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Abstract

During the three years as a PhD student I had the pleasure to work on three major projects
which are united in the goal to better constrain new physics models between cosmology and the
LHC.

The similar values of dark matter and baryon relic abundances raise the question whether
there is a link between them. We attempt to explain the observed values by relating leptogenesis
to the WIMP miracle which gives naturally the right relic abundance. If the baryon asymmetry
is produced in electroweak-scale-out-of-equilibrium decays and dark matter is made of WIMPs,
both relic densities are controlled by electroweak scale interactions going out of equilibrium.
We construct a TeV-scale leptogenesis model using an inverse-seesaw extension of the SM with
additional singlets. To produce a large enough asymmetry we require C'P violation ~ O(1)
which is difficult to achieve in our set-up.

Axions as well as WIMPs are well motivated dark matter candidates. It would be very useful
to be able to tell them apart. Sikivie argues that if axions are in a Bose-Einstein condensate they
could form a different galactic dark matter halo than WIMPs and that gravitational interactions
drive axions into a Bose-Einstein condensate. However for the formation of such a condensate
entropy generation is needed which leading order gravitational interactions do not provide. We
explore the entropy generation of gravitational interactions by estimating a dissipation scale in
the axion fluid due to the presence of a anisotropic stress. We cannot confirm a fast gravitational
thermalisation rate.

New neutral gauge bosons like the Z’ are generic extensions of the standard model which
appear in many different models. Traditionally these particles are searched for in resonant
searches at colliders, i.e. by producing the particles on-shell and looking for a resonance in the
invariant mass spectrum of their decay products. However the presence of a Z’ can also affect
other kinematic observables without being actually produced on-shell, i.e. non-resonant searches.
We compare compare resonant and non-resonant searches at the LHC and find that while for
small couplings resonant searches are more sensitive, for larger couplings non-resonant searches
are more efficient.
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Résumé

Pendant mes trois ans de doctorat j’ai eu le plaisir de travailler sur trois projets tres variés
ayant un but commun: mieux contraindre certains modeles de nouvelle physique entre cosmolo-
gie et le LHC.

Le fait que les densités reliques de matiere noire et de baryons sont similaires semble indi-
quer qu’il y a un lien entre les deux. Nous essayons d’expliquer les valeurs observées en reliant
un modele de leptogenese au miracle des WIMPs, qui produit naturellement la bonne densité
relique. Si 'asymétrie baryonique est produit dans des désintégrations hors équilibre & I’échelle
électro-faible et si la matiere noire est constituée de WIMPs, les deux densités reliques sont con-
trolées par des processus électro-faibles hors équilibre. Je construis un modele de leptogenese a
I’échelle du TeV en utilisant une extension du type seesaw inverse du modele standard avec des
singlets additionnels. Pour produire suffisamment d’asymétrie baryonique il faut une violation
CP ~ O(1) qui est difficile a obtenir dans mon cadre.

Les axions, tout comme les WIMPs sont de bons candidats de matiére noire bien motivés.
Il serait tres utile de pouvoir les distinguer. Sikivie argumente que si des axions sont dans
un condensat de Bose-Einstein, alors ils forment des halos galactiques différents des halos de
WIMPs. D’apres Sikivie ce sont les interactions gravitationnelles qui thermalisent les axions et
qui les condensent. La formation d’un condensat nécessite la génération d’entropie qui ne peut
pas étre fourni par les interactions gravitationnelles au premier ordre. J’étudie la génération
d’entropie par les interactions gravitationnelles en estimant une longueur de dissipation dans le
fluide d’axions qui vient de la présence d’une pression anisotrope. Je ne peux pas confirmer la
thermalisation rapide d’axions causé par leurs interactions gravitationnelles.

Des nouveaux bosons de jauges comme le Z’ apparaissent dans un grand nombre d’extensions
du modele standard. On les recherche le plus souvent comme une résonance dans le spectre de
masse invariante de leurs produits de désintégration. Le Z’ doit étre produit sur couche de masse
dans ces recherches résonantes. Mais la présence d’'un Z’ peut aussi influencer d’autres observ-
ables cinématiques sans étre produit directement, ce qu’on peut utiliser dans des recherches
non-résonantes. Je compare ces deux types de recherches au LHC et trouve que pour des pe-
tits couplages les recherches résonantes sont plus adaptées mais pour de plus grandes masses et
couplages les recherches non-résonantes sont plus performantes.
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Introduction

What are we made of? Where do we come from? These are two questions that have concerned
humanity for a very long time. Modern physics is unable to answer these philosophic questions
but one can find partial answers to them by rephrasing the questions in a more scientific way:
What are the elementary constituents of matter? What is the history of our universe? Physics
has developed two domains that try to answer these questions: particle physics and cosmology.
It is quite surprising to see that both questions are actually related to each other: in the
early history of the universe the elementary constituents of matter describe the evolution of the
universe. It is impossible to answer the second question without having a good understanding
of the first one. The other way around by studying the second question one can establish the
existence of new constituents that have not yet been identified by particle physics, like e.g. dark
matter.

The two domains are governed by the two most fundamental theories of modern physics:
Particle physics is formulated in the language of quantum mechanics (or quantum field theory).
Cosmology is only possible in the context of Einstein’s theory of general relativity. These two
theories have been my motivation to start the long and difficult adventure of studying physics
at university and later to launch into a PhD that is situated at the interface of the two domains.

In particle physics the standard model (SM) has proven to be very successful in accurately
predicting observables that have been verified by a very large number of measurements. The
SM describes the fundamental constituents of matter, their interactions with each other and
how they finally form the non-elementary bricks of matter that we call atoms. In cosmology
the A Cold Dark Matter model provides an excellent fit to the observed data. It states that the
universe today is dominated by a cosmological constant and non-relativistic matter. However
most of the non-relativistic matter comes from a still unknown source, called dark matter. Only
~ 15% of the observed non-relativistic matter can be explained using the matter content of the
particle physics SM.

Even if both models are very successful it is clear that neither is complete. In cosmology
different issues, e.g. the flatness problem, the horizon problem and the origin of perturbations
ask for an extension of the cosmological standard model. Until today the most likely extension
seems to be inflation (there are several indirect evidences in favor of inflation, a first direct one
was recently announced by the BICEP2 collaboration, subject to confirmation). The SM of
particle physics can neither explain the nature of dark matter nor the baryon asymmetry of the
universe that is observed in cosmology. Furthermore neutrino oscillations, the hierarchy problem
and the strong C'P problem tell us that also in particle physics extensions of the SM are needed.
On the theoretical side we are still badly in need of a theory that unites both quantum field
theory and general relativity in one "theory of everything".

Current experiments like the LHC, the PLANCK satellite or numerous other experiments
further test the standard models and measure their parameters with unprecedented precision.
But they also have the potential to discover what is called new physics, extensions to the stan-
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dard models, or to constrain these possible extensions. In this context it is the theorists role
to infer to new models that can explain as many observed phenomena as possible while keep-
ing the models as simple as possible. However it is not enough to create new models, a lot of
theoretical work is done to derive observables that constrain new models with already existing
measurements and to develop ways how to test new models in the most efficient way.

This thesis, which is situated somewhere between particle physics and cosmology, makes
a very small contribution to both parts of theoretical work: constructing a new model and
examining new and efficient ways to test existing extensions of the SM. The work done during
the three years of PhD can easily be structured according to the four publications. The first
project, which was mainly done during the master thesis, concentrated on the constraints on a
simple supersymmetric seesaw extension [1]. We used a supersymmetric type I seesaw model
with two, three or four singlets and examined the possibility of reconstructing the high energy
parameters from observations at low energies. To estimate the rate of rare decays we used
a "minimal-flavour-violation-like" ansatz for supersymmetry. As this work has already been
presented in the master thesis it is not included in this thesis.

In the second project we were trying to relate the dark matter relic density to the baryon
relic density by using an extended leptogenesis model at the TeV-scale [2]. The basic idea is to
relate the baryon relic density to the WIMP relic density which is naturally of the right order.
This can be established if the baryon-parent particle freeze-out density is of the same order as
the WIMP density and if the C'P violation in the parent decays is of order 1. We construct such
a leptogenesis model using a inverse seesaw model containing extra light singlets and scalars
that creates the baryon asymmetry prior to electroweak phase transition.

The third project concentrated on Sikivie’s new idea on how to distinguish between WIMP
and axion cold dark matter [3]. Sikivie’s idea states that if axions are in a Bose-Einstein
condensate they form a different galactic dark matter halo than WIMPs. We claim that leading
order gravitational interactions are fast but do not contribute to a Bose-Einstein condensation
of axions because they do not create entropy. We estimate the gravitational entropy creation by
calculating the dissipation rate of axions due to anisotropic stress. We cannot confirm that axions
produce enough entropy in their gravitational interactions to form a Bose-Einstein condensate.

The fourth and final project examined possible collider search strategies for an additional
neutral gauge bosons like the Z’ [4]. New heavy gauge bosons are usually searched for in resonant
searches where the new particle is created on-shell and shows itself as a peak in the invariant
mass spectrum. However an off-shell Z’' exchange can leave an imprint on other kinematic
distributions, leading thus to non-resonant searches. We show that non-resonant searches are
less sensitive for small couplings but can give stronger constraints than resonant searches when
couplings are large.

To present the work accomplished during the three years of PhD, the thesis is divided into
four parts:

— Part I
The first part reviews the framework of this thesis. The first chapter gives a very con-
densed review of the SM of particle physics as a gauge theory. In the second chapter one
finds a short description of cosmology containing the geometry of space-time, the thermal
history and linear perturbation theory as well as some details on dark matter. The theory
and experimental status of neutrino oscillations are shown in chapter 3. It also contains an
introduction to the seesaw mechanism that gives a natural explanation for the smallness



of neutrino masses.

Part 11

The second part of this thesis is dedicated to the project on leptogenesis. Chapter 4
contains an overview of the general idea of leptogenesis and how it works in its simplest
realization. In chapter 5 one can find our attempt to link baryon abundance to the WIMP
miracle using a TeV-scale leptogenesis model that is based on a inverse seesaw mechanism
with additional singlets. Chapter 5 consists of the published article [2].

Part I1I

The third part contains the axion project. In chapter 6 a review of axions is given. It
contains an explanation of the strong C'P problem, the Peccei-Quinn mechanism as a so-
lution predicting the presence of axions, the role of axions in cosmology and constraints
on the axion parameter space from direct searches, astrophysics and cosmology. Chap-
ter 7 introduces Sikivie’s idea of an observable difference in the galactic dark matter halo
between axions and WIMPs as dark matter constituents. Then follows our estimate on
the Bose-Einstein condensation of dark matter axions through gravitational interactions
based on [3] but presented in a slightly different way.

Part TV

The last part of this thesis is used to present the work on the ideal search strategy for
additional neutral gauge bosons at the LHC [4]. It compares resonant and non-resonant
searches for a Z’ model and finds that for small coupling the resonant searches are stronger
whereas for large couplings it is more efficient to use non-resonant searches to constrain
such models.
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Chapter 1

The standard model of particle
physics and beyond

1.1 The Standard Model of particle physics

The standard model (SM) of particle physics is a renormalizable quantum field theory that
describes the interactions between the elementary constituents of matter. The basic properties
of the SM are fixed by its symmetry groups: in addition to the Poincaré group, the SM is
invariant under the gauge groups SU¢(3) x SUw (2) x Uy (1). The latter two symmetries describe
the electroweak (EW) interactions while the SU(3) symmetry describes strong interactions,
also called quantum chromo dynamics (QCD). The complication of QCD compared to EW
interactions is that quarks are confined into hadrons at low energy and that they are no free
initial or final states.

Matter fields have charges under these symmetries that describe their transformation under
the three gauge symmetries. They restrict the possible combinations of fields in the Lagrangian
and determine so the possible interactions between particles. The interactions are mediated by
the gauge bosons that correspond to the symmetry: the strong interactions contain 8 gluons Gl‘j‘
with A € 1,..,8, the electroweak interactions involve four bosons, Wi with a € 1,2,3 and B,,.
When the EW symmetry is broken into electromagnetic symmetry U (1)gy by the Brout-Englert-
Higgs mechanism [5, 6] the electroweak vector bosons transform into three massive vector bosons
W#, Z and the massless photon . The charges of all SM fields are summarized in table 1.1.

The Lagrangian of the SM can be divided into four different parts: the gauge sector Lg, the
Higgs sector Ly, the fermion or matter sector L and the Yakawa sector Ly. In order to intro-
duce the used notations all four parts will be reviewed quickly. More pedagogic introductions
to the SM and gauge field theories in general can be found in many books, e.g. [7, 8, 9].

L=Loc+Lyg+Lr+ Ly (1.1)

1.1.1 Gauge sector

The kinetic terms of the gauge fields are

1

Lo = 1

a=1

1 1<
B By — 5 3 WIWi, — 2 > GG, (1.2)
A=1

where B, W% and GA" are the field strength tensors of the gauge fields associated to the
symmetries U(1)y, SU(2)w and SU(3)c. They are given by the following combination of gauge
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fields
B = 9B’ - "B
Wew  —  GUI W _ GV - + gweachb,chv (13)
GAul/ B/J,GAV . auGAu —f-gszBCGB#GCV )

The coupling constants for the three symmetry groups are called gy, gw, and gs. The structure
constants for the non-abelian groups SU(2) and SU(3) are ¢®¢ and fABY respectively. Gauge
fixing terms and ghost terms are not specified here because they are not need throughout this
thesis.

1.1.2 Fermion sector

The fermion sector contains kinetic terms of all matter fields. To make the kinetic terms
invariant under the local gauge symmetries one has to introduce covariant derivatives. The
covariant derivatives induce the gauge interactions of fermions according to the charge of the
fermion field. The SM is a chiral theory, gauge interactions do not couple in the same way to
left as to right-handed fields (as can be seen from table 1.1). Therefore we write separate terms
for left and right-handed Dirac spinors.

Lr =i lrPlri +ierilPeri + i qr; Pqri + i UriDuri + i drilPdR; (1.4)
Field Notation SUB)c | SU2)w | Uy || U(1)em t3
_ (urL\ (e (tc 2/3 1/2
w=(a) @) @) | s |2 | G ()
Quarks(s = 1/2) UR; = UR,CR, R 3 1 2/3 2/3 0
dRiZdR,SR,bR 3 1 —1/3 —1/3 0
. (Ve vy vr _ 0 1/2
Leptons(s = 1/2) lr = <6L>’ (HL)’ (TL> 1 2 1/2 (_1) <_1/2
€Ri = €R, LR, TR 1 1 -1 -1 0
g 8 1 0 0 0
Gauge(s = 1) W3 W+ 1 3 0 0,+£1 | {1,0,—1}
B 1 1 0 0 0
. B _ o 1 1/2
Higgs(s = 0) | H = <¢0 _ (s hﬂ.%)) 1 2 1/2 (0) (_1/2)

Table 1.1: The SM fields with their representations under SU(3)¢ and SU(2)w, their charges
under U(1)y and U(1)gy and their weak isospin projection t3. The electric charge is given by
Q=t3+Y
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The family index 7 is summed over. Colour indices have been removed for more readability. The
covariant derivative is defined as

Dy =0, — i gsbsGATA — i g0 Wit —i gyY B, . (1.5)

The generators of the SU(3)¢ and SU(2)w groups are called T4 and t* ' respectively. Y
is the weak hypercharge, 6; = 0,1 for colour singlets or triplets, and 6, = 0,1 for singlets or
doublets under the weak symmetry group.

1.1.3 Higgs sector

The Higgs sector is an essential part of the SM, it is responsible for the spontaneous breaking
of the electroweak symmetries to the electromagnetic symmetry by giving mass terms to three
gauge bosons. In order to break the EW symmetries spontaneously one introduces a SU(2)w
doublet scalar field that respects all symmetries of the SM in its interactions. However its
vacuum expectation value does not respect all symmetries:

1 (0
@:ﬂQ>. (1.6)

The Higgs being a singlet under colour symmetry, we will only consider its transformation under
the electroweak symmetry groups: H — e't"¢"#/2[[ The transformations leave the vacuum
expectation value (H) invariant only if a! = o? = 0 and a® = 3. Consequently the theory will
contain one massless gauge boson corresponding to this particular combination of generators.
The other three gauge bosons will acquire mass. The kinetic and potential terms for the Higgs
field are

Ly =|D,H*+ p?H'H - N(H'H)* . (1.7)

This is one of the easiest possible potentials that provides a vacuum expectation value for the

Higgs field. The minimum of the potential occurs at v = 4/ “72 The covariant derivative for the
Higgs field is given by

1
DyH = (9, —i guWit" =i Sgv B)H . (1.8)

The mass terms for the gauge bosons have their origin in the kinetic energy term evaluated for
the vacuum expectation value of the Higgs field. The relevant terms can be obtained by using
the explicit form of the generators t* = 0®/2 in terms of the Pauli matrices:

U2

Lo = 5 [0V + W) + (—guW,l + v B,)’)
o2, v?

= TRWIW (gl o) Zu 2" (1.9)

In the last step we have diagonalized the mass term using the linear combinations

(Wl} F zWi) with mass my = gwg (1.10)

1
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V2
1 . v
Wj’ —gvB,) with mass myz = \/g2 + 9%5 (1.11)
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1. For SU(2) the generators can be written as t* = ¢%/2 with o® being the Pauli matrices.
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CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS AND BEYOND

The fourth gauge field, orthogonal to Z,,, is the photon which is given by

1
Ay = ————(gyW} +guBy) - (1.12)

V92 + 9%

After spontaneous symmetry breaking three gauge bosons become massive and only the gauge
boson of the new U(1)gy, the photon, is massless. The interactions of the "new" gauge bosons
can be derived by simply rewriting the covariant derivative. For this aim one defines t*+ =
(t! £ it?).

1
Z (23— g2Y) —i— I 4 (B +Y) (1.13)

N V92 + g%

From the coupling constant in front of the photon the electron charge and the electric charge
operator () can be found to be

Dy =8y —i—=(W T+ W t7)—i

V2

e= I _ 4 sin(Ow) and Q=13+Y (1.14)
V9% + g%
where we have introduced the Weinberg angle 6y, which is defined by sin(fy) = —-2Z£

NCE
At the end, only the Higgs boson A (see table 1.1) remains physical. The fields ¢g and ¢* are
Goldstone bosons associated to the symmetry breaking. In unitary gauge they will be "eaten"
by the Z, W¥ to create the longitudinal polarization of the heavy gauge fields. The mass of
the remaining Higgs boson is my, = v2u = V2 v. The CMS [10] and Atlas [11] collaborations
found a new particle that seems to be the predicted Higgs boson. The mass of the observed
resonance is at my, ~ 125 GeV.

1.1.4 Yukawa sector

Until now all matter fields are massless. Normal mass terms mix left and right-handed
components of fermion fields and therefore violate gauge invariance. To write a gauge invariant
mass term one uses the Higgs doublet field. Then mass terms violate gauge invariance only
spontaneously when the Higgs field takes its vev. The fermion-Higgs couplings are called Yukawa
couplings ‘

Ly = =Y 7q0" - Hdy — Y9q5% (o) Hyuly — Y, 01" - Hel, (1.15)

The Yukawa matrices are general, not necessarily symmetric or Hermitian complex-valid matri-
ces. To diagonalize the mass matrices we can define six unitary matrices so that

Y =UY, W) and Y]=UY,W) and Y/=UYW, (1.16)

where Y,,,Y; and Y, are real diagonal matrices. We now change variables, starting with right-
handed quarks ‘ o

up = Wioul, and dyp — Wjid, (1.17)
The three families of right-handed quarks have the same gauge couplings and do not mix up

and dg terms, so that the W matrices commute with the covariant derivatives and cancel out
of the theory. For the left-handed quarks we do the same change in variables

uy — Ul and  dj — U7d) (1.18)
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1.2. BEYOND THE SM

Using these variables the Yukawa couplings for quarks are diagonal. The strong gauge interac-
tions commute with the U matrices so that strong interactions are not modified. However the
SU(2) x U(1) interactions mix uy, and dy, in the couplings to W*. The change in variable lets
a mixing matrix appear

Lo i Lo IS
gWW;\—@(uL ALY — gWWJ%(uL (UlUg)Iymdi) . (1.19)

The appearing matrix Ucgy = UjUy is called the Cabbibo-Kobayashi-Maskawa matrix. In
the SM it is the only term that mixes quarks of different families. The CKM matrix can be
parametrized by three mixing angles and a C'P violating phase, which are all very precisely
measured [12]. The couplings to photons A* and Z,, are not affected by the change of variables.

For leptons the same diagonalisation procedure can be done. The transformations of right-
handed leptons cancel out and the transformations of the left-handed charged leptons appear in
the couplings to W*. However the appearing matrix can be absorbed in a redefinition of the
left-handed neutrino field that has no mass term in the SM. In the end all gauge interactions stay
unchanged and the letpon mass matrix is diagonal. This is only due to the fact that neutrinos
are massless in the SM. Massive neutrinos change this situation so that a second mixing matrix
appears, as seen in chapter 3.1.1.

1.2 Beyond the SM

1.2.1 Signs for new physics

The SM model is one of the best tested theories in physics today. It has been tested on a
large range of energies: from the atomic structures (eV -range) to high energy colliders up to
the TeV scale. In almost all cases the predictions are in very good agreement with observed
values, especially the electroweak precision tests are in spectacular agreement with data (e.g.
table 10.5 of [12]). However today we can be sure that the SM is not the end of the story of
particle physics. Several issues give very clear indications for physics beyond the SM. Here we
will give a short and not exhaustive list of signs for physics beyond the SM.

Theoretical puzzles

First let us start by mentioning theoretical puzzles of the SM. These problems are not
consistency problems of the SM but they are, at least from a theoretical point of view, un-
satisfying. It is obvious that the SM cannot be the whole theory of particle interactions because
it describes only three of the four elementary interactions of matter. Gravitational interactions
are not included in the SM and until today it is unclear how to quantize gravity and "add"
it to the interactions of the SM. Another issue is the large hierarchy of fermion masses: from
0.5 MeV to 174 GeV the masses span over 5 orders of magnitude and the SM does not provide
an explanation for the large differences.

A famous problem is the hierarchy problem. It has many different formulations, but it finally
boils down to the question why are electroweak interactions so much stronger than gravitational
interactions. Equivalently one can ask why is the scale of the electroweak theory ~ 100 GeV
so small compared to the Planck scale mp; = 1.2 x 10" GeV. To illustrate this problem we
turn to the Higgs boson mass myp ~ 125 GeV. The Higgs potential is very sensitive to any new
physics that couples directly or indirectly to the Higgs field: virtual loop effects give enormous
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CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS AND BEYOND

contributions to the Higgs boson mass. Consider a fermion f and a scalar field S with cou-
plings £ ~ —Y;H[ff — \s|H|?|S|?. Self energy diagrams involving the additional particles (c.f.
figure 1.1) give large contributions to the Higgs mass

A~ < (2¥g P+ M)Ay + O ((mF — m) og(Auv)) (1.20)
where Ayvy is the ultraviolet cut-off used to regularize the loop. It is at least of the order of the
scale at which new physics alter the high energy behaviour of the theory. If the scale is set to the
Planck scale, the Higgs boson mass should be 15 orders of magnitude larger than the observed
value. Even if one wants to ignore the physical meaning of the cut-off and uses dimensional
regularization of the loop integral, the Higgs mass still receives contributions proportional to
the mass squared of any particle that couples directly or indirectly to it. So if there are additional
particles at high energies it is difficult to understand why the Higgs boson mass is so small.

Figure 1.1: Self energy diagrams contributing to the mass of the Higgs boson. The right diagram
shows the loop of a fermion coupling to the Higgs whereas the right shows the loop contribution
of a scalar.

A very important issue of the SM is called the strong C'P problem. In the gauge sector of
strong interactions a C'P violating term 6g=GH” G’W, with G* being the gluon field strength
and GW = %EWPUGW its dual, is allowed by all symmetries and should therefore be present.
However from observations we know that the term is not present or has at least a very small
coefficient in front || < 10~?. Within the framework of the SM it is impossible to explain why
this C'P violating term is so small. More details on the strong C' P problem can be found in
section 6.1.

Direct observational shortcomings

Neutrino oscillations are today the most evident and best measured sign of physics beyond
the SM. In a large number of experiments the appearance or disappearance of neutrino flavours
have been detected. At the origin of these observations are neutrino oscillations which require at
least two massive neutrinos, in contrast to the prediction of the SM. Many more details on neu-
trino oscillations will be mentioned later in section 3.1. Additionally a small number of tensions
between experiments and SM predictions have been observed, like e.g. the anomalous magnetic
moment of the muon. However many of these deviations could be explained by experimental
issues or are not very significant.

Cosmological signs to new physics
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1.2. BEYOND THE SM

Cosmology is a very important test for and an application of particle physics. Even if the SM
content can describe large parts of the observed phenomena in cosmology, it is clear that some
ingredients are missing. Observations on different length scales show that gravitationally bound
objects (e.g. galaxies, or clusters) are dominated by non-baryonic matter, dark matter. The SM
falls short in providing a stable, very weakly interacting dark matter candidate. Furthermore
the SM cannot explain the baryon abundance observed today. Baryons should have annihilated
completely with antibaryons when they became non-relativistic in the thermal history of the
universe. At some moment a baryon asymmetry must have been created to explain the pres-
ence of baryons today. In the SM CP violating processes are probably not strong enough to
explain the observed asymmetry. The SM can also not explain the nature of dark energy that
is dominating our universe today.

1.2.2 New physics models

Many models for new physics have been proposed in order to solve the above mentioned
problems. Some of them are even able to explain more than one of the shortcomings of the SM.
Here a non-exhaustive and slightly biased list of physics beyond the SM is given.

