abundance is very low and the direct detection rate is a very stringent experimen-
tal bound to sneutrino dark matter. Some models, which extend the minimal standard
SUSY models, have been proposed in order to circumvent the character of exclusion of
sneutrino dark matter. However a thorough analysis with a global study in the full pa-
rameter space of the supersymmetric models has not been performed. Indirect detection
signals, especially those coming from dark matter annihilation in the Galaxy, have not
been typically discussed in the literature. We aimed to reconsider in a consistent way
sneutrinos as cold relic from the early Universe and study their phenomenology relevant
both for Cosmology and for relic particle detection. We have explicitely considered both
cosmologically dominant and subdominant sneutrino configurations: in fact, we were in-
terested not only in those configurations which are able to solve the CDM problem, but
also those which provide a smaller amount of cosmological relic abundance but which
could be potentially detectable by means of various astrophysical signals.

We have first re–analyzed the minimal standard MSSM. Sneutrinos are here typically
subdominant dark matter components, with low values of the relic abundance in all the
mass range from 50–70 GeV (their lower mass bound in MSSM from negative collider
searches and constraints on the invisible Z decay width) up to 600-700 GeV (Sec. 4.1).
They may account for CDM in the restricted mass range of 600–700 GeV, where the
relic abundance values are in the WMAP interval for cold dark matter. This possibility
is actually excluded by direct searches (Sec. 5.4), which allow sneutrinos to be a sub-
dominant dark matter component only very marginally and for fine tuned conditions,
that pose the sneutrino annihilation cross section on one of the Higgs pole or the Z pole.

The first extension of the minimal standard supersymmetric model we introduced
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includes a right–handed neutrino superfield and allows for a much richer phenomenology
(Sec. 4.2). The sneutrino fields result as a superposition of right–handed and left-handed
fields: this mixing suppresses the Z coupling, since the right–handed fields are sterile
respect to the Z boson. This is an interesting feature of the models, the relic abundance
increases and the elastic cross section diminishes. Moreover the reduced Z coupling is also
instrumental in allowing light sneutrinos, by circumventing the invisible Z width bound.
From a full scan in the supersymmetric parameter space, we find that cosmologically
dominant relic sneutrinos are present in the mass range from 15 GeV up to 1 TeV (where
we stop our scan). We find that 15 GeV is actually the mass lower bound, induced by the
cosmological limit on the relic abundance. The direct detection rate is acceptable for all
the allowed mass range (Sec. 5.5). We also find that cosmologically dominant sneutrinos
are not only accepted by the limits on direct searches but also that a large fraction
of the supersymmetric configurations predict direct detection rates at the level of the
current experimental sensitivities, including the possibility to explain the DAMA/NaI
annual modulation signal. Indirect detection rates offer good possibilities (Sec. 6.4.1):
antiproton fluxes are under reach of the PAMELA and AMS detectors in the mass range
from 50 GeV up to 200 GeV. The antideuterium signals are accessible by GAPS and
AMS in the same mass range of the antiproton signals. This offer a great opportunity
for dark matter searches: a signal detectable in one antimatter channel by two different
detectors, will be detectable also in other channels, again by two different detectors. The
configurations accessible to indirect searches are typically cosmologically subdominant.
Gamma rays from the galactic center do not provide very large signals: we predict fluxes
not too far from the EGRET excess in the 50–200 GeV mass range, but the assumption
of a very steep density profile toward the center of the galaxy is needed. GLAST will
be sensitive to configurations in the same mass range, again assuming a r−1.5 density
profile.

The second supersymmetric extension of the MSSM introduces a non renormalizable
5 dimensional operator, which violates the lepton number by two units (Sec. 4.3). The
phenomenology of the sneutrino turns out to be related with the neutrino mass prop-
erties. The 6L violating terms in the SUSY and soft breaking lagrangians split the two
sneutrino mass eigenstates and lead to an off–diagonal coupling to the Z boson. Despite
the weakened coupling with the Z boson, which may modify the relic abundance values
and the expected direct detection rates, these models do not lead to a phenomenology
very different from the standard minimal supersymmetric models (Sec. 4.1), once one
consider a neutrino mass bound of 2 eV on the one loop correction. Only for a neutrino
mass bound of 18 MeV, which correspond to the kinematical mass bound for the tau
neutrino, some increase of the relic abundance is possible. However, the direct detection
limit (Sec. 5.6) strongly bounds these models, making them almost marginal.