— Supersymmetry

Supersymmetry (SUSY) is an additional symmetry between fermions and bosons. It states
that for every fermionic degree of freedom there is a bosonic degree of freedom and vice
versa. Supersymmetry is the only possible extension to Poincaré symmetry and internal
symmetries of a 4 dimensional quantum field theory. It naturally provides a solution to
the hierarchy problem because the bosonic and fermionic contributions to the Higgs mass
(see equation 1.20) cancel exactly if their couplings and masses are related to each other.
SUSY predicts the same masses and couplings for fermions and its bosonic partners. This
is obviously in contradiction with observations. Consequently SUSY must be broken at
a scale that is not too far above the electroweak scale in order to be able to solve the
hierarchy problem. If SUSY is extended by an R-parity, the lightest supersymmetric
particle is stable and can be a good dark matter candidate.

— Extra dimensions

Another possible extension is to add additional dimensions to the 4 dimensional Minkowski
space-time. It is possible to add compact extra dimensions that only affect physics at
high energy scales, related to the size of the extra dimension. One can then define the
Planck mass on the 44 N dimensional space, which is much smaller than the Planck mass
observed in 4 dimensions. In this way one can solve the hierarchy problem. Additional
compact dimensions can also give rise to an infinite tower of excitations of known particles.
These additional particles with heavy masses can be stable and can be good dark matter
candidates.

— Axions

Axions are a very elegant solution of the strong C'P problem. The solution replaces the
constant in front of the C'P violating QCD term by a pseudoscalar field, the axion, which
is dynamically driven to zero. In some part of their one dimensional parameter space they
can also be excellent dark matter candidates. Section 6 gives more details on the strong
CP problem, an introduction to axions as well as their role in cosmology as dark matter.

— Right-handed neutrinos

In order to explain neutrino masses one has to introduce right-handed neutrinos. The
seesaw mechanism provides a very natural explanation for the smallness of neutrino masses
by giving large Majorana mass terms to the right-handed neutrinos (c.f. section 3.2.2).
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CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS AND BEYOND

The heavy right-handed neutrinos can also provide a new source of C' P violating couplings
which can produce a lepton and baryon asymmetry in the thermal history of the universe.
These models are called leptogenesis models (c.f. section 4). Right-handed neutrinos with
keV masses can also be dark matter candidates. It is astonishing how a small extension
of the SM can solve three major problems at once. Today we are almost sure that right-
handed neutrinos exist but experimentally it will be very difficult to observe them because
in the minimal picture they are singlets under all gauge groups and do only interact via
Yukawa couplings with the SM.
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Chapter 2

Cosmology and its standard model

This chapter will give a short introduction to the cosmological standard model, called the
A Cold Dark Matter model (ACDM). We will review the geometry of our universe, look at
its thermal history, describe the evolution of small perturbations that give rise to structure
formation and then give a small review on dark matter. For a more detailed introduction to
cosmology I recommend the reader to have a look in one of these excellent works [13, 14, 15] or
in [16] for an additional introduction to GR.

2.1 Geometry and matter content of our universe

To describe the evolution of the universe, cosmology makes the fundamental assumption
that on large enough scales the universe is homogeneous and isotropic, called the cosmological
principle. It states that on a sufficiently large scale the universe should have the same properties
for all observes. Experimentally this assumption is (mostly) true for scales larger than 100Mpc.
Due to charge neutrality the universe is dominated by gravity on large length scales so that
Einstein’s theory of general relativity should give an appropriate description of the dynamics.
Using this assumption Einstein’s field equations have an exact solution that was found by Fried-
man, Robertson, Walker and Lemaitre in the 1920s and 1930s. The resulting metric is called
Friedman-Robertson-Walker-Lemaitre (FRWL) metric

dr?
1— kr?

ds* = dt* — R(t)? ( + r%(d6? + sin? 0d¢2)> : (2.1)
The variables r, 60, ¢ are polar coordinates. All physical length scales are multiplied by R(t),
the scaling factor that describes the expansion of the universe. k is a constant number that
describes the spatial curvature. For k = 0 the universe is Euclidean (flat universe), for £ > 0 it
has positive curvature (closed universe) and for k£ < 0 the universe is negatively curved (open
universe). The dynamics of the universe are encoded in the evolution of R(¢). The rate of change
of R is called the expansion rate, or the Hubble parameter

1dR R
(*) Rdt R (2:2)
The value of the Hubble parameter today Hy is often parametrized like Hy = hx100kms~'Mpc 1.
Its measured value today is roughly h ~ 0.7.

The evolution of R(t) depends on the matter content of the universe and can be calculated
using Einstein’s field equations which relate the geometry of space time to the matter (energy)
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CHAPTER 2. COSMOLOGY AND ITS STANDARD MODEL

content,

1
Ry = SR+ guh = 87G T, (2.3)

where R, is the Ricci curvature tensor, R = R}, the Ricci scalar and A a constant (often called
the cosmological constant). The energy momentum tensor of the cosmological matter content
T}, in a homogeneous and isotropic universe has the form

p 0 0 0
0 -p 0 0O
M pu—
T 0 0 —p 0 (2.4)
0 0 0 -—p

where p is the energy density and p is the pressure of the cosmological fluid. The 0,0 component
of the Einstein equation is the famous Friedmann equation in the presence of a cosmological
constant sy

H = (ﬁ) = ors o) — (2.5
One sees that only a positive curvature term decreases the expansion of the universe, all other
terms ehance the expansion rate. The differentiation between non-relativistic matter pps and
ultra-relativistic matter pg is for pure pedagogical reasons. Both contribute in the same way to
the expansion rate of the universe, but their evolution with time is slightly different. Consider the
energy momentum conservation for a fluid with energy momentum tensor given in equation (2.4)
in an expanding universe

v . R
Tow =0 & p=-35(p+p) . (2.6)

Non-relativistic matter has negligible kinetic energy and therefore also negligible pressure p ~ 0.

: R _
Pm = —3§pm = pmox R73 (2.7)
The energy density of non-relativistic matter depends only on the particle density which gets
diluted o< R~3 because the volume expands like R3.

For ultra-relativistic matter like photons the kinetic energy is dominant and therefore the
pressure is not negligible. From statistical thermodynamics we know that p = p/3. This implies

R
Pr = —4Epr = px R4, (2.8)

Not only the number density gets diluted but also the energy per particle is redshifted when
the universe expands. Both effects sum up to a faster dilution of an ultra-relativistic fluid
compared to a non-relativistic fluid. The curvature contribution to H gets diluted like oc R™2,
while the contribution of a cosmological constant stays constant and does not scale with R.
Non-relativistic matter is often simply called "matter", whereas ultra-relativistic matter is often
called "radiation".

As the components of the universe dilute differently with time it is possible that at different
times the universe is dominated by different fluids. It is also clear that the fastest diluting
components should dominate at early times whereas the slowly diluting components dominate
at later times. The evolution of H during different phases of domination is:
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2.1. GEOMETRY AND MATTER CONTENT OF OUR UNIVERSE

— Radiation domination

H’xR™* = R@t)xt'? = H()= % (2.9)
During radiation domination the expansion is decelerating.
— Matter domination
H?>xR™3 = R@)xt*? = H()= % (2.10)

During matter domination the expansion is also decelerating but slower than during radi-
ation domination.

— negative curvature domination
2 -2 1
H* xR = Rt)xt = H(t)ZE (2.11)
During a potential domination of curvature the universe is expanding linearly with time.

— Cosmological constant

S B oceVE oo = (A (2.12)

H? =
3

When the cosmological constant is dominating the expansion is accelerating.

If the universe does not only contain a cosmological constant, it seems that at some moment
in the past the scale factor goes to zero, called the initial singularity or the "Big Bang". However
the physical treatment that we used here does not hold until this moment. At times smaller than
the Planck time, Einstein’s description of gravity is not valid any more because gravitational
quantum effects should be taken into account.

A very economic description of the matter content in the universe today can be found by
dividing the Friedman equation by H2 and defining

8rG

Q, = ——=pp(t 2.13
3H3 pR( 0) ( )
81G
Qn = — t 2.14
Qp = _k (2.15)
* T R3H3 '
A

Ay = —5 . 2.16

The Friedman equation today now reads
1=Q +Qp — Qe +Qp . (2.17)

As the value of Hy is not perfectly well known, experiments measuring the energy densities of
different components of the universe often publish their results as Q,h? in order to relate the
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CHAPTER 2. COSMOLOGY AND ITS STANDARD MODEL

results directly to the energy density, without adding the uncertainty on Hy to the uncertainty
of the measured value.

The most precise values for the matter content have been measured by the PLANCK col-
laboration [17]. They measure temperature fluctuations in the cosmic microwave background
(CMB). The temperature of the CMB today is T' = 2.7255 K. The energy density of this radia-
tion is negligible compared to the other densities in the universe today, but at earlier stages the
radiation density was dominating. The contribution to the energy density from the curvature
term is 2 = —0.0003 £ 0.0065 (1) which is perfectly compatible with 0. In the following we
will only consider the case of a flat universe and set & = 0. Today’s expansion rate with its 68%
Confidence Level (CL) is

Hy =67.0+1.2 kms "Mpc™! . (2.18)

The matter density and the cosmological constant are measured with their 1o error to be

Qy = 0.3183100:8 (2.19)
Qy = 0.681773918 . (2.20)

The baryon mass density can be measured to be Qph? = 0.02205 + 0.00028 (1) which is
only ~ 15% of the total non-relativistic matter density in the universe. The nature of the
remaining matter density is currently unknown and is called dark matter. The dark matter
density is Qpyh? = 0.119940.0027 (10). More about the evidence for dark matter and possible
candidates can be found in section 2.4 of this chapter.

2.2 Thermal history

2.2.1 Thermodynamics in an expanding universe

In this section we will describe the history of the universe at high temperatures and high den-
sities before structure formation starts. At high temperatures the universe was filled by a soup
of particles that were interacting with each other through strong and electroweak interactions.
The only effect of gravity during the early stages of the universe is to drive expansion.

The cosmic fluid consists of different species that are described by their phase space density
fi- In a homogeneous and isotropic universe the phase space density can only depend on the
absolute value of the momentum and time: f;(p,¢). The number density, the energy density and
the pressure of one species are then given by

nilt) = gs | Ephi.0) (221)
pi(t) = (257]:)3 /d?’PEifz'(P, t) (2.22)

. 2
Pt = s [ Aoy fi0.) (2:23)

where g; is the number of quantum degrees of freedom. We consider antiparticles as inde-
pendent particles and do not include them in the count of g;.

Thermal equilibrium

If two particle species a and b have frequent interactions (e.g. elastic scattering a+b — a+0b)
they can exchange momentum randomly and reach kinematic equilibrium, they are in thermal
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2.2. THERMAL HISTORY

equilibrium. If there are many species in thermal equilibrium they form a "thermal bath". In
this case the distribution functions f; for all species in the bath depend on the same parameter
T, the temperature of the bath. A species a is in thermal equilibrium with another species if its
interaction rate is larger then the expansion rate of the universe I'y(t) > H(t).

In thermal equilibrium the phase space distribution is given by the Fermi-Dirac distribution
(4) for fermions or by the Bose-Einstein distribution (—) for bosons.

1
eq _
fix = Cmomm 11 (2.24)
where p; is the chemical potential of species i. We can calculate the number density and energy
density in two different limiting cases:
— ultra-relativistic particles (E > m) with negligible chemical potential u; < T

13 3
nid = 9;2 ¢(3) <><4 for fermions> (2.25)
4= 7T2giT4 xz for fermions (2.26)
Pix = T30 8 '

1
= L 221

— non-relativistic particles m > T
TN 3/2 s

w = a(e ) ew |- (2.28)
AL = mantt (2.29)
b= Te < g 2:0)

Comparing the number densities of a relativistic particle with a non-relativistic particle one sees
that the ratio n?on*rel Jnie ~ e=™i/T is exponentially suppressed. If a particle stays in thermal
equilibrium even when it gets non-relativistic its number density falls rapidly and can soon be
neglected.

In the limiting cases we have observed that the differences between Bose-Einstein statistics
and Fermi-Dirac statistics are relatively small. One can therefore often use Boltzmann statistics

o = e~ (Bimp)/T (2.31)

This gives very similar values in the relativistic case

91"

nive = 3 (2.32)
39;

pivs = 5T (2.33)
1

Pt = gP?%AB (2.34)

In the non-relativistic case the results are the same as for the exact phase space densities. It is
often a sufficiently good approximation to use Maxwell Boltzmann statistics.
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Chemical equilibrium

In inelastic scattering reactions particles do not only exchange momentum but can be created
or annihilated. The dynamics of the rate of change of a particle density are controlled by
Boltzmann equations, which are of the form

. g d®p
3Hn = / Clf]l— 2.35
The time evolution of the number density is given by dilution due to the expansion of the
universe and by creation or annihilation due to collisions. The collision integral for a process
a+b+---<ri+j+--- is given by [13]

Ja d3pa
(%)S/C[f] Ea :—/dHade---dHide--- x (27)* 64 (pa + Py + - —pi —pj )

X {‘M‘2+b+-~~—>i+j+~~fafb (L ) E ) = IME s Sasp Jifi - (U fa) (L £ f) - }
(2.36)

where fj, is the phase space density of particle k and (+) applies to bosons, (—) to fermions and

dll = %%. Boltzmann equations give a coupled set of differential equations for the phase

space distributions of all involved species. Consider a simple example of a reaction a+b — i+ j.
For the moment one can neglect C'P violation, which means that

M2 iy = Mgy = M (2.37)

Furthermore consider that all involved particles are in thermal equilibrium and their phase space
density is given by Maxwell Boltzmann statistics and neglect (1 £ f) ~ 1. Thus one can rewrite
the Boltzmann equation

fa + 3Hn, = / T, AT, dTLdIT; % (2m)* 6 (pa + po — pi — pi) (M [fifs — fafs] - (2.38)

Using conservation of energy and the equilibrium distributions for f one can rewrite

[fifi = fafol = fafo (e(*““*“b+ witug) /T 1) : (2.39)

If one defines the thermally averaged cross section to be

(o|v]) = /dHadedHide x (210)*6*(pa + py — pi — pj)|IM?

d? & -
—(BatEy)/T Pa —F./T / Po —Ey/T
X e </ (2@36 (271')36 ) (2.40)

one can rewrite equation (2.38)
Ra + 3Hng = (ofv]ynamy, (el Hempmtiti)/T _ 1) (2.41)

If the interaction rate is fast ny(c|v|) > H, one can neglect the expansion of the universe and
the equilibrium condition is given by

Ha + to = Hi + pj - (2.42)

This means the number densities cannot be arbitrary but must obey the chemical equilibrium
condition. In the other extreme case of very slow interactions n(c|v|) < H the number density
gets only depleted due to the expansion of the universe ng oc R73.
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Entropy conservation

From the laws of thermodynamics one can show that the total entropy in a comoving volume
is conserved. The entropy is given by
VAY:
T
where p and p are the total density and total pressure of all species in thermal equilibrium. As
we have seen above the energy density is mostly dominated by relativistic species, whereas non-
relativistic species give negligible contributions. Using equation (2.26) for the energy density
and p = % p one can simplify the entropy to

(2.43)

42
=-—g.T" . 2.44
5= 5359 (2.44)
Here g, counts all relativistic degrees of freedom in thermal equilibrium with an additional factor
% for fermions

7
ge= 9+ 3 g (2.45)

rel.bosons rel.fermions

The conservation of the total entropy then implies that ¢, 73R = const. Most of the time the
product TR is constant. However in moments when g, changes, e.g. when a species becomes
non-relativistic, the temperature has to scale differently to ensure the conservation of entropy.

2.2.2 Early stages

We will review very briefly the various stages of thermal evolution of the universe starting
from the earliest period until photon decoupling. After photon decoupling the universe is subject
to structure formation which will be treated in the next section. The earliest stages in the
evolution of the universe are still rather unknown and no complete theory has yet been proven
to be true. However a kind of standard picture seems to emerge. The earliest moment we can
treat is at Planck time tp ~ 10735 ss when gravity became a classical theory which is very well
described by Einstein’s theory of general relativity. Shortly after it seems to be likely that the
universe went through a phase of accelerated expansion, called inflation. During inflation the
Hubble parameter was almost constant so that R(t) = Hi,¢R(t) and therefore the universe was
expanding exponentially

R(t) < exp(Hing - t) . (2.46)

The phase of inflation is usually described by the domination of the potential energy of a scalar
field (inflaton) with negligible kinetic energy (slow roll). At the end of inflation the inflaton
oscillates rapidly around the minimum of its potential and decays into SM particles. The SM
particles are produced with high kinetic energy so that they form a thermal bath of relativistic
particles. The initial temperature of the bath after inflation is called reheat temperature. After
inflation the universe is dominated by radiation and the temperature scales like T oc R™!, except
for the moments when g, changes.

At this stage SM particles are still massless and quickly interacting with other particles from
the bath. Quarks are free particles and not yet confined into hadrons. At around T ~ 100 GeV
the electroweak symmetry is spontaneously broken by the vacuum expectation value of the Higgs
field (electroweak phase transition). Consequently SM particles acquire their mass and heavy
particles become quickly non-relativistic and their number density falls exponentially compared
to the number density of photons. At T~ 100 MeV the QCD phase transition occurs: quarks
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are confined into hadrons (baryons and mesons) so that all coloured objects disappear from the
bath.

Let us mention here a very important issue of the thermal history of our universe: baryon
asymmetry. To illustrate the problem consider only one particle b with baryon number B =1
and mass my. If baryon number is conserved at the end of inflation, as many particles as
antiparticles have been created n; = nj. The baryons can annihilate into n photons

b+ b ny (2.47)

At temperatures T' > my, they are relativistic as well as in thermal and chemical equilibrium
with the bath because photons have enough energy to produce pairs of bb. However when the
temperature drops below my, photons do not carry enough energy to recreate bb. The number

of baryons and antibaryons drops rapidly until there are practically no more particles left. As
np—npg

we observe a non negligible amount of baryons today Yp = ==

)~ 10719, baryon number
must be violated at some point. Models that create a baryon asymmetry dynamically are called
baryogenesis. In chapter 4 of this thesis a general class of baryogenesis models, called leptogenesis
will be introduced.

Consider now the matter content of the universe around T ~ 10 MeV. Assume that
some mechanism produced a baryon asymmetry and that all antibaryons have annihilated with
baryons and only the over-density of baryons is left. The universe contains protons and neutrons
that are both non-relativistic. Protons are stable and neutrons can decay into protons by 5 de-
cay n — p+ e~ + v.. However the inverse reaction is still quick so that the proton to neutron
ratio is constant. Both baryons are in thermal equilibrium through weak and electromagnetic
interactions. Further more there are electrons and anti-electrons that are still relativistic. The
charge neutrality ensures that

Ne —Neg =Ny . (2.48)

The thermal bath contains also 3 families of neutrinos and anti-neutrinos, that are still in thermal
equilibrium due their weak interactions, as well as photons and potentially dark matter particles.
The relativistic degrees of freedom can be summed up to g.(7" ~ 10 MeV) = 10.75 .

The next step in the evolution of the thermal plasma is the decoupling of neutrinos. The
charged current and neutral current interactions of neutrinos are of the order of (o, [v|) ~ GET?
where GF is Fermi’s constant. The interaction rate is then I'), = n.{o,|v]) ~ GET®. Comparing
the interaction rate to the Hubble expansion rate one finds

H T \?
r, "~ (1 MeV) ' (249)

Neutrinos leave thermal equilibrium around 7' ~ 1 MeV and their phase space distribution
freezes in while being relativistic. From this moment on the neutrino density gets only diluted
by the expansion of the universe. Even if they become non-relativistic their number density
stays n, ~ T3 because they are decoupled.

When the temperature drops further electrons become non-relativistic and start to annihilate.
The electron and anti-electron density drops dramatically compared to the photon number
density. The annihilations stop only when no more anti-electrons are left and the electron
number density is n. = n,. The electron annihilations create an excess in photons which implies
and increase in the product TR. During the annihilations the total entropy of the bath is
conserved sR? o< g.(TR)? = const which implies

11,

? (TR)before

= 2(TR)3 (2.50)

after
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where we have used that g.(before) = 2 + %(2 +2) = 4 and g.(after) = 2. If electron an-

1/3
nihilation is an abrupt process, the photon temperature increases by a factor (14—1) . During

electron annihilation the neutrino temperature decreases simply like 7, o« R~! and is completely
unaffected by what happens to the photon temperature. The neutrino to photon temperature
ratio after electron annihilation is therefore

@Lﬁer N (141)1/3 (251

After electron annihilation photons are the only relativistic species in the "bath" and the photon
temperature scales until today in the same way as the neutrino temperature, so that the relation
between both temperatures is still the same today. We expect the cosmic neutrino background
to have a slightly lower temperature than the cosmic microwave background.

He?3

1[pH?

Average binding energy per nucleon (MeV)
D

Hl
0 30 60 90 120 150 180 210 240 270
Number of nucleons in nucleus

Figure 2.1: The average binding energy per nucleon in a nucleus as a function of the number of
nucleons. The most strongly coupled nucleus is Fe®®.

We will now come to the next stage, the primordial formation of light elements, called
nucleosynthesis. The average binding energy per nucleon in a nucleus is shown in figure 2.1.
From a purely energetic point of view one expects that when the temperature drops below
the binding energy of deuterium Bp ~ 2 MeV it is energetically more advantageous to form
deuterium for the protons and neutron. As the photons do not have enough energy to destroy
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the formed deuterium further reactions can take place. Typical nuclear reactions are

p+n < D+ry
D+D — PHe+n (2.52)

SHe+D — “He+p
(2.53)

However the number density of photons is much larger than the number density of baryons
np ~ 10_10717, so that even for T' < Bp there is still a large number of photons in the high energy
tail of the photon distribution that can destroy formed deuterium. Only when the temperature
is significantly smaller then Bp (7' ~ 0.07 MeV) the formed deuterium is stable for long enough
to continue the nuclear reaction chain. At the end of the chain is Fe®® which has the highest
binding energy per nucleon. However to reach Fe a long chain of nuclear reactions is needed and
the number densities of intermediate nuclei are not high enough for the reactions to happen. The
formation of *He from deuterium is rather efficient so that most of the produced D is converted
into helium. However in figure 2.1 one sees that the binding energy has a local maximum at
4He and reaches higher values only for '2C. To cross the gap a three body reaction is needed
3 x *He — '2C. Nucleosynthesis stops around *He, only very few Li and heavier elements are
formed.

The details of big bang nucleosynthesis (BBN) are rather complicated and will not be re-
viewed here. A nice review can be found in [18]. Recent results of theoretical predictions and
experimental observations are shown in [12]. Globally the predictions and observations for the
abundances of D, *He and *He are in very good agreement and are one of the most solid confir-
mations of the big bang model. One can use BBN to constrain new physics, like e.g. the number
of relativistic neutrino species (or more generally any additional relativistic degree of freedom)
N, < 4.2(95%CL) [12], compared to SM prediction N, ~ 3. However the stellar measurements
of Li/H abundances in metal poor stars in the spheroid of our galaxy and the predictions from
BBN show a discrepancy with a 5.3¢ significance. Further details on the "lithium problem" can
be found in [19]. The discrepancy could point towards new physics, e.g. some supersymmetric
models or a varying fine structure constant could explain the discrepancy.

The next step in the evolution of the universe is the matter-radiation equality. We have seen
above that the energy density of radiation is diluted faster than the energy density of stable
matter. At some moment the matter energy density will become comparative to the radiation
energy density and then dominate the Friedmann equation. This is the case around 17" ~ 1 eV.

After nucleosynthesis the electromagnetic interactions are still fast so that photons, electrons,
protons and He are in thermal equilibrium. The interactions remain efficient as long as H and
He are ionized. For H the important reaction is

p+e < H+~v . (2.54)

For the inverse reaction the photon has to carry at least 13.6 V. Once again the large number
of photons compared to protons ensures that the reaction stays in equilibrium even for T' <
13.6 eV. But around T ~ 0.25 eV protons and electrons start to combine and form stable
atoms, so that the universe does not contain any charged particles any more. This is called
"recombination". Recombination triggers the decoupling of photons: there are no more charged
particles to interact with, so that the photon distribution, like the neutrino distribution, gets
frozen in and is from then on only changed by the expansion of the universe. The remaining
photons form a background radiation that can still be observed today with a temperature T' =
2.7 K, it is the famous CMB.
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2.3 Cosmological perturbation theory

Until now we have assumed that the universe is homogeneous and isotropic. The aim of this
section is to introduce small perturbations to the homogeneity and describe their evolution. The
inhomogeneities are responsible for the formation of gravitational bound structures in today’s
universe. We know from the temperature anisotropies in the CMB that in the early universe the
perturbations are 10° times smaller than the background quantities. The density perturbations
grow and finally collapse into bound objects on small length scales due gravitational instability.
It is therefore possible to treat the perturbations to linear order in the early universe and at late
times on large length scales. A nice review on cosmological perturbation theory can be found in
[20].

2.3.1 Theoretical treatment

In order to write down the theory of perturbations one has to introduce perturbations to the
background metric in equation (2.1) and background energy momentum tensor in equation (2.4).
The flat perturbed metric can be written like

ds?® = (14 2)dt* + Bida'dt — R*(t) [(1 — 2¢)8;; + Hij] da'da? . (2.55)
Where the vector B can be decomposed into longitudinal and transverse part
B=Vb+Vxb . (2.56)

The tensor H;; can be decomposed into three traceless parts
1
H,;j = (8183 — 3(52‘jv2> n+ (&-aj + 8jai) + hij (2.57)

The perturbations are divided into scalar perturbations (¢, ¥, b, i), vector perturbations (b;, a;)
and tensor perturbations (h;;). The three types of perturbations evolve independently and can
therefore be considered separately. One can show that vector perturbations decay quickly in
an expanding universe. Gravitational waves can be important, but we will focus here on scalar
perturbations because they exhibit instability and could lead to formation of structures. Using
this parametrisation one can construct gauge invariant variables [20], which can be extremely
useful to compare between different gauges. We choose to use the longitudinal gauge which
leaves only two scalar parameters ¢, 1), so that the metric looks like

ds? = (1 + 2¢)dt* — R*(t)(1 — 2¢)6;jdx"dx? (2.58)

One also needs to specify the perturbations of the energy momentum tensor. For each species
there are four additional scalar degrees of freedom [21]. First the perturbation in the energy
density

59 =16p . (2.59)

The energy flux that is 0 in the homogeneous case has one longitudinal degree of freedom
Y T = (p+Dp)o - (2.60)
i

The remaining parts of the energy momentum tensor contain an isotropic pressure dp and a
contribution from an anisotropic pressure o, defined by
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6T = —6pd; + X%
1 ; _
Z (8283 — 3523) E; = (p —l—p)AO’ (2.61)
ij
where we have used Z; = T]Z — 5§T,f /3 the traceless component of TJ’ With these definitions one
can use Einstein’s field equations to determine the evolution equations of the small perturbations.

One can work to linear order in the perturbed quantities. The perturbed Einstein equations
read like

. A
—3H2¢—3H¢+ﬁ¢ = 4nGdp
A(HY +¢)R = 4nGR*(p+p)b

R . . - 1A
A
@W—w) =127G(p+ p)o (2.62)

Here we have used X = %. One can show that a perfect fluid has to first order an anisotropic

stress o = 0 [21]. Before recombination photons, baryons and electrons are in thermal equilib-
rium and form a perfect fluid. Cold dark matter is a pressure less fluid and has dp = o = 0. So
only neutrinos contribute to the anisotropic stress. Its effect is usually small so we will neglect
it for this short review. This implies that ¢ = 1, so that the perturbations in the metric are
described by one single variable.

In addition to Einstein equations that provide a link between the geometry of the universe
and its matter content we need the equations of motion of the fluid. They are obtained from
V. T} = 0. To simplify these equations we assume that for each fluid a liner equation of state
holds, p/p = w, with w = 0. The equation of state holds for the homogeneous quantities p/p = w
as well as for the perturbed quantities dp/dp = w, which gives the seed of sound ¢ = w. The
conservation of energy, obtained from V,T}' = 0, holds for every species s [21, 15]

ds = (1 + wy) (RO, + 39) (2.63)
where we defined 6, = 5{;’; <. The spatial components V, T/ = 0 imply the equivalent of the Euler
equation

1. H w
—0;=—=Bw-—-1)0;+ A —Ads . 2.64
gls = JOw = DO+ A0+ 7 A (2:64)

A first simplification comes from Fourier transforming the Einstein equations and the equa-
tions of motion. The effect of the Fourier transform on this equations is to replace A — —k?
where k is the comoving wave vector. The physical wavelength of a perturbation scales like
A(t) = R(t)2F and grows proportional to the scale factor. The horizon of the causal universe
today is r,(tg) ~ 1/Hp. This implies that all observable perturbations must have a wavelength
A(to) < 1/Hy. We have seen that during matter or radiation domination

Ax R o« t" with m<1
H o« t (2.65)

The casual horizon of the universe grows faster than the physical wavelength of a perturbation.
Fourier modes that have been outside the horizon in the past enter and can be observed. Smaller
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wavelengths enter first. But this implies a problem because wavelengths outside the casual
horizon cannot be produced by physical processes. This problem was striking cosmologists
for some time but can be explained by inflation. All wavelengths have been inside the casual
horizon before inflation. During the epoch of accelerated expansion the wavelength grows quickly
whereas the horizon of the universe stays almost constant. Most wavelengths become larger than
the horizon and re-enter later during radiation or matter domination, c.f. figure 2.2. Fluctuations
outside the casual horizon are not affected by any physical mechanism so they do not evolve
with time except for red-shifting, they are frozen in.

dﬂ
/rH

/

\

inflation radiation matter t

Figure 2.2: The evolution of the physical wavelengths A and of the casual horizon rg as a
function of time, from [15]. At the beginning of inflation all modes are inside the horizon but
they leave the casual horizon quickly because of the exponential expansion. During radiation or
matter domination modes re-enter the horizon.

Before one can start to solve the evolution equations for perturbations one has to fix the
initial conditions for perturbations before they enter the horizon. One distinguishes between
two types of fluctuations, adiabatic (curvature) and isocurvature (isothermal) fluctuations. Adi-
abatic perturbations are fluctuations in the energy density due to temperature fluctuations. The
equivalence principle implies that all species participate in such fluctuations [13]

=3= 2.
m 0T (2:66)

with ¢ € {7,v,b,CDM, s} (s being the entropy). This equation holds in physical space (Z,t) as
well as in momentum space (E, t). Adiabatic fluctuations are also characterized by d(n;/s) = 0.
The fluctuations in the energy density for non-relativistic species is the same as for the number
density whereas for relativistic components a factor 4/3 appears

0p = dcpM = Z(S7 = %(5,, = 351? . (2.67)
Adiabatic fluctuations can be characterized in a gauge invariant way as fluctuations in the local
curvature, therefore the name curvature fluctuations. Isocurvature (isothermal) fluctuations are
not fluctuations in the local total energy density dp = 0 (at least not as long as the modes
are outside the Hubble radius) but are merely fluctuations in the local equation of state, which
implies 0(n;/s) # 0. Imagine a small isocurvature fluctuation in the energy density of a non-
relativistic particle X on a super horizon scale: dpx. As the total energy density is unchanged
this implies a fluctuation in the temperature so that dp, + dpx = 0. But as p, > px the
fluctuation in the temperature is negligible small, therefore such fluctuations can be called

27



CHAPTER 2. COSMOLOGY AND ITS STANDARD MODEL

isothermal. Isocurvature modes have not yet been detected and are therefore neglected in most
models of cosmological perturbations. However we will see that some axion models can develop
isocurvature fluctuations and their non-observation constrains these models.

The origin of classical cosmological fluctuations lies in inflation. The inflation field has, as
any scalar field in de Sitter space, quantum fluctuations with a nearly scale invariant spectrum.
The fluctuations in the inflaton field give rise to energy density fluctuations because of the
potential energy of the inflaton. A very robust outcome of inflation is that the spectrum of
fluctuations in the energy destiny is nearly scale invariant

(|6:(k,t)|?) ~ k=3 (2.68)

Where the (---) means an average over all Fourier modes with a fixed wave number k = |k|.
The k dependence is often written as k™ ~* with n, being the spectral index which is supposed
to be close to one. It is a major reason for inflation that this scale invariant spectrum of initial
perturbations is exactly the one that is needed to explain the observed CMB fluctuations and
the large scale structure power spectrum. More details on how inflation generates the initial
perturbations can be found in [22, 13]

We will now review the outcome of cosmological perturbation theory: the time evolution
of fluctuations. A nice presentation with analytic approximations can be found in [15]. The
final results are that during radiation domination all modes that are outside the horizon are
frozen and therefore keep their initial conditions d, = dcpy = %67. When a mode of the photon
fluctuations enters the horizon during radiation domination the perturbation starts to oscillate as
a consequence of the interplay between pressure and gravitational attraction. Baryons are still in
thermal equilibrium with photons and follow the oscillations of photons &, = %67. Dark matter
is a pressure-less fluid and is not coupled to photons so it does not participate in the oscillations.
During radiation domination the dark matter density feels the attraction of the gravitational
potential but does not influence it because of its small energy density compared to photons. Due
to gravitational instability the dark matter perturbations grow but only logarithmically with
time because the expansion rate counter balances most of its growth.

During matter domination the gravitational potential is driven by the matter distribution of
dark matter and baryons. Fluctuations in the matter density inside the horizon during matter
domination grow, linearly with R

|6,m| ox t2/% o R(t) (2.69)
which implies that the gravitational potential ¢ is constant in time '. One observes that during

matter domination structures grow until they leave the regime of small perturbations and their
behaviour becomes non-linear.

2.3.2 Large scale structure power spectrum

We will now turn to observable predictions of the cosmological perturbation theory. The
two major observations that we treat are the power spectrum of large scale structures and
the anisotropies in the CMB. For the large matter power spectrum one measures the galaxy
distribution. With it one reconstructs the distribution of luminous galactic matter perturbations
Ogm (7, t). The fluctuations are then Fourier transformed and an average over all Fourier modes
with a fixed wave vector k is done. This gives the power spectrum

Pgm (k) = (|01m (F)*) - (2.70)

1. Knowing that p o< R™2 one can determine dp o« R~2. Using the limit of length scales much smaller than

the size of the horizon, the first equation of equation (2.62) give the Poisson equation %(ﬁ = 47 Gdp. This implies
that ¢ is constant with time.
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Models of galaxy formation show that the distribution of luminous matter follows the distribution
of matter (baryons and dark matter) on scales larger than galaxies, so that we can assume
Olgm ~ bdy,, where b is a undetermined parameter called the light-to-mass bias.
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Figure 2.3: The figure shows the theoretical large scale structure power spectrum. The red solid
line corresponds to the domination of cold dark matter over baryonic matter. One observes that
an increase in n, changes the slop of the spectrum. A change in t.q shifts the maximum of the
spectrum. An increase in the baryon density with respect to the dark matter density increases
the small oscillations and sharpens the spectrum. Adapted from [15].

We will first assume that the matter density in the universe is completely dominated by cold
dark matter and that the baryonic contribution is negligible. At the moment of matter radiation
equality, some of the today’s observable modes are still outside the Hubble horizon. They are
characterized by kteq < R(teq) and are frozen in with their initial spectral distributions. Other
modes have already entered the horizon, kteq > R(tcq), and started to grow logarithmically with
time. After matter radiation equality all relevant scales enter the horizon and grow in the same
way, i.e. they grow linearly with R. One can show that the predicted matter power spectrum is
[15]

k™s for kteq < R(teq)

kteq \? pna—
log (7gty) k™t for kteq > Rlteq)

P, x (2.71)

Recall that the spectral index is supposed to be close to 1. For baryon perturbations the story
is a little bit different. The modes that entered during radiation domination did not grow but
were subject to damped acoustic oscillations. For baryons the power spectrum falls more sharply
for large k£ and small oscillations are imprinted to power spectrum (so called baryon acoustic
oscillations). For the modes that were frozen during radiation domination no difference to a
pure CDM density is observable. The power spectrum is influenced by the following quantities
— the slope depends on the spectral index ng
— the position of the maximum k,,x depends on the time of matter radiation equality and
therefore on the ratio of p,,/p,. As the amount or radiation today is fixed by the temper-
ature of the CMB, this constrains the matter density today.
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— the shape for k > kpax depends on the ratio of py/pcpm-
Their effect on the power spectrum can be seen in figure 2.3. The SDSS collaboration measured
the large scale structure power spectrum by their search for luminous red galaxies up to red-shifts
z & 5. Their result is shown in figure 2.4.

I jﬁ * LRG

Power spectrum P(k) [(h-'Mpc)?3]

Figure 2.4: The observed power spectrum measured by the SDSS collaboration [23]. The results
for the luminous red galaxies survey are shown. The solid curve shows the predictions using
the best fit of WMAP3 parameters. The dashed line contains non-linear corrections to the
predictions for small length scales.

2.3.3 CMB anisotropies

We will now turn to the power spectrum of the CMB anisotropies. If decoupling is a fast pro-
cess the small fluctuations in the photon temperature before decoupling are frozen in. Photons
propagate freely until today and their spectrum still contains the fluctuations of the moment
of decoupling. We can measure the temperature anisotropy %T‘Obs (77) in a given direction 7.
These fluctuations can be expanded in terms of spherical harmonics

oT
T

(@) =Y amY""(7) . (2.72)
Im

obs

The statistic isotropy of the universe implies that all ms are equivalent, i.e. there is no preferred
direction in the sky. The statistical properties of fluctuations depend only on the angular
separation between two points and not their orientation in the sky. The power summed over all
ms for a given £ is (2¢ + 1)Cy/(47) [12], where

Cr = (Jaem|?) (2.73)

Calculating its average value over all ms for a given ¢ allows one to compare the observed mean
value to the predicted value. However this implies that for small £ only very few m values
can be observed and the average is not necessarily very close to the predicted value because of
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simple statistical uncertainties. This limitation is due to the fact that we can observe only one
universe but our theory makes statistical predictions. This principle is called cosmic variance.
An anisotropy with multipole £ corresponds approximately to an angle § ~ % on the sky.

Before turning to the predicted spectrum, let us recall that the CMB is an almost prefect
black body with temperature T, = 2.7255 & 0.0006 K (1) [17] with only very small asymme-
tries. It has its maximal anisotropy in the first multipole ¢ = 1 (a dipole). The dipole is a
result of the velocity of our laboratory reference frame with respect to the reference frame of the
photon fluid. The relative velocity is a result of the velocity of our solar system in the galaxy
and of the velocity of the galaxy in the local group. The dipole is normally subtracted from the
CMB power spectrum.
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Figure 2.5: A sketch of the CMB anisotropy power spectrum, from [12]. The solid line is for
scalar modes with adiabatic initial conditions. It shows the mains features described in the text:
integrated Sachs-Wolf effect, Sachs-Wolfe plateau, acoustic oscillations and the Silk damping
tail. The tensor modes are also shown, with an arbitrary normalization.

We will now discuss the main features of the CMB power spectrum. For the moment we
will only consider adiabatic initial conditions. The CMB power spectrum is divided into three
regions.

— Sachs-Wolfe plateau and ISW rise for £ < 100

The horizon scale at the moment of last scattering is seen at multipoles of the order of
£ ~ 100. Anisotropies on larger scales, i.e. with £ < 100, have not yet entered the horizon
before photon decoupling and have therefore only been redshifted by expansion so that
they have simply the initial perturbation spectrum imprinted.

The photon spectrum is not only redshifted because of expansion but also contains a
shift due to the gravitational Doppler effect. The difference between the local value of
the gravitational potential at emission and detection shifts the wavelength of photons.
The gravitational Doppler effect is called the Sachs-Wolfe effect. Imagine a point at the
last scattering surface (LSS) with a positive temperature fluctuation and consequently a
photon over-density. The over-density creates a gravitational potential which redshifts the
photons that leave it. The total effect on the photon wavelength is that it is redshifted,
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i.e. it appears as a cold spot on the CMB anisotropy map. A nearly scale invariant initial
spectrum predicts a constant power spectrum £(¢ + 1)Cy ~ const for small ¢, the so called
Sachs-Wolfe plateau [24].
For small ¢ the time dependence of the gravitational potential is also important. During
its journey from the LSS to us the photon travels through the gravitational potential and
gets red- and blue-shifted. If the potential is static, only the difference between initial
and final potential is important. However if the potential is time dependent the photon
can accumulate additional red or blue-shift. During matter domination the gravitational
potential is constant in time. Time variations can occur just after decoupling when radi-
ation density is not yet completely negligible or at late times during the domination of a
cosmological constant. The first effect, called early-integrated-Sachs-Wolf effect (EISW),
enhances mainly the power in 20 < ¢ < 200. At late times if the equation of state is
different from p/p = w = 0, i.e. not an exact cosmological constant, then this effect
raises the power spectrum at lowest ¢ above the Sachs-Wolfe plateau. This rise due to a
time dependent potential at late times is called (late-)integrated-Sachs-Wolfe (ISW) rise.
However such a rise is hard to discover because of cosmic variance.

— Acoustic oscillations for 100 < £ < 1000
The rich structure in the intermediate range of the power spectrum is due to acoustic
oscillations. The modes that entered the horizon during radiation domination underwent
acoustic oscillations because of the interplay of gravity and pressure. When the photon
fluid decouples from baryons the oscillations remain frozen in the spectrum. The first and
main peak in the spectrum is formed by modes that entered shortly before decoupling and
went through 1/4 of an oscillation period, when the amplitude of the oscillation is maximal.
Even peaks in the spectrum correspond to maximal under-densities in the photon fluid.

— Damping tail for £ 2 1000
For large multipoles the spectrum is suppressed by Silk damping. If decoupling was a
instantaneous process a photon observed in direction 7 would only carry information
about the local temperature variation on the LSS in the same direction. However the
mean free path of photons does not jump instantaneously to infinity at the moment of
decoupling but grows in a continuous way. When photons leave equilibrium they can still
scatter elastically and change the direction of their trajectory. When we observe a photon
from direction 7 it does not exactly carry the information from the same direction but
from a point a little bit around it. The incertanty is of the order of the mean free path
after decoupling. This implies that correlations on smaller scales are erased and the power
spectrum drops asymptotically to zero for large /.
Another effect on small length scales is due to gravitational lensing. When photons travel
to us they cross regions with large matter densities at late times (when structure growth
has already reached the non-linear regime). However this is a second order effect and we
will not consider it in more detail here.

Figure 2.5 shows a sketch of the CMB power spectrum for scalar adiabatic perturbations
with the different effects discussed in the text. The most recent measurement of the CMB power
spectrum was done by the PLANCK satellite [25]. Its result is shown in figure 2.6.

Isocurvature perturbations give rise to a different spectrum of the CMB (c.f. figure 6.5). As
the spectrum of adiabatic fluctuations looks exactly like the data, isocurvature perturbations
are strongly disfavoured. Only a small admixture of about 4% isocurvature modes is allowed
[12].

Inflation predicts not only scalar perturbations but also tensor modes (gravitational waves).
Their amplitude is proportional to the potential of the inflaton A; < V. A larger gravitational
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wave contribution is predicted when inflation takes place at a higher energy. The tensor ratio
r is usually defined by the ratio of the scalar to tensor power spectrum at small ¢. It is hard
to detect tensor modes in the CMB power spectrum because they simply add to the spectrum
of scalar modes a low £ and there is no way to disentangle them from the scalar modes. How-
ever measuring the polarization of the CMB the BICEP2 experiment recently announced the

discovery of gravitational waves in the CMB [26]. A tensor contribution r = 0.20f8j8g was found.
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Figure 2.6: The power spectrum obtained by the PLANCK collaboration [25]. The green band
indicates the uncertainty due to cosmic variance. The solid green line is the predicted power
spectrum using the best fit values. The agreement is astonishing!

2.4 Dark Matter

As we have seen before cosmology tells us that the matter density in our universe does not
only consist of baryonic matter but that most of the matter density is due to some unknown
source, called dark matter. SM particles cannot provide such an additional source of matter, so
that the observation of dark matter is a clear indication to physics beyond the SM and a very
active topic of current research. Until today the particle physics origin of dark matter remains
an open question. Here we will review evidences for dark matter on different scales, possible
particle candidates as well as current experimental searches.

2.4.1 Evidence for dark matter

A first indication for dark matter was found by the Dutch astronomer J. H. Oort in 1932 [27].
Oort measured the Doppler shifts of stars in the Milky Way and determined their velocities. He
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found that some stars moved with velocities larger than the escape velocity of the gravitational
potential of luminous matter. He concluded that the Milky Way must contain at least one
additional invisible species of matter. Almost at the same time Fritz Zwicky studied the velocity
distribution of individual galaxies in the Coma galaxy cluster [28]. Using the Virial theorem he
estimated the gravitational mass of the cluster and compared it to the mass distribution which
he could extract by the observation of the luminosity of nebulae in the cluster. He found that
the luminous matter was only a fraction of the gravitational matter. Since then a large number
of evidences for dark matter have been observed on different length scales. Some examples are

given in the following.
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Figure 2.7: (Left) A typical example of the rotation velocity in a spiral galaxy, adapted from
[29]. Considering luminous matter and gas one would expect the rotation velocity to fall down
for large distances from the galactic centre. But observations show that the rotation curve is
practically flat, which can only be explained if additional matter is present. (Right) The bullet
cluster from [30]. The yellow and red colours show X-ray emission of the gas. The green lines
show the gravitational potential. It is clear that maximum of gas density and total matter
density do not coincide with each other.

Galaxy scale

The most important evidence for dark matter on galactic scales comes from rotation curves
in galaxies. Measuring Doppler shift of the 21 cm line one can reconstruct the rotation velocity
as a function of the radius in a spiral galaxy. Using Newtonian dynamics one can show that the
rotation velocity at a given radius r is

v(r) = (2.74)

where M (r) is the mass enclosed within the radius r: M (r) = 4 [ p(r)r?dr. If luminous matter
was the only source of matter, one would expect that the rotation curve falls like 7~ /2 beyond
the visible disk Ryis. However the observations indicate that the rotation curve stays constant
for r > Ry, c.f. figure 2.7. To explain a constant rotation cure, the enclosed matter must grow
linearly with the radius, M (r) o r, which implies a dark matter density profile like p(r) oc 7~2.

Only additional matter can explain the observed rotation curves.

34



2.4. DARK MATTER

Galaxy cluster scale

The most famous example for dark matter evidence on galaxy cluster scales is the bullet
cluster. A smaller sub cluster is colliding with a galaxy cluster (1E 0657-558). During the
collision the galaxies do not collide but simply pass by each other and are only slowed down
by gravitational interactions. The baryonic mass of both clusters is dominated by a gas which
interacts much more and which is heated up by the collision. The gas emits a large amount of
X-rays that were observed by NASA’s Chandra-X observatory. The gas corresponds to the red,
yellow and bright colours in figure 2.7 (right). Using weak lensing of objects behind the bullet
cluster one can measure the gravitational mass distribution, given by the green contours in the
picture. It is obvious that the centre of baryonic mass and of gravitational mass do not coincide.
Only an additional invisible matter contribution can explain this discrepancy. One can also see
that the dark matter halo of both galaxies do not seem to have been influenced by the collision.
Dark matter is a collision-less fluid. Another famous examples of a galaxy cluster that shows
the existence of dark matter is MACS J0025.4-1222.

Cosmological scale

On galactic scales we have seen that evidence for dark matter is provided by the fluctuations
in the CMB and by the large scale structure power spectrum. The CMB tells us that even at
the moment of decoupling dark matter was already present and even dominating the universe.
The large scale structure power spectrum shows that during structure formation dark matter
played a very important role.

Altogether the evidence for dark matter is extraordinary: from very early in the thermal
history until today and from scales as small as the size of individual galaxies until the size of the
observable universe today. Parts of the observed phenomena can be explained using alternative
theories of gravity [31] but until today it is not possible to explain the observational evidence
on all length scales with one coherent theory of modified gravity.

2.4.2 Candidates

Until now the particle physics nature of dark matter has not yet been discovered. A large
range of theoretical candidates exist and are actively searched for. Before giving a short list
of possible candidates we have to distinguish between to possible classes of dark matter: hot
and cold dark matter. Hot dark matter is made of particles that became non-relativistic just
before matter-radiation-equality or even later and have still quite large velocities during struc-
ture formation whereas cold dark matter particles have negligible velocities during structure
formation.

The large velocities of hot dark matter erase perturbations on structures smaller then the
free-steaming length of the DM particles. The best example of a hot dark matter candidate are
neutrinos with masses m, ~ 30 eV. For neutrinos the cut-off in the perturbation spectrum is

[13]: Ap = 40 ( 3(;”(;\/) ' Mpec. This means that the smallest scales initially formed are of the
size of superclusters. When these structures go non-linear they condense into bound objects
within which baryons collide with each other and can dissipate energy away until they form
gravitationally bound objects on smaller scales, like galaxies. The formation of structures in a
hot dark matter model is said to be "top down".

In models of hot dark matter, galaxies form only quite late, z < 1. Which is contradictory

with the observation of a large number of galaxies with larger redshifts z < 3. Another problem
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of hot dark matter is the mismatch of scales: the typical size on which the galaxy correlation
function shows non-linearity is r ~ 5h~! Mpc. Hot dark matter predicts non linearity at scales

Ap = 40 (3(’)“5\/) ' Mpec. One can reconcile the two scales by adjusting the neutrino mass but
then the neutrino relic density is too large €, h? ~ 2. Today hot dark matter is almost completely
excluded by CMB precision measurements, e.g. the PLANCK collaboration gives an upper limit
on the neutrino mass Y m, < 0.23 eV (95% CL) .

Cold dark matter also has a cut-off in its perturbation spectrum but it is irrelevantly small
(< 1 pc). As smaller fluctuations start to grow earlier, the first objects that are formed are of
sub-galactic size. These objects virialize into gravitationally bound objects with a radial density
profile like galactic DM halos. Baryonic matter can lose energy through dissipative interactions
and condenses further. In cold dark matter models structures form "from the bottom up". Cold
dark matter seems to fit all current observations so that the cosmological standard model today
is called the A Cold Dark Matter model.

The requirements for a good dark matter candidate are the following:

— it must have the right relic abundance Qcpmh?® =~ 0.012

— it must be very weakly interacting with SM particles, it is even possible that dark matter

has only gravitational interactions with SM particles

— during structure formation, it must be non-relativistic with negligible velocities = CDM

— the lifetime of the particle must be at least as long as the age of the universe today

However these are not the only constraints on dark matter candidates. Direct and indirect
detection experiments, collider searches and astrophysical observations can further constrain
dark matter candidates and reduce the available parameter space. A large number of candidates
has been proposed and here we will only give a short list of the best motivated ? possible can-
didates.

Weakly interacting massive particles

The most commonly cited candidate is a WIMP (weakly interacting massive particle). It
is a whole class of candidates with similar properties. WIMPs are very popular candidates
because their relic density is naturally of the right order when their annihilation cross section
that controls the freeze-out is of the order of a electroweak process.