The last class of extension of supersymmetric standard models leads to a renor-
malizable lagrangian, which incorporates both right–handed neutrino superfields and
L–number violating terms (Sec. 4.4). Moreover these models offer the possibility to
include neutrino masses via the see–saw mechanism. They provide a rich sneutrino phe-
nomenology, again related to neutrino physics by one loop corrections to the neutrino
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mass. The lagrangian includes a Majorana mass term, proportional to the mass M :
depending on the scale of M , the phenomenology and the cosmological properties of the
sneutrinos change. In the case of a TeV–scale Majorana mass parameter (Sec 4.4.1),
sneutrinos may be the dominant dark matter component for masses in the range from
5 GeV up to 1 TeV (where we stop our scan), also for a neutrino mass bound of 2 eV:
indeed the effects of the off–diagonal coupling with the Z boson and the mixing between
left and right handed components add up. The direct detection (Sec. 5.7.1) is evaded
in all the mass range and most of the configurations fall inside the current sensitivity
range, including the possibility to provide the annual modulation signal detected by
DAMA/NaI. The indirect detection rates (Sec. 6.4.2) provide bounds and constraints
which are complementary to the direct searches: the former constraint light sneutrino
configuration, while the latter are more severe for heavy sneutrinos. Antiproton fluxes
are stringent bound for light sneutrinos, many configurations for masses below 80–90
GeV will be explored by PAMELA and AMS, while for masses above 90 GeV antiproton
searches loose sensitivity. Also for antideuterons, AMS and GAPS will have sensitiv-
ity to probe a fraction of the configurations for masses below 80–90 GeV. For these
light sneutrinos, also gamma rays provide a significant probe, even in the case of NFW
density profiles: GLAST will have sensitivity to a fraction of those configurations with
mass below 80–90 GeV. Finally models with a large scale Majorana mass parameter
(Sec. 4.4.2) are strongly bounded by direct detection (Sec. 5.7.2): configurations with
masses in the range 90–300 GeV are not excluded by direct detection, but they all refer
to cosmologically subdominant sneutrinos. Indirect detection rates are typically very
suppressed (Sec. 6.4.2).

We therefore conclude that sneutrinos offer a rich phenomenology as dark matter
candidates, and they provide a viable alternative to relic neutralinos in a wide class of
supersymmetric models. The predicted antimatter and gamma ray fluxes and the direct
detection rates offer a good deal of complementarity in the sneutrino searches, since they
are sensitive to different sneutrino configurations.Their phenomenology is also linked and
constrained by neutrino physics through the problem of the neutrino mass origin.



Appendix A

Interaction Lagrangians

In this Appendix we report all the interaction vertices useful for the calculations in this
thesis, which involve the sneutrino fields. We present first the interaction lagrangians in
the standard minimal supersymmetric framework, then we discuss the derivation of the
interaction vertices in the extended supersymmetric models, considered in this work. We
consider the interaction between sleptons and Higgs bosons, sleptons and gauge bosons
and finally sleptons and fermions.

The quantity T3l refers to the third isospin component of the (s)lepton l belonging
to a SU(2)W doublet. All the quantities related to the neutralino and chargino sector
are defined in Sec. 3.5.2, while the relevant Higgs parameters are described in Sec. 3.5.1.
The slepton sector is discussed in Sec. 3.5.3, then the relevant sneutrino parameters are
introduced in Chapter 4.

The interaction vertices among the other supersymmetric particles may be found in
Refs. [55, 83]. We use the four component formalism for the fermionic spinors.