To illustrate the freeze-out of a particle species consider a stable particle x that annihilates
into SM model particles X: y+¥ <+ X 4+ X with a thermally averaged cross section (c|v|), which
is of the order of a typical (electro-) weak process. The Boltzmann equation can be written as

Ny + 3Hn, = —<a]v\>(ni — (n;q)Q) (2.75)

where n{! is the equilibrium number density of x. At high temperature x is in thermal equi-
librium because its interactions with the thermal bath are fast. When the temperature drops
T < my, the number density of x gets exponentially suppresses, as long as (o|v|)ny? > H .
However when the number density becomes too small, the annihilation rate becomes smaller
than the expansion rate H, and the number density freezes in. If x is stable, from the moment
of freeze-out on the number density gets only depleted by expansion. The freeze out temperature

is almost independent of the exact WIMP properties, Tp ~ m,/20. The relic density of the

2. The judgment of the motivation of a candidate is certainly a highly subjective one.
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WIMP can be obtained by solving the Boltzmann equation numerically [12]

T 0.1 pb
my(olv]) — (ofv])

Q. h? ~ const 2.76
X

where Tp is the CMB temperature today. If the annihilation cross section is larger, the WIMPs
stay longer in thermal equilibrium and their relic density is smaller, as shown in figure 2.8.
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Figure 2.8: The figure from [32] shows the evolution of the relative WIMP number density
Y (z) = ny(x)/s(x) as a function of x = m, /T. As long as the annihilation rate is fast, the
x number density traces the equilibrium density which is exponentially suppressed. When the
annihilation rate becomes slow, the number density freezes-out. The larger the annihilation
cross section the longer y is in thermal equilibrium and the smaller the relic density.

Many extensions of the SM predict the existence of WIMPs, some examples are

— Supersymmetry
In SUSY theories one often introduces a discrete Z5 symmetry, called R-parity, to suppress
operators that harm the stability of the proton. Supersymmetric particles are differently
charged under this symmetry than SM particles. Therefore R-parity implies that the
lightest supersymmetric particle (Isp) is stable. For a long time sneutrinos have been con-
sidered as dark matter candidates however their expected scattering rate with nucleons
is already excluded by direct detection experiments. Other possible candidates are neu-
tralinos or gravitinos. Gravitinos might be very difficult to detect because they have only
gravitational interactions with SM particles.

— Kaluza-Klein candidates
Models with extra spatial dimensions can also provide a dark matter candidate. In par-
ticular in models with universal extra dimensions, i.e. SM fields are free to propagate in
the bulk (= extra dimension + usual 4 dimensions), the lightest Kaluza-Klein particle can
be stable and can be a dark matter candidate. Extra dimensions compacted on an orb-
ifold often have some geometric symmetry which is a subgroup of the higher dimensional
Poincaré group. The momentum conservation in the extra dimensions can be broken down
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to some discrete symmetry, KK-parity, which ensures the stability of the lightest Kaluza-
Klein particle. The Kaluza-Klein decomposition of the 4 + N dimensional field gives an
infinite tower of 4 dimensional fields with growing masses. If the lightest Kaluza-Klein
excitation is neutral and charged under KK partiy, it is a viable dark matter candidate.
Potential candidates are KK gauge bosons, KK neutrinos, KK scalars or KK gravitons [33]

Neutrinos

We have already seen above that SM neutrinos with small masses cannot be the dominant
dark matter component. However right-handed neutrinos with order keV masses can be viable
dark matter candidates. Sterile neutrinos can be produced by mixing with standard neutrinos
[34]. But the mixing also introduces a loop decay into a standard neutrino and a photon. The
lifetime of the sterile neutrino depends on its mixing angle with neutrinos. The non-observation
of an X-ray line restricts the production mechanism. Such constraints can be circumvented if
the production is enhanced due to the MSW effect or if the dominating production mechanism
is the decay of a gauge singlet boson. Very recently a X-ray line at about 3.5keV has been
discovered from various galaxy clusters and the Andromeda galaxy [35, 36]. This could be a
first sign of sterile neutrino dark matter.

Axions

Axions were originally introduced to solve the strong C'P problem. However it turns out
that axions are also perfectly suitable clod dark matter candidates. A major research part of
this thesis is dedicated to axions. More details on axions can be found in chapter 6.

2.4.3 Search for DM

Dark matter candidates are actively searched for. The search strategy depends very much on
the candidate one is looking for. Experiments looking for axions are reviewed in chapter 6. To
search for WIMPS, one often uses direct detection experiments. Indirect detection experiments
are sensitive to a large range of models.

Direct detection

Direct detection experiments try to detect the nuclear recoil produced by a dark matter
particle that hits a nucleus. The source of dark matter particles is the galactic halo. The
recoil energy depends on the velocity of the DM particles. In the standard halo model the
mean velocity is vg /&~ 220 km/s [12]. WIMPs with masses between 10 GeV and 10 TeV produce
nuclear recoil energies of the order 1 —100 keV. The rate of the events depends on the local dark
matter density, which is given in the standard halo model by 0.39 GeV/ cm®. Using this value, the
expected rate depends only on two unknown parameters: the DM mass and the interaction cross
section. As the expected rates are very low, of the order of 1 event kg~ 'day !, the reduction of
background events is of highest priority for experiments. Most of these experiments are situated
in underground laboratories to shield themselves against cosmic rays. Another important issue
is the energy threshold: if one wants to study low mass WIMPs (below 10 GeV) one needs to be
able to detect nuclear recoils with energies below 1 keV. A WIMP signal shows two important
signatures: the direction of the nuclear recoil has strong asymmetry from day to night because of
the rotation of the earth. Furthermore a few percent annual modulation of the signal is expected
from the speed of the earth that is added to or subtracted from the speed of the sun.
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Figure 2.9: The figure shows observed exclusion lines and detection ranges by different experi-
mental searches. The different experiments with references are described in the text. Adapted
from [12].

A brief overview of the most important experiments and their results is given in the following,.

The CoGeNT experiment used Germanium detectors with a low energy threshold 400 eV.
They claim to see a signal at low recoil energies that could be compatible with a WIMP mass
7 —11 GeV and a cross section 3 x 107 pb [37]. They see an annual modulation of their signal
[38] but the amplitude of the modulation is much stronger than what is expected for such a
WIMP.

The DAMA collaboration used sodium iodide scintillators and has reported the observation
of a signal after 6 years of data taking. They observe an annual modulation of the signal at
8.90 [39]. The observation can either be explained by a WIMP with mass ~ 50 GeV and cross
section 7 x 1079 pb or a lighter WIMP with mass of 6 — 10 GeV and cross section ~ 1073 pb.

The EDELWEISS [40] and CDMS [41] collaborations use semiconductor detectors (Ge or Si)
which are operated at very low temperatures so that they can simultaneously measure the phonon
and ionization signal and are able to discriminate between nuclear and electric recoil. Both
groups have performed a special low energy analysis [42, 43] which give comparable exclusions.
They exclude a large part of the DAMA region and cut a part of the CoGeNT region of interest.
The combined CDMS and EDELWEISS data give currently the second best exclusion on spin
independent cross sections for m, > 80 GeV [44]. The CDMS collaboration has recently reported
[45] an excess of events that are best fit by a WIMP with mass 8 GeV and a cross section ~ 1077
pb. The EDELWEISS experiment does not only look for WIMPs but is also sensitive to axions
[46]. They are building a new detector with around 30 kg of detector material which should
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start to operate soon.

Noble gas detectors have a similar advantage as semiconductor detectors because one can
measure both the primary scintillation and the ionization electrons, which can be used for
background reduction. The XENON100 experiment took data for 225 days and did not find any
excess of events [47]. The collaboration has set very strong bonds for large WIMP masses. The
LUX detector is also a Xenon detector which has recently published its exclusion limits after 85
live days [48]. It sets the most stringent limits on the WIMP cross section for masses larger then
8 GeV. It excludes completely the CoGeNT region of interest. A summary of the all mentioned
experiments is found in figure 2.9.

Indirect detection

Indirect searches look for the annihilation products of WIMPs. As the annihilation rate
depends strongly on the local DM density, one should look at regions with large DM concentra-
tions. DM can be locally trapped in large gravitational potentials like the earth, the sun or the
centre of our galaxy. The most frequent decay products are photons, neutrinos and antimatter
particles like antiprotons and positrons. Some DM candidates can also decay with a lifetime
comparable to the age of the universe. An example is a possible photon line that would be
emitted by sterile neutrinos in the keV region.

Photons can be produced with a continuous spectrum when DM particles annihilate to a
quark and an antiquark. The jets can then emit photons of different energies and produce a
spectrum of photons. If DM candidates can annihilate into a pair of photons, or a photon and a
Z boson (via one loop) then a 7 line is expected at an energy corresponding to half of the WIMP
mass. By re-analysing the data of the FERMI satellite, Weniger found a v ray line at 130 GeV
in the spectrum coming from the centre of our galaxy [49]. The FERMI collaboration confirmed
the existence of this line but with a lower significance [50]. The cross section needed to explain
this line is larger than the normally predicted cross section of a thermal WIMP. This hint has
triggered a large amount of speculation about the interpretation as a dark matter signal.

Neutrinos from dark matter annihilations could be created in the sun or in the earth. The
annihilations would be a source of muon neutrinos which could be observed by neutrino experi-
ments like IceCube [51] or SuperKamiokande. Until now no excess that can be related to dark
matter has been observed.

Antimatter is an excellent way to detect dark matter because it is quite rare and astrophys-
ical processes producing antimatter are well understood (as long as the energy is not too high).
However positrons and antiprotons are charged and are therefore deflected by magnetic fields
or interactions with the CMB, so that information about their source is lost. The PAMELA
[52] and AMSO02 [53] experiments measured the positron flux and found a rise in the positron
spectrum for 10 — 200 GeV. To explain this rise in terms of a WIMP annihilation one needs
to evoke rather large annihilation cross sections or a very clumpy dark matter halo. PAMELA
measured also the antiproton flux and found no excess [54]. This sets even stronger constrains
on models that try to interpret the asymmetry in the et spectrum as WIMP annihilations.

In summary dark matter is actively searched for using different types of experiments. For
direct detection experiments the situation is not clear because of claimed signals in regions where
other experiments exclude the existence of a signal. Indirect searches show several excesses but
they cannot easily be explained simultaneously in terms of dark matter and point in different
directions. Only further experimental efforts can clarify the situation and reveal the origin of
dark matter.
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Chapter 3

Neutrino physics beyond the SM

Neutrinos masses are probably the most model independent and clearest sign of physics
beyond the standard model. In 1968 the Homestake experiment by Ray Davis was the first
to measure electron neutrinos coming from the sun and observed a deficit compared to the
predictions of the solar standard model. This difference can be explained by neutrino oscillations.
Since neutrino oscillations have been observed for the first time, a large number of experiments
established and tested the picture of neutrinos oscillating from one flavour to another. These
oscillations are only possible if at least two of the tree neutrinos are massive, even if their masses
are tiny compared to other masses in the SM. A very elegant way of explaining small neutrino
masses naturally is the seesaw mechanism. It describes neutrino masses as a low energy effect
suppressed by the high scale of new physics.

This chapter will briefly review the theory of neutrino masses and oscillations, their experi-
mental status and then explain the seesaw mechanism, which will be important for leptogenesis.
The introduction of neutrino physics is very much inspired by [55] which contains not only a
very complete picture of role of neutrinos in cosmology but also a very nice introduction to the
physics of neutrinos.

3.1 Neutrino oscillations

3.1.1 Dirac mass term

To explain neutrino oscillations one has to introduce a neutrino mass term which is absent
in the SM. Like for the electron one needs a right-handed SU(2) singlet to introduce a Yukawa
coupling between the Higgs field and the neutrino which then forms a Dirac mass term after
spontaneous symmetry breaking. The right-handed neutrino Npg, is a singlet under all three
SM gauge groups. It has therefore almost no interactions with other SM particles and is called
sterile. The lepton Yukawa part of the Lagrangian is given by

L = —Y,ZZLHeR — Y/VEL(Z.O-QH*)NR (3.1)

where family indices are suppressed. After electroweak symmetry breaking these two terms give
rise to mass terms for charged leptons and neutrinos. The Yukawa matrices are not diagonal
but can be diagonalized using biunitary transformations

vity'tvi = vt (3.2)
vityrvg = v (3.3)

41



CHAPTER 3. NEUTRINO PHYSICS BEYOND THE SM

where Y and Y? are diagonal matrices. The transformation matrices Vﬁ r and V§ can be
absorbed in a redefinition of the fields ¢, e and Ngr. However, like in the case of massive
quarks, there is one transformation matrix too much. The matrix V} cannot be adsorbed in
a redefinition of ¢;, because this would change the first term in the Lagrangian. This means
that for neutrinos, the flavour basis in which electroweak interactions are diagonal is not the
same basis that diagonalises the mass matrix. The unitary transformation matrix between mass
eigenstates and interaction eigenstates is called the PMNS matrix [56, 57, 58]

U=ViVvy and  vpe = Unvre - (3.4)

It is the analogue of the CKM matrix in the leptonic sector. From now on Greek indices stand for
the interaction basis a € {e, p, 7} whereas Latin indices imply the mass eigenstates k € {1,2,3}.
The neutrino mass eigenvalues are given by my, = Y}’v where v = (H) ~ 174 GeV is the vacuum
expectation value of the Higgs field.

A convenient parametrisation of the PMNS matrix is given in terms of three angles 012, 613,
023 € [0,7/2] and one phase § € [0, 27]

C13€12 512€13 s13 e’
_ i s
U = (—s12c23 — sa3s13c12 €°)  (ca3ci2 — 523513512 €°°)  S23C13 (3.5)

i i
(s23s12 — s13¢23¢12 €°)  (—S23C12 — S13512C23 €°)  c23C13

The matrix breaks lepton flavour conservation but still conserves total lepton number. A non-
zero value of ¢ leads to C'P violation which is actively searched for in upcoming neutrino exper-
iments like NovA.

This simple extension of the SM is sufficient to explain all data obtained from neutrino
oscillations (except for the so called anomalies). However theoretically it is not very appealing
because in order to explain the smallness of neutrino masses, the Yukawa couplings need to be
tiny Y < 1072, The question is: why are neutrino Yukawa couplings so small, compared to
the top quark Yukawa coupling Yiop, ~ 17 One way to explain this is the seesaw mechanism
which will be introduced in the next section.

3.1.2 Neutrino oscillation theory

Oscillations between different neutrino flavours are a result of the fact that the mass eigen-
states are not identical with the interaction eigenstates. Neutrinos are produced as interaction
eigenstate which is a superposition of several mass eigenstates which all propagate differently in
time and give therefore rise to flavour oscillations.

We will consider the mixing of three neutrino flavours with a 3 mixing matrix U. The effect
of additional ns sterile neutrinos can easily be taken into account by using a (3 + ns) x (3 +ns)
mixing matrix. We assume that at ¢ = 0 a neutrino of flavour « is created. It can be written as
a superposition of mass eigenstates

Va) = > Usilve) (3.6)
k

The complex conjugate matrix U* is used here because one has to use the creation operators to
construct the initial states out of the vacuum. The mass eigenstates v, propagate as free waves

va(t, @) = Y Ugre™ "% |u) (3.7)
k
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where py is the four-momentum of neutrino state k. Using the unitary of U one can invert
equation (3.6) |vg) = >3 Upkl|vg). This can be plugged into the previous equation to eliminate
the mass eigenstates

|Va(t, X) ZU* Zpk'wU5k|V/3> (3.8)

The probability of measuring a neutrino of flavour 8 at time ¢ and position £ when at ¢ = 0 and
Z = 0 a neutrino of flavour a was produced can then be evaluated to

Py v, (t, %) = [(valva(t, 2) Z kUﬁkUajUEjeii(pkipj).m (3.9)

In all relevant cases neutrinos are ultra-relativistic. Furthermore for most experimental
setups the distance L between creation and detection is the crucial variable and not the time
of flight ¢. Using natural units one can therefore replace ¢t by % = L. This simplifies the
propagation py - x = Ext — pj - & ~ (Ex — p.r) L where we have chosen our reference frame so that

neutrinos travel in positive z direction. One can expand the energy as F; = p. + 2p Defining

the mass squared difference Amkj = mz m? one can simplify

2

L (3.10)

VQ—WB Z kU,BkUaj Uﬁj

It should not be surprising that for L = 0 the probability becomes diagonal P, ,,(L — 0) =
dap- To simplify equation (3.10) consider a case where two flavours participate in the mixing,
e.g. Ve and v,. They are related to the two mass eigenstates via one single mixing angle

|ve) = cos@lvy) +sinb|ve) (3.11)
lv,) = —sinb|vy) + cosB|vy) (3.12)

In this case equation (3.10) gives the famous oscillation probability

Am?

PEEXEW (L) = sin?(26) sin’ < 1B ) (3.13)

where Am? is the mass squared difference between the two mass eigenvalues. Consequently
2

oscillations are observable if %L = O(1). If the distance between creation and detection is

known with a much larger uncertainty than the occurring oscillation length Lisj =4rE/ Am%j,

then one can simply average over the distances Ly and obtain

(Prasvs (L)) = D 1Uak*| Ui (3.14)
k

which is then independent of the distance L. In the opposite case of very short distances
L« Lzsjc the probability to observe a transition goes to zero.

Using oscillation experiments in vacuum one can determine the three neutrino mixing angles
fr; and the mass squared differences but not the overall neutrino mass scale. One can also
extract information about C'P violation by comparing the oscillations of neutrinos and anti-
neutrinos. The CPT symmetry that should be conserved in every quantum field theory implies
Py —v;(L) = Py, 5, (L). However CP violation would manifest itself in the difference

PVa_>Vﬁ (L) - Pgaﬁﬁﬁ (L) ¢ 0 lf 5 ;é O,ﬂ- . (315)
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CP violation has not yet been observed but thanks to the large value of 613 current experiments
are coming very close to the needed sensitivity [59].

Neutrino oscillations in matter can significantly differ from neutrino oscillations in vacuum
because the interactions between neutrinos and the particles forming the background matter
change the propagation of different mass eigenstates. Because interactions couple to flavour
eigenstates they significantly change the propagations of mass eigenstates which are not any
more eigenstates of the Hamiltonian. If the typical oscillations length scale is much larger then
the background inter particle spacing, one can define a neutrino refraction index n, which takes
into account matter effects in the neutrino propagation.

ny — pmatter ) (316)
p

Here pmatter is the linear momentum of neutrinos in matter and p the momentum in vacuum.
For ultra-relativistic neutrinos they can be related by

Pmatter =P — Voo — WNe (317)

where Voo (Vne) is the effective potential that neutrinos feel due to their charged current
(neutral current) interactions with the medium.

Normally the background medium (e.g. the sun) consists of electrons, protons and neutrons.
Only electron neutrinos can have charged current interaction with the electron density. In [55]
it is shown that the charge current effective potential can be written as

Voo = V2Gene (3.18)

where n, is the electron density in the medium and G is the effective Fermi coupling constant.
All three neutrino flavours take part in neutral current interactions with all three components
of the medium. The neutral current effective potential is [55]

1
Ve = V2GF (negl + npghs + nngly) = -3 V2GEn, (3.19)

where g‘]; = g{z + g{ is the vector coupling constant of fermion f induced by electroweak inter-
actions. In the last step we used that ¢¢ = —g!, and that due to charge neutrality n. = n,.

Neutrinos in matter behave like they had an effective mass different from the vacuum mass.
As neutrino oscillations only depend on the differences in masses, only different refractive indices
for different flavours change their behaviour. In the three flavour mixing scenario the neutral
current interactions change all three neutrino masses in the same way so that the net effect is
zero. But if one considers sterile neutrinos one has to take them into account.

To see the effect of matter on neutrino oscillations concretely consider again the case of only
two neutrinos v, and v, with two mass eigenstates v and vy as described in equation (3.12).
The effective mixing angle in matter can be related to the vacuum mixing angle 6 by [55]

2|plVec )1
2 = 2001 — ————— . 2
tan 20;; = tan 9( A cos 30 (3.20)

The effective mass squared difference is then

Am3y = \/(Am? cos 20 — 2| Vec)? + (Am2sin 20)? . (3.21)
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In [60, 61] it was realised that the transition from one flavour to another is resonantly enhanced
for
Am? cos 20 = 2|p|Vec (3.22)

If this condition is verified the effective mixing is maximal 6y, = 5 and the transition is the
largest. This is called the MSW effect. It can play an important role in astrophysical envi-
ronments like the sun or type Il supernovae where the radial profile of the matter density can
provide the right matter density for resonant enhancement of flavour oscillations at some point

of the radial distribution.

3.1.3 Neutrino oscillation experiments

Neutrino oscillation experiments can be classified by the used neutrino sources. Natural
neutrino sources like solar neutrinos and atmospheric neutrinos as well as artificial neutrinos
from nuclear reactors or neutrino beams are used in experiments. They all have in common that
the neutrino energy E and the distance between source and detection L must be chosen so that

Am?
4F

L=0(1) (3.23)

in order to be able to detect neutrino oscillations. Experiments generally measure either the
appearance of a neutrino flavour absent in the initial neutrino beam (appearance experiments)
or the depletion of a flavour relative to its initial proportion (disappearance experiments).

Nuclear reactions in the sun like p+p — d+e™ + v, produce electron neutrinos with energies
between 0.1 MeV and 10 MeV. In 1968 Ray Davis succeeded for the first time to detect solar
neutrinos with his chlorine experiment in the Homestake mine. The experiment was based on the
production of Ar through the reaction v, +37Cl — 37Ar 4+ e~. The produced Ar was chemically
separated from the chlorine and detected by its nuclear decay. The production reaction is only
possible if the incoming neutrinos have a energy higher than 0.8 MeV. So a large part of the
neutrino spectrum could not be measured. The experiment measured a large deficit in the
electron neutrino flux relative to the expected one [62]. Other experiments like GALLEX/GNO
[63] which measured also neutrinos with lower energy, forming the largest part of the solar
spectrum, or the Super-Kamiokande experiment [64] confirmed the deficit and improved the
precision on the neutrino flux. The proof that neutrino oscillations are responsible for the
neutrino deficit pas given by the SNO experiment [65] which used a heavy water Cherenkov
detector in the Sudbury Mine with 10000 t of D2O. The experiment was sensitive to charged
current, neutral current and elastic interactions

ve+d — p+p+e CC (3.24)
Vo+d — p+n+rv, NC (3.25)
Vo +€ — e 4, elastic (3.26)

It was therefore possible to measure the total solar neutrino flux of all three flavours which
was found to be in agreement with the prediction of the solar standard model. It proofed that
neutrinos did not simply disappear but change their flavour while travelling to earth. Solar
neutrino experiments are sensitive to Am3; and 612. The sign of Am3, is fixed due to matter
effects in the sun.

Atmospheric neutrinos are created when cosmic rays hit the atmosphere. These interactions
create, among other particles, a large amount of pions which in their decays create neutrinos
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and muons which themselves decay and produce a second generation of neutrinos.
™ = ut +y, T =+, (3.27)
pt = et e+, B e+ ety (3.28)

From this on can infer that the muon neutrino flux should be about two times the electron
neutrino flux. The first sign of atmospheric neutrino oscillations was observed by the Super-
Kamiokande experiment [66]. Atmospheric neutrinos should be produced uniformly around the
earth. The experiment observed a deficit of up-going muon neutrinos which was compatible
with neutrino oscillations between v, and v;. The difference comes from the fact that L, the
distance between creation and detection, depends on the direction of the neutrinos. For down-
going neutrinos it is minimal whereas for up-going neutrinos it is maximal. In this way the
experiment could measure for the first time a3 and |Am3,).

Reactor neutrinos are produced in the g decays of heavy nuclei used in nuclear power plants.
The produced neutrinos are electron anti-neutrinos with typical energies of order MeV. The
sensitivity to a certain Am? depends on the baseline L. Short baseline experiments ( L ~ 10 m)
are sensitive to Am? ~ 0.1 eV?, experiments with a baseline around L ~ 1 km) can measure
Am? ~ 1073 eV2. The (very) long baseline experiments (L ~ 100 km) measure consequently
Am? ~ 107° eV2. Very recently the three experiments DoubleCHOOZ [67], Daya Bay [68] and
RENO [69] have measured for the first time 613 by observing an electron antineutrino disappear-
ance in the neutrino fluxes from nuclear reactors. To be able to measure the disappearance one
has to know the initial number of produced neutrinos very exactly. Therefore these experiments
used a near detector and a far detector and compared the two observed rates in order to cancel
out uncertainties on the initial anineutrino flux.

From the seven parameters that characterise the neutrino mixing (three mass eigenvalues,
three mixing angles and one phase) already five have been measured: all three mixing angles
{6012, 013, 023} and two mass differences {Am32;, |[Am%,|}. For the solar mass difference the sign is
known whereas for the atmospheric mass difference the sign is still unknown. Depending on this
sign one distinguishes two cases: normal hierarchy (NH) m; < mg < mg or inverted hierarchy
(IH) m3 < my < mg. The CP violating phase and the neutrino mass scale are still unknown.
It is still possible that only two neutrinos are massive and that the third one is massless. The
values of all measured parameters are given in table 3.1.

The three flavour neutrino mixing is a very successful theory that describes almost all ob-
servations of neutrino experiments. However there are also some observed phenomena that the
three flavour neutrino mixing cannot explain, so called anomalies. If one wants to explain the
observed data using neutrino mixing, one has to include additional neutrinos with quite a large
mass Am? ~ 1 eV? compared to the observed neutrino mass differences. But the measurement
of the invisible width of the Z boson by the LEP experiment constraints the number of neutri-
nos to [71] N, = 2.9840 £ 0.0082 (1o). The additional neutrinos, called sterile neutrinos, can
therefore not be sensitive to electroweak interactions.