A.1 Scalar leptons–Higgs bosons

Standard MSSM

Table A.1: Scalar leptons and Higgs vertices

The interaction lagrangians corresponding to the vertices in Tab. A.1 have the following
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expressions:

(a1) Ll̃L l̃Lh = { g2mZ
cos θW

(T3L − eL sin2 θW ) sin(α+ β)}l̃∗L l̃Lh + g2m2
d

mW

sinα
cosβ d̃

∗
Ld̃Lh

+g2m2
u

mW

sinα
cosβ ũ

∗
LũLh

(a2) Ll̃L l̃LH = −{ g2mZ
cos θW

(T3L − eL sin2 θW )} cos(α+ β)l̃∗L l̃Lh− g2m2
d

mW

cosα
cosβ d̃

∗
Ld̃Lh

−g2m2
u

mW

cosα
cosβ ũ

∗
LũLh

(b1) Ll̃R l̃Rh = { g2mZ
cos θW

eR sin2 θW sin(α+ β)}l̃∗R l̃Rh + g2m2
d

mW

sinα
cosβ d̃

∗
Rd̃Rh

(b2) Ll̃R l̃RH = −{ g2mZ
cos θW

eR sin2 θW cos(α+ β)}l̃∗R l̃RH− g2m2
d

mW

cosα
cosβ d̃

∗
Rd̃RH

(c1) Ll̃L l̃Rh = g2md
2mW cosβ (µ cosα−Ad sinα)(d̃∗Ld̃R + h.c.)h

(c2) Ld̃Ld̃RH = − g2md
2mW cosβ (−µ sinα+Ad cosα)(d̃∗Ld̃R + h.c.)H

(c3) Ld̃Ld̃RA = − ig2md
2mW

(µ+Ad tanβ)(d̃∗Rd̃L − d̃∗Ld̃R)A

In Tab A.2 we have reported the 4–point interaction vertices:

(f1) Ll̃L l̃Lhh = g22
2 {cos 2α(T3l−el sin2 θW

cos2 θW
)− m2

l

m2
W
Dl} l̃∗L l̃Lhh

Du = cos2 α
sin2 β

Dd = sin2 α
cos2 β

(f2) Ll̃L l̃LHH = −g22
2 {cos 2α(T3l−el sin2 θW

cos2 θW
)− m2

l

m2
W
Dl} l̃∗L l̃Lhh

Du = sin2 α
sin2 β

Dd = cos2 α
cos2 β

(f3) Ll̃L l̃LAA = g22
2 {cos 2β(T3l−el sin2 θW

cos2 θW
)− m2

l

m2
W
Dl} l̃∗L l̃Lhh

Du = cot2 β Dd = tan2 β

(g1) Ll̃R l̃Rhh = g22
2 {cos 2α( el sin2 θW

cos2 θW
)− m2

l

m2
W
Dl} l̃∗R l̃Rhh

Du = cos2 α
sin2 β

Dd = sin2 α
cos2 β

(g2) Ll̃R l̃RHH = −g22
2 {cos 2α( el sin2 θW

cos2 θW
)− m2

l

m2
W
Dl} l̃∗R l̃Rhh

Du = sin2 α
sin2 β

Dd = cos2 α
cos2 β

(g3) Ll̃R l̃RAA = g22
2 {cos 2β( el sin2 θW

cos2 θW
)− m2

l

m2
W
Dl} l̃∗R l̃Rhh

Du = cot2 β Dd = tan2 β
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Table A.2: Scalar leptons and Higgs 4–point vertices

(h) Ll̃L l̃LhH = g22 sin 2α
2 {T3l−el sin2 θW

cos2W
− m2

l

2m2
W
Dl} l̃L l̃LhH

Du = 1
sin2 β

Dd = −1
cos2 β

(i) Ll̃R l̃RhH = g22 sin 2α
2 { el sin2 θW

cos2W
− m2

l

2m2
W
Dl} l̃R l̃RhH

Du = 1
sin2 β

Dd = −1
cos2 β

(l) Ll̃L l̃LH+H− = g22 cos 2β
2 {−2T3l + (T3l−el sin2 θW

cos2 θW
)}l̃∗L l̃LH+H− − g22

2m2
W
Dl l̃

∗
L l̃LH+H−

Du = m2
u tan2 β Dd = m2

d cot2 β

(m) Ll̃R l̃RH+H− = g22 cos 2β
2 { el sin2 θW

cos2 θW
}l̃∗R l̃RH+H− − g22

2m2
W
Dl l̃

∗
R l̃RH+H−

Du = m2
u cot2 β Dd = m2

d tan2 β

(n1) Ll̃L l̃LhH− = − g22
2
√

2
{cos(α+ β)− m2

u

m2
W

cosα cosβ
sin2 β

+ m2
d

m2
W

sinα sinβ
cos2 β

}ũ∗Ld̃hH−

(n2) Ll̃L l̃LHH− = − g22
2
√

2
{sin(α+ β)− m2

u

m2
W

sinα cosβ
sin2 β

− m2
d

m2
W

cosα sinβ
cos2 β

}ũ∗Ld̃HH−
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(n3) Ll̃L l̃LAH− = ig22
2
√

2
{cos 2β − m2

u

m2
W

cot2 β + m2
d

m2
W

tan2 β}ũ∗Ld̃AH−

(o) Ll̃R l̃RhH− = g22mumd cos(β−α)√
2m2

W sin 2β
l̃∗R l̃RhH−

(p) Ll̃R l̃RHH− = g22mumd sin(β−α)√
2m2

W sin 2β
l̃∗R l̃RhH−

6L models
The sneutrino-higgs boson lagragian has the form ν̃∗ν̃Hi or ν̃∗ν̃HiHi, therefore substi-
tuting the ν̃1 mass eigenstate of Eq. 4.14, one obtains:

ν̃∗ν̃Hi =
1
2
(ν̃+ + iν̃−)(ν̃+ − iν̃−)Hi

=
1
2
(ν̃+ν̃+ − iν̃−ν̃+ + iν̃−ν̃+ν̃−ν̃−)Hi

=
1
2
(ν̃+ν̃+ + ν̃−ν̃−)Hi (A.1)

Notice that the coupling is diagonal and acquires a factor of 1/2.

A.2 Scalar leptons–Gauge boson vectors

Standard MSSM

Table A.3: Scalar leptons and gauge bosons vertices

The slepton–gauge boson lagrangians corresponding to the diagrams in Tab. A.3 are
given by:

(a) Ll̃l̃γµ
= −elγµ l̃∗

↔
∂ µ l̃

(b) Ll̃l̃Zµ
= − g2

cos θW
(T3l − el sin2 θW) Zµ l̃∗

↔
∂ µ l̃
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Table A.4: Scalar leptons and gauge bosons 4–point vertices

(c) Lũd̃Wµ
= − g2√

2
{W+µũ∗L

↔
∂ µ d̃L + W−µd̃∗L

↔
∂ µ ũL}

The slepton–gauge boson 4–point vertices in Tab. A.4 derive from the following interac-
tion lagrangians:

(d) Ll̃l̃γαγβ
= 2e2e2l gαβγαγβ l̃

∗ l̃

(e) Ll̃l̃ZαZβ
= 2g22

cos2 θW
(T3l − el sin2 θW)gαβZαZβ l̃∗ l̃

(f) Ll̃l̃WαWβ
= g22

2 gαβWαWβ l̃
∗ l̃

(g) Ll̃l̃γαZβ
= 2g2eel

cos θW
(T3l − el sin2 θW)gαβZαZβ l̃∗ l̃

(h) Ll̃l̃ZαWβ
= −g22 sin2 θW√

2 cos θW
(eu + ed)gαβWαWβ l̃

∗ l̃

(i) Ll̃l̃Wαγβ
= −g2e√

2
(eu + ed)gαβWαWβ l̃

∗ l̃

LR models
The scalar ν̃L field turns out to be multiplied by a factor of sin θ, Eq. 4.9; therefore the
lagrangian acquires a sin2 θ factor:

Lν̃1ν̃1Vα −→ sin2 θLν̃Lν̃LVα (A.2)
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with Vα a generic gauge vector.