A first evidence was observed by the LSND experiment [72] which is a SBL experiment that
uses an 7, beam and looks for the appearance of 7, in their beam. They observed an excess
in anti neutrino events of more than 30 above background that points to a mass difference
Am? ~ 1 eV? which is much higher than the mass differences observed by solar and atmospheric
neutrinos. The MiniBooNE experiment was designed to check the LSND results and found no
evidence for such oscillations in the neutrino mode v, — v.. But in the antineutrino mode
v, — V. an excess of 7, was observed [73]. The observed excess is compatible with the LSND
results.
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Parameter | best fit + 1o 30 range

sin? 09 0.30213013 0.267 to 0.344

sin? fa3 *0.41370058 | 0.342 to 0.667

sin? 613 | 0.0227105053 | 0.0156 to 0.00299

5/1° 300765, 0 to 360
A 7.501018 7.00 to 8.09
Amgl

s o (NH) | +2.47370080 | +2.276 to +2.695

Amj 0.042
g (IH) | —2.42770068 | —2.649 to — 2.242

Table 3.1: Best fit values with 1o errors and 3¢ range for all neutrino mixing parameters, from

[70]. * For the value of sin? f23 a second local minima at 0.594f8:8%% exists.

Another anomaly appeared recently. The re-evaluation of the antineutrino fluxes at nuclear
reactors estimated the flux to be 3% higher than the fluxes predicted by previous calculations.
This means that data from reactor neutrino experiments at very short distances can be inter-
preted as a deficit of 6% in the flux of 7.. The so called reactor anomaly can also be explained
by the presence of a sterile neutrino with Am? ~ 1 eV? [74]. Another anomaly was announced
by the GALLEX and SAGE experiment which observed evidence for v, disappearance at very
short baselines [75]. Unfortunately no coherent picture that can fit all three anomalies has yet
been found. It is clear that further investigation is needed to check these anomalies and to bring
them in agreement with each other.

As seen above neutrino oscillation experiments can measure mass differences but cannot
determine the absolute neutrino mass scale. The best way to measure the neutrino mass scale is
to use the kinematic effects of neutrino masses on the 8 decays of nuclei 4Z — 4(Z+1)+e™ +7, .
Thereby one looks at the endpoint of the spectrum of the emitted electron. The maximal kinetic
energy of the electron is given by

Ef/[ax = M; — Mf — Me — My, (329)

where M; (M) is the mass of the initial (final) nucleus. The principle effect is shown in figure 3.1.
The difference is best measurable for nuclei with a small mass difference M; — M. Therefore
tritium is often used for these measurements. As the electron neutrino is not a mass eigenstate,
the measured mass is a superposition of all mass eigenvalues

3+ng
mg = > |Uel*mj, (3.30)
k=1

where N is the number of sterile neutrinos. The present bound on the neutrino mass is [12]

mg S 2eV. (3.31)
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Figure 3.1: The effect of a non zero neutrino mass on the spectrum of the emitted electron in a
B decay, from [76]. The endpoint of the spectrum is shifted by the neutrino mass

The upcoming Karlsruhe Tritium Neutrino experiment (KATRIN) should be able to find a
new lower bound which is smaller by one order of magnitude.

3.1.4 Cosmological neutrino constraints

Neutrinos play only a sub leading role in cosmology but have nevertheless some impact on
observables so that their properties can be constrained by cosmological observations. However
it is important to keep in mind that cosmological bounds are very model dependent. They
depend on the basic cosmological model that is used (one normally uses the ACDM model) and
on the way extensions of this model are introduced. To get constraints one adds generally an
additional parameter, like e.g. the number of neutrinos or the neutrino mass, to the basic model
and then fits the cosmological data sets. In doing so one can extract information about the new
parameter without falling into regions of very low probability of the parameter space.

Number of neutrinos
The neutrino energy density in the thermal bath can be parametrized relative to the photon
energy density
4/3

Pv = Neffg <141> P~ (332)
For three SM neutrinos one obtains Neg = 3.046. A fully thermalized additional neutrino (sterile
or not) would enhance Neg by one if it has the same temperature as normal neutrinos. The
best way to constrain additional neutrinos in cosmology is to use CMB data. The main effect of
increasing neutrino number on the CMB power spectrum is that the additional radiation density
increases the expansion rate at recombination. The diffusion length of a photon during recombi-
nation scales like ~ /f.,. However the horizon at decoupling scales like ~ t.,. Consequently the
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angular scale of the photon diffusion length increases. The power for a given £ in the damping
tale is therefore reduced [55]. The PLANCK collaboration’s most stringent bound is obtained
by combining CMB data with data from baryonic acoustic oscillation measurements [17]

Net = 3.301021 . (3.33)

The errors are approximate 1o bounds. One additional thermalized massless neutrino is there-
fore not excluded but more are not allowed.

Neutrino masses
The basic cosmology model that the PLANCK collaboration uses assumes a minimal mass model,
i.e. neutrinos with normal hierarchy and one massless neutrino. The heaviest neutrino has a
mass m, ~ 0.06 eV whereas the mass of the second massive neutrino (controlled by the solar
mass splitting) ~ 0.009 eV is neglected. We will see shortly that even a mass of m, ~ 0.06 eV is
beyond current sensitivity of the experiment so that there is effectively no difference to a model
with massless neutrinos. To study the effect of heavier neutrinos one defines the total mass M,
of all three neutrino species. As cosmology has rather few sensitivity to mass splitting one can
also assume that all three neutrinos have degenerate masses m, = M, /3.

Massive neutrinos change the moment of matter - cosmological constant equality and influ-
ence the CMB spectrum via the late integrated Sachs-Wolfe effect. The ISW rise for ¢ < 20 is
depleted. They also influence the evolution of the gravitational potential just after decoupling
by adding some more mass density. This follows in a depletion of the spectrum in the range
20 < ¢ < 200 via the early ISW effect. The depletion is of the order [55]

ACy my,

~

C,  10eV °

(3.34)

Another way to constrain neutrino masses is to measure the distortion of the CMB spectrum
due to gravitational lensing when CMB photons travel though regions in space where structure
formation has gone non-linear. Massive neutrinos enhance the expansion rate during matter
domination and therefore suppress the clustering of matter. They only affect scales smaller
than the horizon at the moment when neutrinos became non-relativistic. This decreases the
gravitational lensing potential and therefore the weak lensing effect. For PLANCK this should
be the dominating effect of massive neutrinos. The PLANCK limit on the total mass of neutrinos
using CMB data and baryonic acoustic oscillation data is [17]

M,=> m, <023eV at 95% . (3.35)

Including the weak lensing data has the effect of weakening the bound on the total neutrino
mass. The weak lensing data seems to indicate a non-zero total mass of neutrinos of the order
M, = 0.46 €V. Similar effects have been observed in lensing data from SPT [77] and ACT [78].

Additional massive sterile neutrinos
We have seen that to explain the LSND anomaly and the reactor anomaly one or two sterile
neutrinos with mass m ~ 1 eV are needed. To constrain them using cosmological data one has
to extend the cosmological standard model by Neg and M, at the same time. In [79] it is was
shown that additional sterile neutrinos with m ~ 1 eV are strongly disfavoured by cosmology if
they are fully thermalised because they contribute too much to hot dark matter. Changing the
equation of state of dark energy or including additional radiation can improve the situation.

49



CHAPTER 3. NEUTRINO PHYSICS BEYOND THE SM

In [80] a model containing three light neutrinos with total mass > m, and one additional
massive sterile neutrino with effective mass mgﬁ = (Ts/ Tl,)3ms, T, being the current temperature
of the sterile neutrino, is considered. N.g contains the contributions of the sterile neutrino to
the radiation density. They find that at 95% CL the allowed values are

m <0.14eV > m, <0276V Neg=3.287037 . (3.36)

The limits are quite strong and reduce the possibilities of explaining the observed anomalies
using sterile neutrinos and a standard cosmological scenario.

3.2 Seesaw mechanism

As we have seen almost all data from neutrino oscillation experiments can be explained
by simply giving neutrinos a Yukawa coupling to the Higgs field which then generates neutrino
masses after the electroweak symmetry breaking. Therefore one needs to introduce right-handed
neutrinos, which turn out to be gauge singlets. However the Yukawa couplings must be unnatu-
rally small to explain the tiny neutrino masses. So at least from a theoretical point of view, this
situation is not very satisfying. A solution to this problem is given by the seesaw mechanism
[81, 82, 83, 84]. In its simplest version it adds a Majorana mass term for the right-handed neu-
trinos to the Lagrangian in equation (3.1). We will first review general Majorana mass terms,
emphasise the differences to Dirac mass terms and then introduce the seesaw mechanism which
explains in a natural way why neutrino masses are so small by adding a Majorana mass term
to the SM. At the end we will review the basic idea of an experimental test of the Majorana
hypothesis.

3.2.1 Majorana mass term

Using the projection operators Pr/j, = %(1 + 75) one can decompose the Dirac spinor in its
two chiral components ¢ = ¢, + ¥ . In this notation the Dirac equation is

ihb, = myg (3.37)
iR = map . (3.38)

The Dirac equation mixes the two chiral components if the mass is non-zero. For m = 0 the two
components are completely independent and can be treated separately. In the case of massless
neutrinos there is no need for both chiralities, because only the left-handed neutrinos participate
in electroweak interactions. Indeed in the SM only left-handed neutrinos exist. If the left and
the right-handed components of a particle are only related to each other via their dynamics (the
Dirac equation) the particle is called a Dirac particle. All fermions in the SM are Dirac particles.
However the left and right-handed components can also be related by another condition, like
the Majorana condition [85]. To write it down we first have to define charge conjugation

@) S 0C@) = O (@) = 670 () (3.39)
Oa) S 00) = W @)t (3.40)
where [(|> = 1. One can show that ¢ = C%T behaves as a right-handed field. To show

this, one uses the fact that the charge conjugation matrix and the projection operator commute
P;,C =CPy,. So one has

PLC%T =CWP)t =¢C ((PRwL)HO)T =0 (3.41)
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The analogue equation holds for the right-handed component. A Majorana fermion is then
constructed by using only one helicity state and adding the charge conjugate to obtain the other
helicity component, like

¥ = +vf (3.42)

so that the Majorana fermion is its own antiparticle ¢ = ¢¢. This is the Majorana condition.
Of course this is only possible if the fermion is neutral. The Dirac equation now reads

i =mCor (3.43)

Majorana fermions are only then distinguishable from Dirac fermions if they are massive. In
the massless case the two parts of the Dirac equation decouple and the right-handed component
becomes inert.

For simplicity we will now consider only one neutrino. The mass term mixes left and right-
handed components so that in the Majorana case it reads like

1
£ = ——mvlup + h.c (3.44)

mass 2

The factor % is there to compensate the double counting of degrees of freedom. We have chosen
to write the mass term in terms of the left-handed fermions because for the SM we are looking
for a mass term of left-handed neutrinos. However we could have also written down in the same
way a Majorana mass term for right-handed neutrinos. The kinetic terms in the Majorana case
are the same as for Dirac fermions. The most important difference to the Dirac mass term is that
a neutrino Majorana mass term breaks lepton number conservation. But as neutrino masses are
very small one can treat the problem perturbatively. One can still define lepton number and all
processes that do not involve the neutrino mass term conserve lepton number. In addition to
the usual lepton number conserving SM processes one can look for processes that violate lepton
number by two units. A famous example is the neutrinoless double 8 decay that is actively
searched for by various experiments.

It is not easy to construct a Majorana mass term. One can show that the Majorana mass
term is a weak isospin triplet (instead of a singlet in the Dirac case) and that it carries weak
hypercharge Y = —2. It is therefore not possible to construct it using gauge invariant Yukawa
interactions with the Higgs. There is a possibility to construct the Majorana mass term using
two Higgs bosons, but then the operator is of dimension 5 and not renormalizable. It can be
treated as the low energy effective Lagrangian of a high energy theory. We will see in a minute
how the seesaw mechanism constructs a low energy Majorana mass terms for neutrinos.

In the case of three neutrinos the Majorana mass term can be written as

M = —% LLCTMEsvgr + hec. (3.45)
In contrast to the Dirac mass case the Majorana mass matrix is diagonalised using one unitary
transformation.

(V)" MEVE = M with My j = my, 6, (3.46)

After the diagonalization the Majorana mass term is

1 3
ﬁﬁ‘nJass = _5 Z mungLCTVkL + h.c. . (347)

k=1
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The mixing matrix is defined as in the Dirac case, but in the Majorana case it contains three
phases which cannot be removed instead of only one phase.

Uy = V'V =UDY with DM = diag(1, e, e2), (3.48)

The matrix U is the PMNS mixing matrix of the Dirac case, given in equation (3.5).

3.2.2 Seesaw

As already mentioned the seesaw mechanism provides a Majorana mass term for the left-
handed neutrinos of the SM. The neutrino mass scale is naturally small because the Majorana
mass term is the low energy effect of a new high energy theory at some high energy scale and
because the effective operator giving neutrino masses is suppressed by the new high energy scale.
Depending on the nature of the additional particle in the seesaw mechanism one can distinguish
three types

— Type I: SU(3) x SU(2) x U(1) singlet fermions

— Type II: SU(2) triplet scalar

— Type III: SU(2) triplet fermion

For brevity we will only concentrate on the type I seesaw mechanism and a very interesting
variation of it, the inverse seesaw mechanism. We introduce ng gauge singlet fermions Nyp with
n =1,---ng which we will call right-handed neutrinos. Using the right-handed neutrinos we can
write down a Dirac mass term M for neutrinos. But as the right-handed neutrinos are gauge
singlets one can write down a Majorana mass term for them M?. The mass Lagrangian can
then be written

1
Linass = _%MsDaNsR + §VZRCTM£/NS’R + h.c. (349)

The Dirac mass matrix M2 is a (ns x 3) matrix. It comes from the usual Yukawa couplings
of fermions to the Higgs field. The Majorana mass matrix M%, is a (ns x ns) matrix . The
whole system of mass matrices can be written using a (ns 4+ 3) x (ns + 3) complex symmetric
matrix

D\T
D+M 0 (M7)

The matrix is written in the basis of row vector NLT = (VerL,VuL, VrL, NgR . NSC; r). Using

this basis one can sum up both mass terms in one single expression

1
5NECTMDW NE 4 he. (3.51)

Emass =

This is just a Majorana mass term for the left-handed field Ny. It can be diagonalised using a

unitary transformation matrix W. We will assume that M% is a high mass scale because it is

related to new physics. The mass eigenvalues split then into three light eigenvalues and three
heavy eigenvalues

1

Myigny ~ —(MD)T—MRMD and Myeavy ~ ME (3.52)

The corresponding eigenvectors are vy + l/f and Np + Ng. The active neutrinos as well as

the heavy sterile neutrinos are Majorana particles. To get a feeling for the orders of magnitude

involved in the neutrino mass eigegvalues consider only one generation. The active neutrino

mass is then given mygn = (MP)"/M = (Y¥)?u?/M. The Dirac mass term is naturally for
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Y" ~ 0.1 and therefore of the order u, the expectation value of H. To have neutrino masses of
the order mjjgn; ~ 1 €V, one obtains the scale of right-handed neutrino masses M ~ 101 GeV.
For such high scales the neutrino masses are naturally very small, even for order one Yukawa
couplings. This is theoretically a very satisfying answer to the smallness of neutrino masses, but
the predicted scale of new physics is out of reach for every direct search experiment. However
one can hope to detect the Majorana nature of the active neutrinos by looking for neutrinoless
double beta decay.

To bring the scale of right-handed neutrinos down to observable scales ~ 1 TeV is the aim
of a extension of the inverse seesaw mechanism [86]. It introduces not only three right-handed
singlets v but also three new left-handed singlets s;. In the basis of (vr, Ng,sr) the mass
matrix is 9 X 9

0 MP 0
M = (MY 0 M (3.53)
0 MT

which contains two Dirac mass matrices M and M as well as one Majorana mass matrix u. In
the limit M > MP, ;u one obtains by diagonalising a light mass matrix

-1 —
Mgy = (MPYT(MT)™ pM = M P (3.54)

for the active neutrinos. The remaining v and sy, form three quasi Dirac leptons with mass
M. The scale M is still a high energy scale but now the neutrino masses are suppressed by M?2.
If one wants to have M = O(TeV) within the reach of the LHC and keeping Y = O(1) one
obtains that ;1 = O(keV) in order to have sub-eV neutrino masses.

Let us now turn to a potential experimental test of the seesaw mechanism. We have seen
that within the seesaw mechanism active neutrinos are Majorana particles, so they are their own
antiparticles. One way to test the hypothesis of Majorana particles is the double beta decay of
nuclei,

N(A,Z) - N(A, Z +2)+ 2 +20, . (3.55)

It is second order in Gr and therefore only appears for nuclei that cannot make a single beta
decay. The double beta decay emits two electrons and two neutrinos. The neutrinoless double
beta decay is the same transition process but without emitting two neutrinos. It is clearly
forbidden by lepton number conservation. But when neutrinos are Majorana particles, lepton
number is broken and the process is allowed. Figure 3.2 shows one Feynman diagram of the
neutrinoless double beta decay.

As the normal double beta decay contains four outgoing particles the spectrum of the elec-
trons is continuous. In the case of the neutrinoless double beta decay the electron spectrum is
monochromatic, so that one can distinguish both processes by looking at the electron spectrum.
The decay rate of the neutrinoless decay can be parametrised like

FQBOV = <mee>2|M‘2F2/BOV . (356)

The F?5% stands for the phase space factor of the decay which can be calculated quite exactly.
The M is the nuclear structure matrix element which is much harder to evaluate theoretically.
The decay rate depends quadratically on a linear combination of neutrino mass eigenvalues and
Majorana phases

(Mee) = \U61|2m1 + 62“‘2]U52\2m2 + ei<A3*5)|U63|2m3 ) (3.57)
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Figure 3.2: Sketch of the neutrinoless double beta decay. The cross symbolises the Majorana
mass insertion.

In the case of normal hierarchy one can encounter the situation that even for three non-zero
neutrino mass eigenvalues there is a combination of the phases d, A1, A2 so that (me.) vanishes.
This means that even if neutrinos are massive Majorana particles it is not sure that a neutrinoless
double beta decay is observable. However this combination of phases is not preferred over any
other combination is therefore not very likely to be chosen by nature. On the other hand
an observation of neutrinoless double beta decay would once and for all answer the question
of Majorana masses and at the same time give the absolute scale of neutrino masses. Several
experiments have already been looking for the neutrinoless decay and efforts continue to enhance
the sensitivity of these experiments. See [87] for an overview of theory of the double neutrinoless
beta decay and upcoming experiments.
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Chapter 4

Baryogeneis through leptogenesis

In the previous chapter on cosmology (section 2.2.2) we have seen that our standard picture
of cosmology is not able to explain the observed value of the baryon relic density. A completely
unrelated problem that we have discussed in some detail in chapter 3 are neutrino masses. Even
if both problems are very different, they can both be explained by a very small extension of the
SM. As we have seen introducing right-handed Majorana neutrinos explains neutrino masses
very elegantly via the seesaw mechanism. The same right-handed neutrinos can also produce
a lepton asymmetry in the early universe which can be converted into the baryon asymmetry
observed today. As the baryon asymmetry is created via a lepton asymmetry these kind of
scenarios are part of the leptogenesis models. In this chapter we will introduce the basic idea
and the relevant mechanisms of baryogenesis through leptogenesis

4.1 Introduction

Current observations of our universe indicate that all structures contain only matter (baryons
and electrons) and dark matter but only very few antimatter (antibaryons and positrons). It
seems that the universe contains much more baryons than antibaryons. This is quite intriguing
because our "Big bang' models indicate that at early times, at high temperatures, the number
of baryons should be equal to the number of antibaryons. Let us assume an equal number of
baryons and antibaryons throughout the whole evolution of our universe and only one baryon
b with baryon number B = 1. Conserving baryon number the baryons can annihilate into n
photons:

b+b<+—s ny (4.1)

At high temperature baryons are in thermal equilibrium with the thermal bath and have

a relativistic number density density ny ~ 7. When the temperature drops below T ~ my,

the photons from the thermal bath cannot produce baryons any more and the baryon density

drops with ny ~ T%/2exp(—my/T). If baryons stay in equilibrium for a long time their relic

density drops to 0 and no more baryons or antibaryons should be left. However if after T' ~ my

the interaction becomes slow compared to the expansion rate of the universe, a baryon relic

density can be left. Using the nucleon-anti nucleon annihilation cross section o ~ m_2, where

my = 135 MeV one can show that the hypothetic baryon and antibaryon relic density would be
13)

Yi(to) = Yilto) = 2 ~ 10719 (4.2)

s(to (%o 5

where the s is the entropy density given in equation 2.44. However the actual value for the
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baryon asymmetry in the universe (BAU) is measured by Planck [17] to be

BB ZNB| (8,59 +0.13) x 10711 (4.3)
0

Yap =

which contains the 1o error.

In our toy model the baryon number density Y = 0 because we assumed a symmetric
universe. The baryon density in our toy model is much too small to explain the measured value.
In order to prevent that almost all baryons annihilate one has to introduce a baryon asymmetry.
One can argue that this baryon asymmetry is just an initial asymmetry or one can try to explain
it through a dynamical process. The first option has two problems: first the initial asymmetry
must be very small, fine tuned, 6000001 baryons for every 6000000 antibaryons. Second if
inflation took place in some early stage of the universe it would have completely erased an
initial asymmetry. We are therefore looking for a possible dynamical generation of the baryon
asymmetry. Such a scenario is called baryogenesis.

Sakharov showed that to create an asymmetry dynamically three conditions have to be
verified [88]:

— Baryon number must be violated: in order to go from a state with Yap = 0 to a state

with YaAp # 0 baryon number must be violated.

— C and CP violation: It is clear that if C' is not violated all processes involving baryons
have the same rate as those involving antibaryons and no net difference between baryons
and antibaryons is created. For C'P violation, consider a process from an initial state ¢
and some final state f where baryon number is produced. Call p; (pf) the momentum
of particles in the initial (final) state and s; (sf) their spins. The conservation of C'P
implies (via the conservation of C'PT) also conservation of time reversal 7' which would
then imply

L(i — fipissispy,sp) = D(f = 4 —py, =S¢ —pis —8i) (4.4)

The baryon number produced in those two processes is opposite. Integrating over all
possible momenta and spins we get no net asymmetry. A net baryon asymmetry can only
be produced if C and C'P are broken.

— Out of equilibrium: in chemical equilibrium no asymmetry is created in a quantum
number even if it is not conserved. To see this one can write the mean value of the baryon
number using the density matrix p, that describes your system

Tr(pB)

(B) = T(p) (4.5)

In thermal equilibrium the density matrix can be written like p = e #. H is the Hamil-
tonian that commutes with the CPT operator ©® but not with B. The CPT operator
anticommutes with baryon number BO = —OB'. We use this and the invariance under
cyclic permutations of the trace to show that

Tr(©~'0e PB)  Tr(©'ePHOB)  Tr(0'ePPBO)
Tr(p) a Tr(p) a Tr(p) a

This implies that (B) = 0 as long as thermal equilibrium holds.

(B) = —(B) (4.6

1. Consider a process a — b with a given baryon number B. The C'PT conjugate process is b — @ has opposite
baryon number —B.
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It is very interesting to see that in the SM all three conditions are verified. Baryon number
is violated by the triangle anomaly that leads to processes that involve nine left-handed quarks
and three left-handed leptons. A selection rule for such processes is

AB = AL =43 . (4.7)

At low temperature this process is suppressed but at high temperatures this process can be fast.
Furthermore weak interactions violate C' maximally and violate C'P via the Kobayashi-Maskawa
mechanism. However it is very difficult to produce the asymmetry observed today using only
the C'P violation from the SM because it is generally not strong enough [89]. New sources
of CP violation are therefore needed if one wants to explain the BAU. At last the SM also
provides departure from thermal equilibrium at the electroweak phase transition. As this phase
transition is not strongly of first order as required by baryogenesis one also needs to provide a
new departure from thermal equilibrium.

One of the first models that was proposed is GUT baryogenesis [90, 91]. In this model the
asymmetry is created by out of equilibrium decays of heavy bosons in grand unified theories
(GUT). The non-observation of proton decay seriously constrains GUTs to very large energy
scales. This gives a lower bound on the reheating temperature after inflation. However simple
inflation models do not give such a high reheating temperature which might also create unwanted
relics. Furthermore the simplest GUTs violate B + L while conserving B — L. Sphalerons that
violate B 4+ L can destroy the produced asymmetry. Other models are electroweak baryogenesis
[92] or Affleck-Dine mechanism [93].

A very interesting and attractive model explaining the BAU is given by leptogenesis. Lep-
togenesis was first proposed by Fukugita and Yanagida [94] and uses the heavy right-handed
neutrinos introduced in the see-saw mechanism to explain neutrino masses and to create the
BAU at the same time. The right-handed neutrinos are created at high temperatures and can
create a lepton asymmetry in their decays. The new sources of C'P violation are the Yukawa
couplings of the right-handed neutrinos. Departure from equilibrium is provided by their slow
decay and inverse decay rates. The produced lepton asymmetry is then transformed into a
baryon asymmetry by non perturbative sphaleron processes.

4.2 Thermal leptogenesis

In this section we will give an introductory review to leptogenesis, following [89]. The
following assumptions are made in order to simplify the analysis and to concentrate on the most
important points of leptogenesis: The lepton asymmetry is produced in one single flavour a.
The right-handed neutrino masses are hierarchical with the lightest mass being much lower then
the other masses M7 << My, M3. We will assume that only the lightest right-handed neutrino
Ny is thermally produced. The other right-handed neutrinos are too heavy and their number
densities will be neglected.