6L models
The sneutrino-Z lagrangian is reported in (b). Again substituting ν̃1 from Eq 4.14:

ν̃∗
↔
∂ ν̃Zµ = ν̃∗∂µν̃Zµ − ν̃∂µν̃∗Zµ

=
1
2
(ν̃+ + iν̃−)∂µ(ν̃+ − iν̃−)Zµ − 1

2
(ν̃+ − iν̃−)∂µ(ν̃+ + iν̃−)Zµ

= (ν̃+∂µν̃+ − ν̃−∂µν̃−)Zµ (A.3)

The coupling turns out to be off- diagonal; this is the one of the main features of the
introduction of L–violating terms in the supersymmetric and soft breaking lagrangians.
The sneutrino-W± lagrangian is reported in (c); after the substitution of the ν̃1 mass
eigenstate expression acquires a phase but remains diagonal:

ν̃∗
↔
∂ µ dW+µ = ν̃∗∂µdW+µ − d∂µν̃∗W+µ

=
1√
2
(ν̃+ − iν̃−)∂µdW+µ − 1√

2
d∂µ(ν̃+ − iν̃−)W+µ

=
1√
2
(ν̃+∂µd− iν̃−∂µd)W+µ + h.c. (A.4)

A.3 Scalar leptons–Fermions

Standard MSSM

Table A.5: Scalar leptons and fermions vertices

We report the slepton–fermion interaction lagrangians of Tab A.5:

(a) Ll̃Llχ̃0
i

= − g2√
2
l̄{αL − γ5βL}χ̃0

i l̃L + h.c.

αL =
√
εi(εi

mlZi,5−l

2mWBl
+ T3lZi2 + tan θW(el − T3l)Zi1)

βL =
√
εi(εi

mlZi,5−l

2mWBl
− T3lZi2 − tan θW(el − T3l)Zi1)

Bu = sinβ Bd = cosβ
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(b) Ll̃Rlχ̃0
i

= − g2√
2
l̄{αR − γ5βR}χ̃0

i l̃R + h.c.

αR =
√
εi(εiel tan θWZi1 + mlZi,5−l

2mWBl
)

βR =
√
εi(εiel tan θWZi1 −

mlZi,5−l

2mWBl
)

Bu = sinβ Bd = cosβ

(c) Ll̃Llχ̃±i = −g2{U∗i1 ˜̄χ±i PLud̃
∗
L + ūPRUi1χ̃

±
i d̃L + Vi1 ˜̄χ±ci PLdũ

∗ + d̄PRVi1χ̃
±c
i ũ}

LR models
The interaction lagrangians acquire a sin θ factor (from Eq. 4.9):

Lν̃1 l̄F −→ sin θLν̃L1̄F (A.5)

with F a generic fermionic field and l̄ the neutral or charged fermion, belonging to the
same SU(2) supersymmetric doublet of the sneutrino.

6L models
The sneutrino-χ̃0

i lagrangian is reported in (a), therefore using Eq. 4.14:

− g2√
2
l̄{αL − γ5βL}χ̃0

i ν̃ + h.c. =

− 1√
2

g2√
2
l̄{αL − γ5βL}χ̃0

i (ν̃+ + iν̃−) + h.c. (A.6)

The coupling is diagonal and acquires a phase. The same holds for the chargino inter-
actions.



Appendix B

The supersymmetric model

We analyse the phenomenology of the sneutrino in an effective low–energy supersymmet-
ric framework, with few free parameters, see Sec 3.5. In the next section we report the
choice we made for the full scan in the parameter space. In Sec. B.2 we briefly discuss
the experimental constraints we impose to the supersymmetric models.

B.1 Scan over the SUSY parameter space

The full scans of the parameter space are performed over the following ranges of the
MSSM parameters: 1 ≤ tanβ ≤ 50, 100 GeV ≤ |µ| ≤ 3000 GeV, 100 GeV ≤ M2 ≤
3000 GeV, 100 GeV ≤ mQ ≤ 3000 GeV, 90 GeV ≤ mA ≤ 1000 GeV, −3 ≤ A ≤ 3.
As for the R parameter (we recall here its definition, R ≡ M1/M2), we use either its
mSUGRA (a minimal gravity mediated supersymmetric scenarios) value R = 0.5 or we
scan over the interval 0.005 ≤ R ≤ 0.5, depending on the case at study. In order to have
the sneutrino as a dark matter candidate, we accept only parameter configurations for
which the lightest sneutrino is also the lightest among all the supersymmetric particles.

The scans hold also for the extended supersymmetric models, since we introduce new
parameters only in the sneutrino/neutrino sectors, the other MSSM parameters remain
unchanged. The new parameters for the sneutrino are widely analysed in Chapter 4.

B.2 Experimental constraints

All the masses of the supersymmetric particles are constrained by the accelerator limits:
we use the bounds coming by negative searches at CERN e+e− collider LEP2 [177, 178,
179] and at the D0 collider detector at Fermilab. The invisible Z width constraint is
also imposed on neutralinos lighter than mZ/2 which occur in the gaugino non universal
models. The sneutrino mass bounds have been discussed in Chapter 4. The Higgs sector
is bounded by Higgs searches at colliders, also from LEP2 working groups following [84],
and from the limits found by the Collider Detectors CDF at Fermilab [85].
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At present, only lepton number conserving processes have been observed in current
experiments and there are no indications of FNCN processes. We summarize the con-
straints on SUSY models from current experiments on the muon anomalous magnetic
moment aµ ≡ (gµ − 2)/2, on the measurements of the b → s + γ decay process and on
the branching ratio BR(B0

s → µ+ + µ−).
The most recent experimental measurement [180] of the muon anomalous magnetic

moment aexpµ exhibits a slight discrepancy relative to the predicted value of the Standard
Model athµ . A recent theoretical review [181] of the computation of the Standard Model
prediction yielded for the deviation ∆aµ ≡ aexpµ −athµ the values −98 ≤ ∆aµ×1011 ≤ 565.
Thus, we use this range in order to constraint the contribution to the muon anomalous
magnetic moment from physics beyond the Standard Model. aµ is sensitive mostly to
the overall mass scale of the sleptons, gauginos and light sneutrinos.

The branching ratio for the flavor changing neutral current BR(B0
s → µ+ + µ−) is

3×10−9 with an upper bound measured by CDF and DO colliders detectors of 1.2×10−7

at 90% C.L. [182]. The upper bound is large because in a supersymmetric scenarios this
process could be enhanced since BR(B0

s → µ+ + µ−) ∝ tanβ6, due to higgsino and
possibly gluino contributions [183].

From measurements of the process b → s + γ [184], we adopt the interval 2.89 ≤
B(b → s + γ) × 10−4 ≤ 4.21, which is larger by 25% with respect to the experimental
determination [184] in order to take into account theoretical uncertainties in the SUSY
contributions [185] to the branching ratio of the process (for the Standard Model only
we employ the recent NNLO results from [186]).

There is no experimental evidence of an nonzero Electric Dipole Moment (EDM)
for the electron (de). The most stringent upper bound, obtained in Ref. [187], is de ≤
1.6 × 10−27 e cm at 90% C.L. Likewise, there is no experimental evidence for radiative
flavor-changing charged lepton decays. The 90% C.L. upper limits to the branching ratios
for the muon and tau-lepton radiative decays are given by: BR(µ→ eγ) ≤ 1.2× 10−11,
BR(τ → eγ) ≤ 1.1 × 10−7 and BR(τ → µγ) ≤ 6.8 × 10−8 [72]. These processes in
principle can set bound on the sneutrino parameters in the extended supersymmetric
models. However it turns out that the EDM is insensitive to the sneutrino sector at one
loop [111].
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