At very high temperatures 7' > Mj, s- or t-channel scattering processes involving top quarks
of the form gy + tg — fo + Ny or £y +tr — qr + N7 populate the Ny density. When the
temperature drops below M, the right-handed neutrinos decay and the number density decreases
according to ny, o e~ M/T Due to the C'P violating Yukawa couplings of N, its decays produce
an asymmetry in lepton flavour « if the interactions are out of equilibrium. This asymmetry can
then be reprocessed into a baryon asymmetry by B + L violating sphaleron processes. However
during the production of the V7 density, an asymmetry equal in magnitude but opposite in sign to
the asymmetry form Ny decay was produced if interactions were not in thermal equilibrium. This
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suggests that at leading order no asymmetry survives. But the anti-asymmetry gets depleted by
scatterings, decays and inverse decays. This depletion is called washout and is a critical feature
to thermal leptogenesis.

The baryon asymmetry created by leptogenesis can be parametrized in the following way

135¢(3)

Y,
AB = Ay

Z €aa X Na X C (48)

The sum is over all flavours but in the model considered here, only one flavour o produces
an asymmetry. The fraction on the right hand side is the ratio of the N; number density at
thermal equilibrium for T > M; and the entropy. A thermal equilibrium density for N7 can
occur at high temperatures only when the Yukawa coupling A\, is sufficiently large. In the SM
this fraction is of order O(4 x 10~3) if the number of relativistic degrees of freedom in the plasma
is g4 == 106. If the N do not achieve a thermal distribution, the asymmetry produced is smaller,
which is parametrised by the factor n,. The three parameters after the fraction describe the
following effects:

— €q describes how much C'P violation is produced in the N; decays. Every é decay, one

more ¢, than ¢, is produced.

— 1o is the efficiency factor. Inverse decays, washout processes or inefficiencies in the Ny
production reduce the asymmetry created. In the limit of N7 interactions in perfect
equilibrium, no asymmetry is produced and 7, = 0. The maximal value is 1, = 1.

— (' describes a further reduction due to the redistribution of the asymmetry from lepton
doublets to other particles or the inefficiency of B + L violating processes that transform
the lepton asymmetry into the final baryon asymmetry.

Estimating these three parameters is the aim of the following paragraphs.

4.2.1 C and CP violation

For the decay process of N; the amount of C'P violation in flavour o can be defined as

0 = F(Nl — faH) — F(Nl — Zaﬁ)
“ T T(Ny = LoH)+T(N, — (,H)

(4.9)

where ¢ means the anti particle of ¢ and H is the Higgs field. As the right-handed neutrino is
supposed to be a Majorana particle, one has N; = N;. The CP asymmetry is normalized by
the total decay rate of Ni. By definition |e,| < 1. Usually it is much smaller than 1. However
in the case of quasi degenerate N; [95, 96] it can get close to 1. We will have a closer look at
CP violation in section 4.3.

4.2.2 Out-of-equilibrium dynamics: 7,

Out-of-equilibrium dynamics can be provided by the expansion of the universe. Processes
with an interaction rate slower than the expansion rate of the universe H cannot equilibrate
particle distributions and are out-of-equilibrium. For analytical estimates processes that are
much faster than the expansion rate can be treated by imposing their chemical and kinetic
equilibrium conditions, processes that are slow can simply be neglected.

The production of Nj is a crucial ingredient to our simple leptogenesis toy model. A full
thermal number density can be produced only if the reheat temperature is high enough Tyeheat =
M /5 and if the production rate is larger than the expansion rate of the universe I'p.oq > H.
In the early universe the most important production modes are inverse decays H{¢, — N; and
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even more efficient scattering processes involving top quarks qrtgr — f,IN1 and l,tr — qr, V7.
The production rate can be estimated to (by dimensional analysis)

h?p‘al |2
Tprod ~ 3 T (4.10)
= m
The total decay rate of Ny into leptons and Higgs is given by
N PP Y7
I'p= za:r(Nl — Lo H, (o H) = 87;1. (4.11)

If the production was fast at some moment, then from h; ~ 1 one can infer that also the total
decay rate was in thermal equilibrium at 7" = M. It is very useful to approximate the expansion
rate of the universe during radiation domination by

T2
H(T) ~ 1.66 /g —— (4.12)
mp1
where mp; ~ 1.22 x 10" GeV is the Planck mass.

Knowing the decay and production rate of N; one can distinguish three different scenarios
for the lepton asymmetry production as a function of whether the decay and production rates
are fast or not.

— Strong washout

The scenario of fast total decay rate I'p > H and fast partial decay rate I', > H in flavour
« is called strong washout. At T' ~ Mj a thermal number density of Ny is created without
producing a lepton asymmetry because any asymmetry produced would be washed out
immediately. When the temperature drops, the N; start to decay but do not produce a
lepton asymmetry because inverse decays are still fast and wash out any asymmetry. The
N1 can produce an asymmetry in their decays only when the inverse decays fall out of
equilibrium (I';7p, < H). The inverse decay rate can be estimated to be

1
Tipa = D(Hly — Np) = §Fae—M1/T (4.13)

The temperature for which I';ps(T,) ~ H(Ty) is called T,,. From T, on, the N decay

out of equilibrium and create an asymmetry in flavour «, but the N; density is already
suppressed by a factor ~ e~ M1/Te We can estimate the efficiency factor in this scenario
ny, (Ta) _My H(T = M)

~e A

Taw ~

Mo nn, (T >> Ml) T,

(4.14)

— Intermediate washout
The case where the total V1 decay rate is fast I'p > H but the partial decay rate is slow
'y < H is called intermediate washout regime. At high temperature a N; equilibrium
number density is formed by the coupling Ag; with 3 # . The production of N; produces
an (anti-) asymmetry in flavour a of order ~ —e,n,. When the temperature drops, the
out of equilibrium decays of N7 produce an asymmetry of the same order but opposite in
sign ~ €4n~. This implies that at leading order no net asymmetry is produced. However a
small part of the anti-asymmetry from N; production is washed out before the N; start to
decay. This fraction can be estimated to be of order ~ ﬁean7 yielding an efficiency

factor
[N

Na & H(T = My) (4.15)
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— Weak washout
If the NV total decay rate is slow one speaks about weak washout. The N; never achieve
a thermal distribution because their couplings to SM particles are too small. Their pro-
duction is most efficient at 7' ~ M; when the age of the universe is ty ~ 1/H. The
number density of Ny is estimated ny, ~ I'yroatyny. The production of Ny creates an
anti-asymmetry that is erased by the asymmetry created in N1 decays, as in the previous
regime. The efficiency factor is therefore

FaFD
A - 4.1
e (T = ) (4.16)

4.2.3 Lepton number and B + L violation

To create a lepton asymmetry, the lepton number must be violated. This job is done by Nj.
If one assumes Nj has lepton number L(N7) = 1, the Yukawa coupling involving N7 conserves
L but the Majorana mass term violates L. In the case where L(N;) = 0 the Majorana mass
term conserves L but the Yukawa coupling term violated L. Consequently the N; decays into
leptons can produce a net lepton asymmetry. This asymmetry is then partially transferred into
baryon asymmetry by B + L violating non perturbative processes.

The question of anomalies and their role in cosmology is a very interesting but also difficult
one. I will only give a very brief description of the most important properties. More details
can be found in [97, 98, 99]. The SM Lagrangian conserves B and L, but due to the chiral
anomaly [100] there are non-perturbative gauge field configurations which can act as sources for
B + L. + L, + L; violation, while conserving B — L, — L, — L;. At low temperatures these
processes are very slow and negligible but at in early universe at T' > TgrpT such configurations
can occur frequently and lead to a rapid B + L violation.

For our purposes the chiral anomaly of the SU(2) symmetry of the SM is the one that gives
B + L violation. The Lagrangian for SU(2) gauge interactions is

1 . Juw a a 7
L= Zwm’“‘(% —i%o Wy, (4.17)

where {¢ } = {q?’ﬁ ,E%} with A colour index, a, 3 generation index and b SU(2) index. W is

the gauge field and o is the generators of the symmetry (the Pauli matrices). This Lagrangian
has 12 global chiral U(1) symmetries (one for each fermion field) of the form ¢% — e . The
chiral currents associated to these symmetries are

Jh = Vil (4.18)

The currents should be conserved because of the Noether theorem. However it turns out that
the are only conserved at tree level but not on the quantum level. Due to the regularization of
loops, which introduces an energy scale which breaks the chiral symmetry like a fermion mass,
the divergence of the chiral current does not vanish (it is anomalous)

1
6472

oty = Wy, WHe . (4.19)
Here Wy, is the field strength of the SU (2) gauge field and WHva jts dual. The right hand side
can be related to the topology of gauge fields: it counts the winding number ncg (Chern-Simons
number) of the field configuration. This means that there is an infinite number of degenerate
ground states with different ncg which are separated by a potential barrier (figure 4.1).
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The current associated to baryon number is the sum over all quark currents from equa-
tion (4.18)

R
I =32 0w - (4.20)
q

The baryon current is anomalous, as all individual currents. The current associated to lepton
number is the sum over all lepton currents. Both currents are anomalous

N -
ol = orjP = 647{2 wa, W (4.21)

with Ny = 3 being the number of families. Baryon and lepton number are violated as well as
B+ L but B — L is conserved [100]. As the winding number changes in integer steps, baryon
and lepton number are changed in steps of AL = AB = +3n and n being a positive integer.
Consequently it does not harm proton stability. It implies an effective interaction of 12 fermions
(9 quarks and 3 leptons).

E

Sphaleron
°
92N
O °
-2 -1 0 1 2 3

Figure 4.1: The figure shows the degenerate vacuum states with different winding number,
separated by a potential barrier. Instanton effects are tunnelling process through the barrier.
Sphaleron processes can be described as a "jump" over barrier due to thermal excitations.

> NCS

At T = 0 one can go from one field configuration to another one by tunnelling through the
potential barrier that separates the two ground states. This tunnelling is called the instanton
effect. However its rate is exponentially suppressed by I' ~ edn/aw [100], so that instanton
effects can safely be neglected at low temperatures. At high temperatures, thermal fluctuations
can climb over the barrier and then fall into the neighbour ground state. These processes are
called sphalerons. Their rate can be estimated to be I'spp, o< e~ Eson/T where Esph = 2Bmw /aw
is the height of the barrier at 7' = 0 and B ~ 2 a parameter of order one [101]. Above the
electroweak phase transition all SM particles are massless and so the potential barrier disappear.
The transitions occur frequently and also the B + L violating rate is fast for T >> Myy. The
associated rate of B + L violation is estimated to be [102]

Ip.g ~ 25a7, T (4.22)

This rate exceeds the Hubble expansion rate H for Tgpr < T' < 10'2 GeV. It can therefore
transform the lepton asymmetry in flavour « into a baryon asymmetry [89]

12
Yap =~ 37 > Yaa (4.23)
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4.3 (P violation

CP violation is a crucial and highly non trivial ingredient to leptogenesis which deserves
a more detailed view. At the beginning several general features of C'P violation will be ex-
plained: why can C'P violation only occur in the interference between a tree process and its
loop correction, why does the total decay rate of any particle not violate C' P and finally why is
in leptogenesis a quite special treatment of on-shell intermediate states used? Then some more
details about how to actually calculate the amount of C'P violation are given.

4.3.1 General properties

The general features of C'P violation can be obtained by simply using two fundamental
principles: unitarity of the S matrix and C' PT invariance of the quantum theory. It is useful to
write the S matrix as

S=1+T . (4.24)

T is called the transition matrix. The S matrix unitarity condition gives

=88 = (1+iT)1—iT) = iTy=iTy— |TT'] . (4.25)
a
Multiplying this equation by its complex conjugate one gets
T2 = |Tha|* = —20m{[TTY] Ty} +|[TT1] P (4.26)
ab ab

If one can expand the transition matrix 7" pertubatively in some coupling constant, then one
can interpret this as if a difference between the tree level process a — b and its inverse b — a
only arises in loop corrections. This implies that C'P violation in a tree level process occurs to
lowest order in the interference of the tree level process and its loop correction. However some
caution is at order when considering this for the heavy right-handed neutrinos N;: the S matrix
is only defined for asymptotic states. As the NV; decay they can not always be considered as
asymptotic states. This approximation will be examined further below.
The C'PT symmetry that should be a symmetry of every quantum field theory implies

IM(a = b)]* = |M(b— a)|? (4.27)
where the matrix element is related to the transition matrix by

iM(a — b)(2m)*s* (zn: pi — i qf) =Ty, . (4.28)
' f

)

The initial state contains n particles with corresponding momenta {ai(p1),- - an(pn)} and the
final state contains m particles {b1(q1), " - bm(gm)}. Using this and the unitarity of the S matrix
one can show [103] that the total decay rate of a particle and its anti-particle are identical

STIMX = b)) =) IM(X = b))? (4.29)
{b} {b}

where we used that one can define {b} = {b}. This implies that C'P violation does not occur in
the total decay rate of a particle. Only the partial decay rates can violate C'P.

The N; can only be treated as asymptotic states if their lifetime is long compared to the
time scale of the S matrix. For a 2 — 2 scattering process this time scale can be estimated by
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7 =1/+/s where s is the centre of mass energy squared. Processes containing N in the final or
initial state can be treated with a unitary S matrix when I'p << /s ~ Mj.

One has to be careful when using N; as a final state in Boltzmann equations. Even if V; is
stable on the timescale of the scattering process, on larger timescales N1 decays. One encounters
the problem of double counting. The N; appears as a intermediate on shell state as well as a
real asymptotic state. Consider, e.g. the case of Hf, — anything. It contains an on-shell
contribution from the process H/, — H{g where N1 is exchanged in the s-channel diagram but
also a contribution form H¢, — N; where the N finally also decays. To fix the double counting
one can subtract the on-shell contribution of the scattering rate:

|M(H(y — anything)|> = |M(Hly — Ny)|?
+ 3 [IM(H b — HEg)? = |MOS(HL, — Hig)[?
B
+ M (H L — Hig)? = |MOS(HE, — Hig)P?] (4.30)

The on-shell part can be calculated via

IMOS(Heo — Hig)]” = |M(Hlo = N1)|* By, (4.31)
Where Bg%ﬁ is the branching ratio of Ny to H/g.

4.3.2 Calculating C'P violation rates

To calculate the C'P asymmetry one has to consider loop corrections to the tree level decay
process. The leading order contribution arises from the interference of tree (subscript 0) and
loop level (subscript 1) diagrams. The matrix elements can be separated into coupling constants
and amplitude parts

./\/l = Mo + Ml = Co.Ao + Cl.Al . (4.32)
Here c¢g, ¢1 contain coupling constants and Ag, A; are the amplitude parts. The matrix element
for the conjugate process is denoted

M = ciAg + My (4.33)

where in Ag the Dirac spinors for external fermions u, is replaced by v,. The C'P asymmetry
given in equation (4.9) can then be rewritten following [89] to be

[ leoAo + ClAl‘ngHg,H —f |C(’§./Zlo + CTAHQSCZH&H
2325 [ leoA[2odN ey

Im{coct} 2 [ Im{ Ao AL }odIl,y

2 |col? J 1 Ao[2bdITy g

a =

(4.34)

~ a3 a3 .

where § = (2m)164(P; — Py) and dll,y = dlL,dlly = 2E4(12)fr)3 2EH€QZF)3 and P;, Py are respectively
the incoming four momentum and outgoing four-momentum. The tree amplitude times loop
amplitude has an imaginary part when intermediate particles are on-shell which arises when the

H and /g are on-shell in the loops:

2Im{Ag A} = Ao(N — H{,) / AG(N — CH") d Ty g (0 H' — Hg) (4.35)
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The H' and ¢’ are the intermediate particles, taken to be massless and dIly g+ the integration
over their corresponding phase space.

In the model introduced above, where only N7 have a thermal distribution and the asymmetry
is created in its decay into H{,, the C'P asymmetry can be calculated to be [89]:

3M;

€a = mjm{[)‘]al [m* Al 1} (4.36)

where « is not summed over. This expression can be used to deduce an upper bound on ¢,,.

3M1mmax

<
leal < 16702

(4.37)
with mmax being the largest neutrino mass. This upper bound on the C'P asymmetry can be
used to derive a lower bound on right-handed neutrino mass M; in the case of a leptogenesis
scenario with hierarchical right-handed neutrino masses. This lower bound on M; then implies
a lower bound on the reheat temperature of the universe in order to produce the N efficiently.
For leptogenesis to produce the BAU one needs 3", €a7o ~ 1077, Taking a typical value for the
efficiency factor 7, ~ 0.1 one obtains in the case where the asymmetry is produced in one single
flavour

€a 21070 . (4.38)

Using the atmospheric neutrino mass splitting for the largest neutrino mass, one obtains
M; 210° GeV = Trehear = 107 — 1010 GeV (4.39)

The original derivation of this bound, called the Davidson-Ibarra bound, including a much more
exact numerical evaluation of the lower bound on N can be found in [104]. This bound is very
restrictive, so it it worth recalling the assumptions of this bound:

— This bound only applies to non-degenerate right-handed neutrino masses. In the case of
degenerate neutrino masses, the asymmetry can be much larger and the bound on M as
low as the TeV scale, e.g the model described in the following chapter is such a model.

— It only applies if there are no other additional particles than the SM particles and the
right-handed neutrinos. A second Higgs, a fourth family or additional light singlets can
change the situation completely.

— This bound was derived using hierarchical right-handed neutrino masses with one light
mass My << My 3.

In the supersymmetric version of leptogenesis the lower bound on the reheat temperature can
conflict with the upper bound on the reheat temperature that comes from gravitinos. Gravitinos
are abundantly produced at high temperatures by scattering in the thermal bath at a rate
~ T3 /mp) and decay with a lifetime m%l / m3G The decay products can disassociate light elements
produced during BBN. To avoid this one has to restrict the amount of gravitinos that are
produced and finds an upper bound on the reheat temperature [105]

Tren S 107 — 1012 GeV (4.40)

If the first value of the bound holds, right-handed neutrinos are not sufficiently produced and
leptogenesis does not work. However if 102 GeV is the right bound (which is the case for
relatively heavy gravitinos 3 TeV < mg < 10 TeV) then no conflict exists. Even in the first
case there are still ways around the problem when right-handed neutrinos are produced in some
non-thermal process. One such possibility would be a coupling of right-handed neutrinos to the
inflaton, which produces enough right-handed neutrinos in inflaton decays [106].
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Chapter 5

Relating leptogenesis to the WIMP
miracle

This chapter presents my research work on leptogeneis together Sacha Davidson. We aim
to link the generation of the Baryon Asymmetry of the Universe (BAU) to the WIMP miracle,
which gives naturally the right number density for dark matter. We estimate the BAU produced
in an inverse seesaw model containing extra light singlets, and with lepton number conservation
prior to the electroweak phase transition. The number density of baryon parent particles is
comparable to the WIMP number density when the efficient production of a CP asymmetry
starts. A naturally large € ~ O(1) is required to obtain a large enough BAU and to link BAU
to dark matter. The chapter is based on [2].

5.1 Introduction

In recent years, there has been some interest in relating the cosmological number density of
baryons [88, 107, 97, 89], with the number density of dark matter particles [108]. A popular
approach, refered to as Asymmetric Dark Matter (ADM) [109, 110, 111], is to implement a
single mechanism that generates an excess of particles over anti-particles, which materialises
both in the baryons and in the dark matter. However the relic density of a weakly interacting
particle (WIMP) is naturally of order the observed dark matter density. So it is not clear what
is gained by dropping the “WIMP miracle”, to link the dark matter number density to the
baryon asymmetry, which depends on an arbitrary C'P violation parameter. Scenarios which
implement the link in the inverse direction [112, 113], explaining the baryon number density from
the dark matter density, could be more interesting. But they require a CP asymmetry that is
naturally O(1). The aim of our model is to link the baryon asymmetry to the "WIMP miracle"
density: we assume that the Dark Matter are WIMPs (so their observed relic abundance is
already natural and requires no explanation), and attempt to build a baryogenesis model, which
naturally generates, in a similar cosmology, the observed baryon asymmetry. If the parent
particle, which produces the C'P asymmetry in its decays, has a typical WIMP density at the
moment when it starts to create a net asymmetry and if the C'P violation is O(1), then similar
relic abundances of DM and baryons are expected.

We consider an “inverse seesaw”-like model [86], extending the Standard Model (SM) with
TeV-scale electroweak singlet Dirac neutrinos v, additional light singlet fermions s and a L = 2
singlet scalar ¢. The 1) participate in Yukawa interactions with SM neutrinos, and the ¢ have (L
conserving) interactions with ¢ and s. For generic choices of couplings, lepton number violation
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arises spontaneously when ¢ gets a vev, after the electroweak phase transition, giving Majorana
masses to the doublet SM neutrinos. However, there is a particular limit where lepton number
is conserved and the SM neutrinos are Dirac, whose baryogenesis prospects are explored in
section 5.3.5. Section 5.2 reviews our model and notation. Since we are building a model, we
would like it to exhibit as many interesting features as possible. Our model can fit the observed
neutrino mass differences. However, the additional light singlets cannot fit the reactor neutrino
anomaly [74] and Big Bang Nucleosynthesis; this is briefly discussed in section 5.2.

The Baryon Asymmetry of the Universe (BAU) is generated via leptogenesis [94] at the TeV
scale. As the temperature of the Universe drops below the mass of the singlet s, their number
density is depleted by annihilations and decays. We require this to occur prior to the electroweak
phase transition. They can decay to SM neutrinos v and a Higgs, or to light singlets s and ¢, and
C'P asymmetries can arise in these decays. Since lepton number is conserved until ¢ gets a vev,
these lepton asymmetries would be of equal magnitude and opposite sign in the doublets and
singlets. The asymmetries can survive in the plasma, once “washout interactions”, exchanging
lepton number between the doublets and singlets, are out of equilibrium. Section 5.3.3 estimates
that the co-moving number density of ¥s remaining, when this occurs, is “naturally” of order
that of WIMPs. So to “naturally” obtain similar relic densities of baryons and WIMPs would
require to “naturally” obtain O(1) C'P asymmetries in the 1) decays. As reviewed in section 5.3.2,
large C'P asymmetries can be arranged by taking the ¢ masses to be quasi-degenerate [95]. The
lepton asymmetry in Standard Model neutrinos then can be partially transformed to baryons by
the non-perturbative SM sphaleron processes (as described above in section 4.2.3). Dark matter
is assumed to be some other WIMP, with a “usual” relic abundance. So this scenario gives
similar abundances of WIMPs and baryon-parents, but similar dark matter and baryon number
densities only arise if there is an O(1) C'P asymmetry in the parent decays. Unfortunately, such
a large C'P asymmetry is not easy to obtain in our model. We comment on this scenario’s ability
to relate the baryon and dark matter densities in section 5.4.

5.2 Review, Notation and Masses

5.2.1 Observations

The mass density of baryons B and cold dark matter in the universe today with their 1o
interval measured by the PLANCK satellite, using a canonical ACDM model are recalled here
[17]

Qph? = 0.02205 + 0.00028 Qcomh? = 0.1199 + 0.0027 (5.1)
The ratio of dark matter particles to baryons is then given by
Yepm my,
~5 , 5.2
Yp mpm (5:2)

where m,, is the proton mass. Since m,, mostly arises from QCD, and the dark matter should not
have strong interactions, we assume that m, and mpjs are unrelated, and focus on obtaining
similar baryon and dark matter number densities today: Y5/30 < Yopm < 30Yp. This definition
of “similar” allows a dark matter candidate in the mass range accessible to most direct detection
experiments.

Notice that the ratio in equation (5.2) could be different in more complicated cosmological
models, such as those with extra sterile neutrinos. The CMB data alone allows the dark matter
density to increase with the number of relativistic species present at recombination (counted
as the number Neg of neutrino flavours): 0Qcpm ~ 0.4(0NegQpm/Negr) [114]. PLANCK CMB
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data combined with WMAP polarization data and baryon acoustic oscillation experiments gives
[17] Neg = 3.30702] which is compatible with the SM value Neg =~ 3 but does not exclude
one additional relativistic species. An increase in Qcpy would usefully increase the ratio in
equation (5.2), various laboratory neutrino anomalies [74] could benefit from light neutrinos
other than the three of the Standard Model, and here we construct a neutrino mass model with
additional light singlets. However, cosmological data also constrains the light neutrino mass
scale. An additional eV sterile neutrino that could address the reactor neutrino anomaly should
respect cosmological bounds on hot dark matter. It was shown by [79] that such a eV-sterile is
cosmologically consistent if there are additional lighter neutrino species to delay matter radiation
equality, and an O(0.01) asymmetry in the v, density to allow Big Bang Nucleosynthesis (BBN)
[115, 116] to produce the observed relic abundances of light elements. Our model allows several
sterile species, but the baryon asymmetry is related to the asymmetry in SM neutrinos, so we
do not obtain the large asymmetry in v, required by [79, 116]. Furthermore, if our extra steriles
decouple prior to the Electroweak Phase Transition (EPT), their contribution to the radiation
density at BBN is suppressed by a factor g.(Tsn)/g«(TepT), where g, (T) is the number of SM
degrees of freedom in the plasma at 7. "

5.2.2 Models

An explanation for the ratio (5.2), which has benefited from recent interest [110, 111] could
be that a single asymmetry controls both the baryon and dark matter relic number densities. If
this ratio, given in equation (5.2), should be exactly one, then a comparatively light cold dark
matter candidate is required. The observed difference in mass densities could also be due to
inequivalent cosmological histories after the formation of the asymmetry. Some early discussions
of asymmetries in the dark matter density are [109, 117]; for a review of recent Asymmetric Dark
Matter (ADM) scenarios, see e.g. [118]. ADM models explain why the dark matter and baryon
number densities are similar, but not why they have have the observed value.

An alternative approach [112, 113], attaches importance to the “WIMP miracle” (see e.g.
[108]): the relic abundance of a massive particle, which annihilates with its anti-particle via a
weak cross-section, gives Qpyih? of order the observed value. To explain the ratio (5.2), one
then only needs a natural scenario giving a relic number density of baryons minus anti-baryons,
which is similar to the relic number density of WIMPS plus anti-WIMPS. We saw above (section
4.1) that to produce an asymmetry, C'P violation and non-equilibrium are required, whereas
only a departure from thermal equilibrium is required for the particle-antiparticle-symmetric
relic density of WIMPs. So if the non-equilibrium is similar in the baryon and dark matter
production, and the C'P asymmetry for baryogenesis is one, then similar number densities could
be expected. For instance, in [112], the baryon asymmetry is produced in the out-of equilibrium
annihilations of the dark matter particle, which works for selected mass ranges of the particles
involved. In our model, the lepton asymmetry is produced in decays. The parent particle of
the asymmetry first annihilates, then decays out-of-equilibrium, at the TeV-scale. This freezes-

1. This comes from the fact that the temperature of the decoupled species continually decreases Ts o R~* due
to the expansion of the universe. The photon temperature also scales as T, o« R~ most of the time, expect when
another species annihilates. When the temperature falls below the mass of some species X which is in thermal
equilibrium and which annihilates to photons (or any other particles in thermal equilibrium), the number density
of this species drops o« e”™X/T relative to the photon density. The number of relativistic degrees of freedom in
the plasma changes, but total entropy is conserved. This implies that the photon temperature increases according
to g"Tw3 ’bcf = g*Ts aft - The additional photons that a higher photon temperature implies come from the
annihilation of particle X. Consequently the number density of the decoupled species decreases relative to photon
density.
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in the baryon-parent and dark matter densities at a similar temperature, so the departures
from thermal equilibrium in both processes may be similar. Indeed, the co-moving density of
a weak-scale unstable particle, when inverse decays freeze out, is similar to the relic density of
a weak-scale particle that annihilates. So an O(1) CP asymmetry is required to get similar
baryon and dark matter densities today.

We construct a TeV-scale model of out-of-equilibrium-decay leptogenesis [94]. Various mech-
anisms have been studied for leptogenesis ? in TeV-scale seesaw models [120], such as degenerate
decaying singlets [95], or adding extra particles [121]. Heavy singlet fermions in the “inverse
seesaw” pattern have been studied by various people [122; 123, 124]. A model where right
handed neutrinos decay into right handed charged letpons that works at the TeV scale pas pro-
posed by [125]. Our model differs from the usual inverse seesaw in that we have additional
light singlets[126], so we can generate a non-zero asymmetry in SM leptons, despite that the
model conserves lepton number. Our leptogenesis scenario therefore differs from that of [122],
who also study a lepton number conserving scenario, but without extra light singlets. They
obtain a sufficient baryon asymmetry by turning off the sphalerons before inverse decays go out
of equilibrium, when various asymmetries are present and changing. Here, we explore whether
the baryon asymmetry can be obtained in a more “dynamics-independent” way, due to the pres-
ence of extra singlets. The Lagrangians of [123] contain “hard” lepton number breaking, so the
relevant interactions for leptogenesis are somewhat different, because a net lepton asymmetry is
generated. An advantage of the hard breaking is that it can naturally provide the small mass
splitting between the heavy decaying singlets [123]. We focus on a lepton number conserving
model, because it is for such models that a “hidden sector” (as provided by the extra light
singlets) is useful for storing an asymmetry.

The inverse seesaw (discussed in section 3.2.2) has received attention because it generates
small neutrino masses due to new particles with TeV-scale masses and couplings of a “natural”
size. Such new particles may therefore be kinematically accessible to the LHC [127], or induce
detectable [128] non-unitarity and/or Lepton Flavour Violation. We wish to explore, in models
where the small lepton number violation is spontaneous, the prospects of additional light singlets
and leptogenesis. A careful study [122] (without additional light singlets s), showed that the
baryon asymmetry can be generated by turning off the sphalerons during the decays. We had
hoped that baryogenesis would be easier with additional light singlets, but the parameter space
where we estimate that it could work is not large enough to be convincing.

Dark Matter has been studied in radiative inverse seesaw models [129, 130], where it can
arise more naturally than in the inverse seesaw [131]. We recall that our model does not aim to
provide a WIMP; we suppose that it arises in some other sector of the theory.

5.2.3 Notation and Masses

We consider a Lagrangian with several additional singlets, which can spontaneously violate
lepton number. The SM doublet leptons ¢ have Yukawa couplings to (two or three) “right-
handed neutrinos” Npg, there is some larger number of singlet left-handed leptons {S, s}, and
an L = —2 singlet scalar ¢. The left-handed singlets who participate in a mass matrix M with
the Np are refered to as {S}, and the remaining ss can acquire masses once ¢ develops a vev.
Allowing all renormalisable interactions, the Lagrangian, written in two-component notation

2. Low temperature out-of-equilibrium-decay baryogenesis scenarios have also been considered; the analysis
of [119] was useful to us.
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with all the fermions left-handed, is:
. . . e . Y+ X* 2% 4 renre
L= Lsy+{N[CH|IN“+M* N°S+y ¢Ss+7¢ss+7¢ss+7¢ NeN¢+h.c.}+V(¢) , (5.3)

H is the Higgs, [(H| = vHy — eH,, and N€¢, S and s have lepton numbers L = {—1,1,1}. The
potential V' (¢) causes ¢ to develop a vev after the electroweak phase transition. We assume that
such a potential can be constructed, and consider it no further. We also ignore the resulting
majoron [132]. Generation indices are implicit; for simplicity, we suppose two generations of
N, S and s, so the matrices A, y,Y, X, Z and M are two by two. We denote the eigenvalues of A
as A1, A2 (and similarly for other matrices). We will see that Ay ~ A2, y1 ~ y2 and My ~ M to
obtain a large enough C'P asymmetry for leptogenesis.

Prior to the Electroweak Phase Transition, there are two gauge singlet Dirac fermions, 1, ¥s:

br = < ffl > : (5.4)

whose masses M ~ TeV are the eigenvalues of M. The M7 will be taken degenerate to obtain
a large enough baryon asymmetry, so when the mass difference is irrelevant, we write M.

In the presence of vacuum expectation values v = (H) = 174 GeV and u = (¢) < v, the
neutral Majorana mass matrix can be written, in two component notation, as

0 mp O 0 vy,
1 m¥ M 0 N¢
Lonass = ~5 (vy N¢Ss) OD ]IL\;ZT o g + h.c. (5.5)
0 0 p) px s

where mp = A, pux = Xu, py = yu, pz = Zu, and py = Yu are two by two matrices.

We are interested in the limit where the eigenvalues of M are much larger than the other
entries in the mass matrix. In the case of the usual inverse seesaw, which contains no light singlets
s, the determinant implies that the light active neutrino mass matrix is ~ mpM ~ ! iy M T_lm:g.
In the case where extra singlets are present, the determinant of the mass matrix in equation (5.5),
in one generation, is m%(uy,u X — “32;) We neglect from now on the coupling Z, because its
contributions to the mass matrix are unimportant, and its effects in the baryogenesis scenario are
similar to those of Y, which will be unimportant. We will see in section 5.3.3 that the couplings
in y and/or A must be small® (< 107%), to prevent the washout of the lepton asymmetry. We
focus on two simple limiting cases: y; < Y;, X; < 1, which gives Majorana masses for the active
neutrinos, and the case Y; = X; = 0, which gives Dirac masses between the vy and s.

In the Majorana case with y; < Y;, X;, the active neutrinos have a usual-inverse-seesaw-like
mass matrix m, ~ mpM "ty MTImT whose eigenvalues satisfy

Mol _ g g (2122 <(3 Tev>2>2 e (56)

eV? 10—9 M, My v2

¢ should have a mass and vev well below the Higgs vev v = 174 GeV, to ensure that lepton
number is conserved prior to the electroweak phase transition. However, we will be forced to take
the vev of order v (to allow \; small enough to give a sufficient abundance of s after freezeout

3. We therefore do not expect bounds on our model from lepton flavour violating processes such as yu — e,
or non-unitarity [128].
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of washout interactions). We will also require A\; ~ Ao, to obtain a large enough C'P asymmetry,
so we will suppose a mild hierarchy in Y to generate the atmospheric - solar splitting.

The light steriles s have a mass matrix ~ ux = X(¢). In the one generation case, s has a
mixing angle with the active neutrino of order pymp/(Mpux), which allows the decay s — 3v
at tree level. We focus on parameters? X < Y, such that the singlets are innocuous: their
masses are S GeV, they annihilate efficiently (to majorons), and otherwise can decay. Since the
s decouple prior to the Electroweak Phase Transition, their temperature at T' ~ ux is suppressed
with respect to the photons, so they should not over-contribute to the radiation density.

The active neutrinos share Dirac masses ~ mpp, /M with the singlets s, if X =Y =Z =0
in the Lagrangian (5.3). We consider this limit only in section 5.3.5, because it allows more
parameter space for our leptogenesis scenario”. By assigning L = 0 to ¢, and L = —1 to s,
lepton number clearly is conserved also after both ¢ and H get vevs. However, since ¢ was
introduced to spontaneously break lepton number, it is peculiar to not give it lepton number.
We nonetheless assume that ¢ does not mix with H, and do not discuss potential constraints
from Higgs physics.

5.3 Thermal History

One of the roles of 1 is to generate the Baryon Asymmetry of the Universe (BAU). In its
decays, it can generate an active versus sterile lepton asymmetry and the excess of active leptons
will be partially transformed to baryons by sphalerons [101]. This is discussed in section 5.3.2.
The asymmetries produced in ¢ decay can survive in the plasma once “washout interactions”
(such as inverse decays £H — 1 and ¢5 — 1, and scattering /H — ¢3) go out of equilibrium.
This “freeze-out” temperature Tpay is estimated in section 5.3.3. The baryon asymmetry present
today will be generated in the decays of the s remaining at Tgay.

Decays and inverse decays are not the only interactions which change the v number density;
1 + 1) can also annihilate, via the coupling Y to ¢ + ¢. The annihilation rate is faster than the
decay rate at temperatures just below the ¢ mass, so we start by discussing annihilations below
in section 5.3.1. Annihilations and inverse decays will freeze out at similar temperatures.

5.3.1 1) — ¢¢ annihilations

At temperatures T 2 My, an equilibrium abundance of 1; and v; will be present, because
they can be produced via Yukawa interactions involving \ (for instance in tpty — H* — (1, at
arate I' ~ h?\2T'/(4r), which is fast compared to the universe expansion H).

As the temperature T drops below their mass, the singlets can annihilate via their Y cou-
plings, or decay to a light lepton and a scalar via their A or y couplings:

Yr4+y—o+o (5.7)
Y= l+H , 5+¢ 5.8

We focus first on annihilations, because we envisage 1 ~ Y; > y;, \r, S 1074, which implies that
initially, at T' < My, the ;s are more likely to annihilate than decay.

4. With X ~ 107'°, we can obtain a singlet s with eV mass and ~ 0.1 — 0.01 mixing angle, that could fit the
reactor neutrino anomaly. However, we do not explore this parameter space, because out model cannot give the
large lepton asymmetry required to make it cosmologically acceptable.

5. Mixed scenarioscan be envisaged, for instance where the atmospheric mass is Dirac, and the solar mass is
Majorana. We do not study this tuned example because we estimate that out-of-equilibrium-decay-leptogenesis
does not occur.
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Figure 5.1: The figure shows the 9) — ¢¢ annihilation process.

The non-relativistic annihilation cross-section in the centre of mass is

YY),

ov(Yr "‘E] — ¢+$) = 1287 M2
0

(5.9)
where all the singlet masses are approximated as M,,. We neglect the Sommerfeld enhancement
due to ¢ exchange® because the s are almost relativistic; the enhancement can be estimated
[133] to be a few percent. The number density of ¥rs remaining when annihilations freeze out,
and the freeze-out temperature Ty = My /2 ~ M, /20 can be determined from

1 7 V g* ann ann

Moy (Tann)ov ~ H(Tonn) ~ .
p

(5.10)
where geg is the number of degrees of freedom in the plasma, and g.(TeV) ~ 100 in our model.

5.3.2 Decays and the C'P asymmetry

After the 9 annihilations freeze out, the number density of 1 and 1 will continue to drop,
because they decay. The model conserves lepton number, so the total lepton asymmetry pro-
duced in these decays is zero. However, since the s decay both to SM particles H, ¢, or to
singlets 5, ¢, equal but opposite lepton asymmetries in the singlet and doublet sectors could be
produced. To obtain a baryon to dark matter ratio that is O(1), these CP asymmetries will
need to be large, so we explore this limit below.

The s, which carry L = 1, can decay at tree level to an £, and an H, or to a ¢ (L = 2)
and a g, at partial rates

ly | 1Ylgr
32
See the first diagrams of figures 5.2 and 5.3. These decays are fast, compared to the expansion
rate H, for T' < {|\|, ly|} v Mrmp1/20, so at all temperatures relevant to us.

C'P violating asymmetries for a given final state:

(o _ LW = L) — T(¢; — o H) (rs) _ L1 = 3a0) =T = 5a9)

0 = e , el = at (5.12)
L(yr — all) + T(¢; — all) I'(¢yr = all) + T (¢ — all)

T(yr — b+ H) = ||‘“’M . TWr—353+0) = My (5.11)

can be obtained from the interference of tree with loop diagrams, if the couplings are complex
and some particles in the loop can be on-shell. In figures 5.2 and 5.3, are drawn the subset

6. Sommerfeld enhancement is the enhancement of a annihilation cross section due to multiple exchange of
a long range mediator particle. In our model the ¢ are effectively massless compared to the annihilating :
mg¢ << My. However this ef‘fect 1s only efficient if the colliding particles have small velocities. In our case at
the moment of decoupling T" ~ 7 the incoming particles are still midly relativistic v ~ 0.3c. We thank Marco
Cirelli for discussions of this issue.
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Figure 5.3: Diagrams contributing to the C'P asymmetry with final state s, + ¢.

of one-loop diagrams which we include in our calculation. We are interested in ¢ — 1, which
can be obtained in the decays of quasi-degenerate singlets from the illustrated wave-function
renormalisation diagrams [95]. The vertex corrections diagrams are not enhanced by quasi
degenerate singlets and are therefore neglected in the following.

We neglect the effects of X and Y couplings in the decay rate and C'P asymmetries, despite
the hierarchy in magnitudes: X,Y ~ 1, y,A ~ 10~%. This is because decays involving X and
Y are suppressed by three-body final state phase space, and we were unable to find significant
effects of X and Y in the C' P asymmetries.

In the decay of v, the total asymmetry in the doublets, summed on lepton flavours «, is

(L0 _ ZE(M) _ ¥ Im{Aar N jYs1Y5s}Y /Ty (5.13)
— R, 8T2ATA +ytylrr 1—ay

where z; = M3/M?. This contribution arises from the interference of the tree decay with the
last loop of figure 5.2. Similarly, the total asymmetry in the singlets is

Im{y’ rya s Agg s
(1) = 3 el = §° Waryasdos s} VT (5.14)
" Gy 8TRAN Tyl 1 -y
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In both the doublet and singlet sectors, there can be asymmetries in the individual flavours
«, which arise from the middle diagram of figures 5.2 and 5.3. The flavour sums of these
two contributions are zero. We therefore neglect these contributions, and focus on the flavour-
summed singlet and doublet asymmetries of equations (5.13) and (5.14), because its the total
(=flavour-summed) doublet lepton asymmetry which the sphalerons transform to baryons

The asymmetries given are for the decays of any of the ;. To obtain a large enough
CP asymmetry, at least two of the ¥y must be very degenerate: My — Mj; ~ 'y, so the CP
asymmetries in the decays of at least two of the s will contribute to the baryon asymmetry.
It is therefore fortunate that the C'P asymmetries do not vanish when summed on I: in a two
generation model, in the limit where M; — My, the C P asymmetries are equal (1Y) = (20,
rather than opposite.

As anticipated, the sum of €/) and ¢*®) vanishes because the model conserves lepton
number. It will therefore be important that no interaction be fast enough to equilibrate the
singlet and doublet sectors, as the asymmetries are produced and until the Electroweak Phase
Transition. This is discussed in section 5.3.3.

It is helpful to be able to estimate the size of these C'P asymmetries. This scenario of out-of-
equilibrium decay leptogenesis at the electroweak scale requires a large C'P asymmetry € & 0.1.
So from equation (5.13), all the elements [A|;o and [y];g must be comparable, for all «, I, 3, and
the s degenerate :M; — My 2 T'. For phases to maximise the asymmetry, large mixing angles,
and comparable eigenvalues A\; ~ Ao, y1 ~ 9,

I 1 yiAd M; 1

~— < — 5.15
© T 16ryl+ 23 M, — M, — 4D (5.15)

where the last approximation expresses the mass splitting in units of I'y
M;— My = DIy (5.16)

and the coupling constant combination was maximised by taking
y1~ V2 . (5.17)

Recall that the formulae in equations (5.13) and (5.14) are valid for My — My > I'y, so e ~ 0.1
is barely consistent. Since the mass M is the only interaction linking the singlet and doublet
sector, loop corrections should not destabilise the small splitting.

5.3.3 Washout of the asymmetry by inverse decays and scattering

As the s decay, they produce an asymmetry in doublet leptons. This asymmetry will
survive, and be redistributed throughout the plasma by the interactions in chemical equilibrium
[134], if all the interactions which can destroy this asymmetry are out of equilibrium. Such
destructive interactions are referred to as “washout interactions”, and in our model we have
to types: the inverse decays /H — 1 and ¢35 — 1), which transfer lepton number back to the
s, and the H¢ — ¢35 scattering (see figure 5.4) which exchanges lepton number between the
doublets and light singlets. As described above, we treat the on-shell-i) part part of figure 5.4
as inverse decays, and including the remaining “Real Intermediate State -subtracted” part as
scattering far below the v pole.

At first we will consider the inverse decays. We define the thermally averaged inverse decay
rates as
ny (T)
ne(T)

(DU H — ) =~ T(U; — (o H) (5.18)
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Figure 5.4: Dangerous scattering process {4+ H — 5+¢ that could wash-out a created asymmetry.

where ny(T) ~ ¢/T3 /72, the ) decay rates are given in equation (5.11), and the equilibrium
abundance of a non-relativistic particle X is

3/2

n¢(T) ~ gx {mXT] ! e~mx/T (5.19)
27

where gx is the number of spin degrees of freedom of X (notice that our number densities

describe particles, not the particles 4+ anti-particles). Comparing the inverse decay rate of

equation (5.18) and the annihilation rate of equation (5.10) to the Hubble expansion, shows

that they freeze out at a similar temperature

My
13 o~ 2
BAU = &5 (5.20)

The annihilations ¥1) — ¢¢, discussed in section 5.3.1, will freeze out first for

M3
Y url® < g 2m?lysr, dn*Darl (5.21)

We will see that this condition is satisfied, so annihilations stop depleting the 1) number density
before the inverse decays allow a lepton asymmetry to survive.

The number density of ¥s remaining when both inverse decays (I'(¢H — 1)) and (I'(¢s —
1)) are out of equilibrium is

H(Tgav)
T(W; — ¢H)

H(Tgav)

A (Y

nw(TBAU) = min { nS(TBAU)} (5.22)
where I and H are given in equations (5.11) and (5.10).

To protect a doublet lepton asymmetry, the inverse decays from the singlet and doublet
sectors must both be out of equilibrium. To see this, recall that the heavy Dirac s have L = 1,
and there are equal numbers of ¢s and s to begin. As they decay, opposite lepton asymmetries
develop in the doublet leptons and light singlet sector. Consider now the case that inverse
decays from the doublets are out of equilibrium, but that the asymmetry in light singlets can
be transfered back to the heavy Dirac leptons by ¢s — 7. Then the anti-asymmetry from the
light singlet sector is transfered to the s and s, who transmit it to the doublets via decays,
which are always in equilibrium. Only when both inverse decays are out of equilibrium can the
decays of 1 produce a net lepton asymmetry.

Now we will consider the scattering washout: ¢ + H — 54 ¢. When this scattering process
is still in equilibrium it can transfer the asymmetry from the singlet sector to the doublet sector
and vice versa. As the asymmetries in both final states are equal in magnitude but opposite in
sign, this process erases the asymmetry. Away from the v mass pole, the scattering cross-section
is

o lysan? M7 lysriar|?
lo+H — = — 5.23
oot H =55 40) = T T M2R 7 somd? (5.23)
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where, after the arrow, the internal line momentum is neglected. This is an acceptable approxi-
mation at temperatures T' < M /20, where the inverse decays are out of equilibrium. With this
approximation, the thermally averaged scattering rate I' ~ ony is out of equilibrium for

0711 M;

AP $S4x1
[y Aar]” 5 4 3TV

(5.24)

5.3.4 Putting it all together in the Majorana case

The “washout” interactions go out of equilibrium at Ty (given in equation (5.20)), after
which an asymmetry in the SM leptons is produced. This should occur prior to the electroweak
phase transition, which we take to occur at Tgpr ~ 150 GeV [102]. Requiring Tsau > TEpr,
imposes a lower bound on the singlet mass scale

Mz 3TeV . (5.25)

There is also an upper bound on M, as a function of A\, u = (¢) and Y, from requiring that
the inverse seesaw give the observed neutrino mass differences. This condition was given in
equation (5.6). Since a large enough C'P asymmetry requires large mixing angles and comparable
eigenvalues in A and y, we can restrict to the one generation case:

S (1339>2 <(3AT42V))2 Y21<)¢> - (5.26)

And finally, the requirement that 1) — ¢¢ annihilations freeze-out before the inverse decays
loH — 1), imposes the relation between Y and A given in equation (5.21). Expressed in terms
of eigenvalues, we obtain

Yy <1073 A . (5.27)
2 10—9

Electroweak sphalerons will partially transform the B — L asymmetry produced in SM
fermions, Yp_r, to a baryon asymmetry[134] Yp = (12/37)Yp_1. So the baryon asymmetry
produced in our model will be of order

N Eng —ng E4nw(TBAU) e~ dx10-10 Mw 1079 1

Y o~ ~ 1
B=3r s 37 s 3TeV M2 D

(5.28)
where 4ny = ¥y(ny, +ny, ), and we used equations (5.22) and (5.15). It is marginally possible
to obtain the atmospheric mass difference and the observed baryon asymmetry, with M = 3
TeV, Y, saturating equation (5.27), and (¢) < v. In figure 5.5, the available parameter space is
plotted in the plane |y;|?/10~? against the degeneracy defined in equation (5.16).

5.3.5 Dirac limit

As seen in the section above, for Majorana light neutrino masses, the parameter space of our
model is very restricted. In this section, we explore the Dirac limit of the light neutrino mass ma-
trix in equation (5.5), where all Majorana mass terms are zero, ugy — 0 , A € {X,Y, Z}. Without
Majorana mass terms one can redefine the lepton number of {N¢, S, s, ¢} to be {—1,1,—1,0} so
that also after the phase transition of ¢ lepton number is conserved. Neutrinos become Dirac
particles with s; being their right handed Dirac partners. The light mass eigenvalue is

mb = L]l\}“y (5.29)
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Figure 5.5: Available parameter space generating the observed baryon asymmetry and neutrino
masses, of Majorana type, in the inverse seesaw model with extra light singlets, described by
the Lagrangian (5.3).

which is only suppressed by ﬁ compared to ﬁ in the Majorana case. This will significantly
enhance our allowed parameter space. But it is also clear that hirarchy in neutrino masses must
now come from a hierarchy in the Yukawa eigenvalues \; < A, and/or the same for y.

Before looking at the parameter space in the Dirac model, we shall look at its thermal
history, comparing to the Majorana case. The first thing to realize is, that annihilation processes
Y1) — ¢ do not exist. The only processes that washout CP asymmetry are scattering, as in
figure (5.4) and inverse decays which, like in the Majorana case, determine the moment of efficient
CP violation. We assume the inverse decay rates from the various flavours are comparable,
despite the mild hierarchy in A and/or y. After the inverse decays become slow, all heavy parent
particles will decay and produce a C'P asymmetry that is not washed-out, so that the first part
of equation (5.28) remains valid. Therefore the thermal history in the Dirac limit does not differ
significantly from the Majorana case. The value of €, however, will be reduced, because of the
Yukawa hierarchy. To be concrete, in figure 5.6, we take ¢ = 16% (compare to the Majorana
case, equation (5.15)).

One should also have a careful look at Big Bang Nucleosynthesis because it restricts the
number of thermalised neutrinos at ' ~ MeV: N, < 4. It was shown in [135] that right
handed Dirac neutrinos are not in equilibrium at T" ~ MeV because their interaction rates
are suppressed by a factor (%)2 compared to that of left-handed neutrinos. Consequently the
number of neutrinos in thermal equilibrium at BBN is not changed by our model with respect
to the Standard Model.

Let us now turn to the parameter space of the Dirac limit. In the Majorana case the
allowed parameter space is very small because asymmetry production favours small g, in order
to produce a big density of 1) when inverse decays freeze out which can then be transformed
into enough baryon asymmetry, even if ¢ < 1. But neutrino masses prefer big y couplings,
because the neutrino mass term is already suppressed by 1/M?2. This forces us to take quite
large values for u, the vev of ¢ in order to enhance neutrino masses without limiting asymmetry
production. In the Dirac limit neutrino masses are less suppressed, so that the conflict between
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baryon asymmetry and neutrino masses is less critical. We can realize our model with moderate
values for u =~ 6 GeV, far away from electroweak phase transition, while parent masses are at
M = 3 TeV and do not have to be more degenerate than M;— M =~ 5I'(¢);y — all). These values
were obtained for a ideal constellation of our parameters, i.e. all phases in our Yukawa couplings
A and y are of order one and that 2)\% ~ y2. However in this Dirac limit small variations from
these ideal conditions are possible as the parameter space is big enough to compensate for non
ideal conditions. A plot of possible parameter space is given in figure (5.6).

2 9 u=
y“x10 — Baryon asym D=5

3.5¢ ~——Neutrino mas

3.0

25¢

2.0r
Allowed

Parameter
Space

0.5F

M [TeVv]
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Figure 5.6: Constraints from the Baryon asymmetry and neutrino masses on y3 as a function of
the parent particle mass scale My, give the allowed parameter space in the Dirac limit. The upper
bound from Baryon asymmetry (solid line) varies with the degeneracy M;—M; ~ DTI'(¢; — all).
For less degenerate parent particles, the slope reduces and the allowed parameter space shrinks.
The dashed line is the lower bound from neutrino masses and varies with the vacuum expectation
value u. For smaller u, the slope rises and the parameter space shrinks.

5.4 Discussion

Our model considered baryogenesis at the electroweak scale, in an out-of-equilibrium decay
scenario. This was implemented in an inverse seesaw model with extra light singlets s, described
by the Lagrangian (5.3). The aim was to relate the baryon asymmetry to the dark matter
abundance, and possibly fit various neutrino anomalies with the extra singlets. Similar Dark
Matter and baryon abundances were supposed to arise, because, if the Dark Matter is made
of WIMPs, and the baryon asymmetry produced in electroweak-scale out-of-equilibrium decay,
then both relic densities are controlled by electroweak-scale interactions going out of equilibrium.
The baryon asymmetry is also proportional to a C'P asymmetry ¢, see equation (5.28).

The scenario for generating the baryon asymmetry in our model is outlined at the end of
the introduction. It does not work very well. The first difficulty is that it does not naturally
give the large C'P asymmetry that is required, contrary to models with explicit lepton number
violation (reviewed in section 5.2.2). More importantly, the allowed parameter space where it
produces a sufficient baryon asymmetry and correct neutrino masses is tiny (see figure 5.5), and
unattractive. It requires a small mass splitting between the heavy singlets My — M7 ~ T", but
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the formula for €, equation (5.13), becomes unreliable in this limit. Also, the inverse seesaw is
attractive because it allows new LHC-scale singlet fermions with large Yukawa couplings, and
spontaneous lepton number violation due to a small vev. However, our model requires small
yukawas A and y, to ensure that interactions which wash out the baryon asymmetry freeze out
soon enough. This forces a large lepton number violating vev, of order the Higgs vev. The
masses of the extra light singlets s are arbitrary, but would be < GeV, unless a steep hierarchy
is tuned into the couplings (see discussion after equation (5.6)). A larger successful parameter
space is obtained (see figure 5.6), if the Majorana couplings of the inverse seesaw model are
set to zero. Then the active neutrinos obtain Dirac masses with the light steriles. However,
then the motivation for the singlet scalar (whose vev spontaneously broke lepton number in the
Majorana case), is no longer clear. Since it no longer carries lepton number, it could mix with
the Standard Model Higgs, and some analysis would be required to determine its experimental
signatures.

Despite the flaws in our model, it could be unsurprising, if not natural, to obtain similar
baryon and dark matter relic densities, when the dark matter are WIMPs, and the baryon
asymmetry is produced in out-of-equilibrium decay. In such scenarios, the baryon asymmetry is
produced after the freeze-out of washout interactions. This condition can be roughly estimated
as

D(all = o) ~ T — all)e™/T < H(Tpau) (5.30)

where 1 is the decaying parent of the BAU, of mass M, and H is the Hubble expansion rate.
Notice that inverse decays are Boltzmann-suppressed, because the light decay products have
difficulty to find, in the thermal bath, the energy to produce a heavy .

This Boltzmann suppression is reminiscent of the freezeout of annihilations of a WIMP ¥,
which can be estimated to occur when

ny(Tom){ov) S H(Tbwm) (5.31)

The e=™/T appears here in equilibrium number density of a non-relativistic particle, see equa-
tion (5.19).

From these two estimates, it is straightforward to estimate the ratio of co-moving densities
of BAU parents 1) to WIMPs x as

Yy 1 g"My [g(Teav)

P Y T 5.32
Y~ @2 X my \ g(Tom) (5:32)

where the decay rates and annihilation cross-section were normalised to the relevant particle
masses I' = A2M,;,/(87), and (ov) = g*/ (87m2), and we assume that the baryon-parents and
WIMPs freeze out at comparable values of z = m/T ~ 25. At a given mass scale, this shows
that the co-moving number density of BAU-parents can be easily of the same order as that of
particles which annihilate. So weak-scale BAU parents naturally have the same abundance as
weak-scale dark matter.

However, all BAU parents do not necessarily produce baryons. On average, a parent produces
€ baryons, where € parametrises C'P violation, and is suppressed by a loop factor, mixing angles
and possibly small couplings. This could suggest that e is naturally < 1073. Equation (5.32)
predicts

B, eﬂ — C’e%

(5.33)
npmMm % my

7. Note that the WIMPs and BAU-parents may never simultaneously have this ratio of densities; the physically
relevant ratio is ny/ny.
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where the coefficient C' could be O(1), for A2 < g*. So to obtain np ~ npy requires € ~ 1 for
my ~ My, or my, < My for € < 1. It could be reasonable to suppose that the WIMP is an
electroweak-scale particle, with gauge couplings g, and that the baryon-parent is a flavour-scale
particle, with flavoured couplings A, in which case, such a ratio of couplings could be credible.
Then for “natural” values of the CP asymmetry ¢ < 1073, and the flavour-scale My, 2 100 TeV,
the baryon and WIMP number densities today are “naturally” comparable.
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Chapter 6

From the strong C' P problem to dark
matter: the world of axions

We will now turn to the second project of this thesis that deals with axions. We have seen
that many dark matter candidates exist, e.g. in the previous project we considered that dark
matter was made of WIMPs. The axion is a very distinguished candidate because it can solve
two problems of modern particle physics at the same time. Its existence was originally postulated
to solve the strong C'P problem and it was only later realized that axions could also be dark
matter. In this chapter an introduction to axions is given. We start in section 6.1 by reviewing
the strong C'P problem and its solution involving axions. Section 6.2 introduces the role of
axions in cosmology and section 6.3 gives a brief overview on axion constraints from cosmology,
astrophysics and experimental searches.

6.1 Strong C'P problem and axions

In this section we will loosely follow the extremely clear and pedagogic introduction given
in [136]. The SM generally contains all possible renormalizable terms that are allowed by
symmetries. In the QCD Lagrangian a term

g~
— 1
EQCD > 687TGG (6.1)

where G4 is the gluon field strength tensor, G 4, = F€upoGY its dual, o, is the fine structure
constant of the strong interactions and © is a dimensionless constant, preserves all symmetries
and should be present. The term violates C P and arises from the non trivial vacuum structure
of QCD. There is even a second contribution to this C'P violating term from generally complex
Yukawa couplings which give rise to a complex quark matrix M,. The phases of M, can be
rotated away by a chiral transformation of the quark fields'. With such a transformation one
can make quark masses real but adds another contribution proportional to arg detM, to the
CP violating term. The two contributions sum up to

~ Qg ~
Lo=6"GGC (6.2)

with © = O + arg detM,. This term leads to a neutron electric dipole moment of the order
|d.| ~ |©](0.004 — 2.0) x 1071°¢ cm [137, 138]. However an electric dipole moment is not

1. For leptons the phase can be absorbed by the massless neutrinos in the SM. If one quark was massless one
could to the same for quarks and the strong C'P problem would not exist.
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observed until today and the upper limit restricts |©| to be very small: |6 < 107°. The strong
C P problem [139] is : Why is |©] so small even though there is theoretical reason for it to be so
small? 2. One possibility to solve this problem was found by Peccei and Quinn [141, 142]. Their
basic idea is to make © a dynamical variable that is driven to zero by its potential.

6.1.1 Generic axion features

In order to explain the smallness of © one introduces a new real scalar field, the axion a(z).
By construction it couples to gluons in the same way as in equation (6.2) but replacing © by
—a/ f, and has the generic kinetic terms of a scalar field. If the axion is a pseudoscalar the term
aGG is CP conserving. The constant f, must have dimension energy and is called axion decay
constant. The axion must be massless so that a shift in the axion field a(xz) — a(z) + ap does
not affect physics. This allows us to absorb © in the definition of the axion field and write the
axion Lagrangian

s
87 fy
This Lagrangian conserves C'P because the axion is a pseudoscalar field but does not yet explain
the non-existence of an electric dipole moment. As axions couple to gluons they can undergo
a transition to gq states (neutral pions, look at figure 6.1) which finally means that axions mix
with pions and therefore obtain an effective mass of the order

M fa & Mx fr (64)

even if axions were constructed to be massless®. Consequently after the QCD phase transition
axions have a potential which can be expanded to lowest order as V (a) ~ %chL?. The axion field
will finally have an average value (a) = 0 which explains the smallness of the constant in front
of the C'P violating gluon term GG. If the axion field took a non-vanishing value ag in some
region of space then neutrons would have an electric dipole moment in this region. Because of
their mixing with pions axions do not only share their mass with them but also their couplings
to photons and nucleons. The coupling strength is reduced by fr/fs. The coupling to photons

is often used in axion search experiments.

Lo = %(auay e (6.3)

9gs
a--- T

gs

Figure 6.1: Through its coupling to gluons the axion can convert itself into a pion. The curly
lines are gluons and solid lines are quarks

6.1.2 Axion as Nambu-Goldstone Boson

Let us now have a look at a concrete realization of the Peccei-Quinn mechanism, the KSVZ
axion model (Kim [143], Shifman, Vainshtein and Zakharov [144]). As the axion Lagrangian is

2. A very comprehensible introduction to the strong C'P problem and its solution in terms of the Peccei-Quinn
mechansim is given in [140] by analogy to a pool table.
3. Before the QCD phase transition pions do not exist and the axion is actually massless.
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invariant under the transformation ® — © + 27 it seems to be a good idea to interpret the axion
as the phase of a complex scalar field. One introduces a new complex scalar field ®, singlet
under the electroweak group SU(2) x U(1) and at least one new exotic quark field ¥. In the
Lagrangian one adds a potential V' for the scalar field and a Yukawa term to the usual kinetic
terms

L= (%@aﬂw +hee) +0,870"® — V(D) — h(TLUpd + h.c.) (6.5)
This Lagrangian is invariant under a chiral phase transformation
DD, Wy e, Up e 20y (6.6)

This U(1) transformation is called the Peccei Quinn symmetry. We impose that the potential
has a Mexican hat form with an absolute minima at |®| = fpq/ /2 where fpq is some large
energy scale at which the symmetry is spontaneously broken. The ground state has therefore
a non vanishing vacuum expectation value (®) = fpq/+/2e’¥ with an arbitrary phase ¢. The
scalar field can be developed around its expectation value

frqt+p /f
P a/JpQ 6.7
\/§ ¢ ( )

Where p and a are two real scalar fields representing radial and angular excitations. The
potential V' provides the mass for the field p which will be chosen to be very high so that it
is of no interest for the low-energy considerations. All terms involving p will be neglected in
the following. The chiral symmetry implies that the theory is unchanged under a shift in the
second scalar field a(x) — a(x) + ag. Therefore we conclude that a is massless and the Nambu-
Goldstone boson of the PQ symmetry. Using equation (6.7) and defining m = hfpq/ v/2 we can
develop the Yukawa term in equation (6.5)

ﬁa\f/fyg,‘ll + iQaQ\Tl\I/ + ... (6.8)
f PQ 2f PQ

The dimensionless Yukawa coupling constant in front of the second term is g, = m/ fpq. If the
fermion W is taken to have the usual strong interactions then a interacts with gluons to lowest
order via a triangle diagram, shown in figure 6.2. Neglecting all external momenta with respect
to m one can write the effective a-gluon interaction

Eint = m\T/\I/ —1

LaGluon = _&%GGG (6.9)
m 8w
where o, = g2/4m and 22 = ﬁ.
UE
Ya
A ====
Js

Figure 6.2: Axion gluon coupling through quark triangle diagram

In the more general case when one has different fermion fields U7, they will all participate in
this interaction if they have the usual strong interactions. They are characterized by their PQ
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charge Xj;: \IJJL — e Xio/ 2‘111. The total axion-gluon interaction includes the contributions from
different fermions. The masses of the different fermions drop out because g.;/m; = X;/fpq.
Defining
N=> X; and f, = fpq/N (6.10)
J

one finds the same interaction term as in equation (6.3). So we succeeded in introducing a
real scalar field with exactly the right coupling to gluons, we introduced the axion! The only
parameter that determines the axion mass and its couplings is the axion decay constant f,.

At the QCD phase transitions instanton effects explicitly break the PQ) symmetry by creating
a potential for the axion with a minimum at a = 0. This explains the absence of the electric
dipole moment. The potential gives the axion a mass as already explained in equation (6.4). A
more detailed analysis gives the axion mass

1/2 f 1012QeV
z My e
mg = ~ bueV——m 6.11
Tt o TR (6.1)
where z = m,,/mg. From their generic mixing with pions axions couple to photons according to
1 .
Lint = —Zg(waF‘“’a = guyE - Ba. (6.12)

where F' is the electromagnetic field strength. All charged leptons that carry Peccei-Quinn charge
contribute to a triangle diagram like in figure 6.2 but replacing gs; with the electric charge of the
leptons Qje. In analogy to the axion gluon coupling we get a coupling constant

§ (6.13)

@
2 fa
where & encodes the contributions of different leptons to the triangle and depends on the explicit
assignment of PQ charges in a given model. For most estimates it is enough to assume & ~ 1.

The axion fermion interaction term in equation (6.8) is to lowest order a pseudo-scalar
coupling. But there is a series of other interaction terms that sometimes have to be taken into
account. For example the axion scattering on fermions is of second order in the pseudo-scalar
interaction but of first order in the second term. This infinite series of interactions can be
suppressed if one redefines the fermionic fields

Jay = —

Y = e WAy = ey, (6.14)
The interaction now comes from the kinetic terms and takes the form
1 -
Lint = 57—V Yu7590"a (6.15)
2fpq

The interaction is of derivative nature and is linear in a@ without any higher order terms. Writing
it in this way axions have basically the same interactions with fermions as pions have with
nucleons. Pions are the Nambu-Godlstone bosons of the broken U(2);_pr symmetry of QCD.

One problem from which axion models suffer is due to gravity. The PQ symmetry like any
other global symmetry will not be respected by quantum gravity. At scales below the Planck
mass, quantum gravity should manifest itself by all sorts of effective interactions which are
not forbidden by a symmetry and which are suppressed by inverse powers of mp;. Such terms
could give rise to a second mass term for the axion. In order to keep this additional mass
term small compared to the QCD mass one has to take small values for f, which are already
excluded by experiments. However until now we do not know what quantum gravity looks like
and if it influences our axion models in the described way (which is based more or less only on
dimensional analysis).

88



6.2. AXIONS IN COSMOLOGY

6.1.3 Different axion models

Globally axions are described by one single parameter, f,, but some freedom is left in their
exact implementation. This gives rise to different axion models with slightly different couplings
to quarks, leptons and photons. In the following a brief overview of the most important and
most standard models of axions is given.

A first idea would be that the Higgs field is the scalar field of equation (6.7) whose phase
is the axion. However in the standard model the Nambu-Goldstone boson of the spontaneous
breaking of SU(2) x U(1) is interpreted as the third component of the Z boson. Therefore one
has to extend the standard model by a second scalar doublet. The two Higgs fields H; and H>
have different vacuum expectation values fi and f» which have to obey fZ+ f3 = fZy. For the
usual three families the axion decay constant is related to the weak-scale and therefore small
fa = 43 GeV. This is called the standard axion model (Peccei and Quin [141]) , Weinberg [145],
Wilczek [146]). However this model is ruled out by experimental and astrophysical evidence.

In order to write down a viable axion model one has to use a scalar field that is not re-
lated to the electroweak scale. Therefore we introduce a SU(2) x U(1) singlet scalar field with
vacuum expectation value fpq/ V2. Taking frq > few gives small axion mass and very weak
interactions. These models are called invisible axion models. The first invisible axion model has
already been described above, the KSVZ model. The PQ mechanism decouples entirely from
ordinary particles: at low energies axions interact with matter only by the two-gluon coupling.
The simplest KSVZ model has only one additional fermion and so only one free parameter, f,.

Another well known axion model is the DFSZ model, invented by Zhitnitskii [147] and Dine,
Fischler and Srednicki [148]. It is like a mixture of the standard and the KSVZ axion model.
It contains a electroweak singlet scalar field with vev fpq/ V2 and two electroweak doublet
Higgs fields. However this model does not need the exotic quarks of the KSVZ model because
the known fermions carry PQ charges. Therefore in this model axions couple also to charged
leptons in addition to nucleons and photons. As the KSVZ model only couples to quarks it is
called hadronic axion model.

The interaction of axions with a given fermion j (mass m;) can be parametrised as

Cj
fp

where C; is an effective PQ charge, e.g. in the KSVZ model C. = 0 at tree level (hadronic
axions). Evidently g; = Cjm;/ fpq plays the role of a Yukawa coupling constant.

[fint =—1

L hiysiba (6.16)
Q

6.2 Axions in Cosmology

Until now we have solved the C'P problem but have not yet said anything about axions as
CDM. Therefore we need to have a look at the thermal history of axions. Their cosmological
history starts with the Peccei-Quinn phase transition at temperature T' ~ fpq. The complex
scalar field named ® takes a non-zero vacuum expectation value and the axion is the Nambu-
Goldstone boson of the broken symmetry. Every value for fpq fixes the strong C'P problem in
an equally good way. However from experimental constraints we already know that the only
viable values are some orders of magnitude around fpq ~ O(10'2GeV)*. This could be of the
order of the inflation scale. Consequently we will have to deal with two different scenarios: PQ
symmetry breaking takes either place after inflation or before inflation. In both scenarios the

4. In the anthropic window the axion decay constant can also be much larger than 10*? GeV but this requires
either fine-tuning of the initial misalignment value of the axion field or an additional symmetry.
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axion is massless until temperature drops to Agcp ~ 200 MeV (the temperature of the QCD
phase transition). Below this temperature the axion has a small mass m, =~ mx1= from the
mixing with pions. (Above the QCD phase transition pions are not stable.) Of course this is
a smooth transition from m, = 0 to its final value which makes the axion mass temperature
dependent around T ~ Agep.

In Cosmology three distinct production mechanisms for axions are known and they give very
different relic axions.

— thermal production — hot dark matter

— non-thermal misalignment angle mechanism — cold dark matter

— non-thermal axionic string decay — cold dark matter
We will now discuss these three production mechanisms and check their implications on cosmol-

ogy.

6.2.1 Thermal production

Thermal production means that axions were produced by the thermal bath in the universe
at high temperatures through processes involving axions and standard model particles. Prior to
QCD phase transition axions interact mostly with quarks via Primakoff process v+ q <+ a + ¢
(¢ is a quark) and with gluons via ¢ + G <> g + a. It is shown in [149] that for m, > 10 peV
axions are in thermal equilibrium during some moment in the history of the universe. If the
interactions are strong enough m, ~ €V, axions can be in thermal equilibrium after the QCD
phase transition. The most relevant process is then "pion-axion conversion" m + 7 <> a + 7 (7
is a pion). It is then important to determine the temperature at which axions decouple from
the thermal bath to determine the hot dark matter bounds on axions. An approximate integral
expression for the axion interaction rate after the QCD phase can be found in [150]. In [151] a
more precise numerical approach was done. They show that the axion absorption rate can be
written as

Car \?
I(T) :A( ) T5h(m/T) (6.17)
fafr
where A = 0.215 and C; is the axion pion coupling constant, e.g. Cyr = ﬁ when ordinary

quarks and leptons do not carry PQ charges. The function h(m,/T) decreases exponentially
with decreasing temperature as an effect of the decreasing number density of pions. Comparing
the interaction rate to the expansion rate of the universe H ~ ‘/57*:;2 one can determine the
freeze-out temperature and therefore the number density as a (numeric) function of the axion
mass. Knowing that hot dark matter cannot be the dominant dark matter component one can
put an upper bound on the axion mass. A recent study involving CMB anisotropy measurements,
halo power spectrum data and Hubble constant measurements constrains the axion mass m, <
0.7 eV [152].

When estimating the thermal axion relic density it was assumed that axions where stable.
However we saw above that axions have a generic coupling to photons and can therefore decay
into two photons. The decay rate can be estimated by [153]:

Jarn Mg
64

Tecay = (6.18)

Comparing the decay rate with today’s Hubble parameter we conclude that for m, & 20 eV

axions decay fast on cosmic time scales. Consequently the limit hot dark matter limit on axions
is only valid for masses up to 20eV. This means that big axion masses m, < O(100 ¢V) do
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not necessarily produce too much dark matter but they produce additional photons that are
constrained by CMB measurements.

6.2.2 Misalignment angle mechanism

A non-thermal way to produce an axion population is the well known misalignment angle
mechanism. In order to understand it we have to go back to the thermal history of axions before
the QCD phase transition. As the axion potential is flat, the initial axion value chosen at the
moment of PQ phase transition has no preferred value in the interval —7 < ajnit/ fo < 7 and will
therefore not already be at its future minimal value a = 0. When the Mexican hat potential tilts
at QCD phase transition the axion field will "roll" towards 0 and overshoot, it will coherently
oscillate around 0. The equation of motion for a homogeneous scalar field in an FRW universe
is given by

i+ 3Ha+m2a=0 (6.19)

When the axion mass is constant (some time after QCD phase transition) the approximate
solution to this equation is

a cos(mgt) . (6.20)

1
~ ainitm
The energy density p, = 3(a*> + m2a?) scales with 1/R? like non relativistic matter. This
explains the interest in axions as dark matter candidate! Here we did neither take into account
the temperature dependence of the axion mass around the QCD phase transition nor anharmonic
effects in the potential.

The axion relic density depends further on when PQ symmetry breaking takes place. If
it takes place before inflation then the axion field chooses one initial value within the causal
horizon. This volume then gets expanded by inflation to a size much larger than the casual
horizon so that in all different patches (causal connected volumes) of the universe the axion field
has the same initial value. In this case the axion density depends on the initial value [12]:

7/6 2

Omish? ~ 0.4 x 10%06 (10 ,ueV) / (ainit> (6.21)
Mq Jam

Where 1019 takes into account the theoretical uncertainties on axions and cosmology [136]. If

the initial value is very small, axions can have very small masses m, < ueV without producing

to much dark matter. This is called the "anthropic axion window".

If PQ symmetry breaking happens after inflation the axion field will choose a different
value in every Hubble patch. The total axion density can be calculated by assuming a flat
probability distribution for initial values between —m and 7 and calculating the root-mean
squared: (@init)rms = 7.fa/ V/3. The axion density is then given by

10 ueV>7/6

Mg

Oniish? ~ 0.2 x 10506 ( (6.22)
Comparing to the measured dark matter fraction Qpyh? =~ 0.13 implies that axions with m, ~
10peV provide dark matter whereas smaller masses are excluded. The oscillating galactic dark
matter axion field induces extremely small oscillating nuclear electric dipole moments that could
perhaps be measured using experiments with cold molecules.

Axions produced by this mechanism have a typical momentum of the order

R(toep)
R(t)

and can therefore be considered as non-relativistic shortly after the QCD phase transition.

p(t) ~ Hocp < mg (6.23)
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6.2.3 Cosmic strings and domain walls

In the case that PQ symmetry breaking occurs after inflation a third axion population arises
from cosmic strings and domain walls. Domain walls appear when a symmetry is explicitely
broken. For axions this is the case at the QCD phase transition: non perturbative QCD effects
will break the U(1)pg into the discrete Zy subgroup: Zy : ¢ — 2™/ N¢ and n € [0, N[. N
generally depends on the way PQ charge is assigned in different models, e.g. in the KSVZ model
described above it is the number of quarks carrying PQ charge. That means that the axion
potential has N degenerate minima. Different regions in space that are not causally connected
are in different minima and have different field values. As the transition from one vacuum value
to another must be smooth regions in space with non-minimal field values form. These regions
are called domain walls. Their thickness depends on the form of the potential but it is generally
small compared to their size in the other spatial directions. These domain walls are stable and
can propagate in space. It is well known that domain walls are a disaster in cosmology because
they dominate the universe soon after their formation and provide a relic density larger than
the critical density, which contradicts present observations. There are at least two ways to
circumvent such a disaster. Either PQ symmetry is broken before inflation so that the whole
universe has the same axion field value or N = 1. In the latter case domain walls form but they
are not stable and decay into axions.

Like domain walls, cosmic strings are also topological defects. But they appear when a
symmetry is spontaneously broken. When U(1)pg symmetry is spontaneously broken at 7' ~
frq the phase ¢ of the complex scalar field ® will take different values in causally disconnected
regions of space. However ® must be single valued, i.e. the total change in ¢, Ay around any
closed path must be an integer multiple of 27. Shrinking a given path with Ay = 27 cannot
continuously change Ay = 27 to 0. Therefore the path must contain a point in which the phase
is not defined, i.e. ® = 0. The region where ® does not take its minimal value constitutes
a false vacuum in the form of a tube of either infinite length or of a closed tube. As their
transverse dimension is far smaller than their length they can be treated as one dimensional
objects, i.e. strings. The strings quickly decay into axions that are either non-relativistic or
mildly relativistic. The later ones get red-shifted to non-relativistic velocities quickly. They
constitute the third axion population. However it is not yet clear how much of these axions are
produced. The authors of [154] estimate that the axion population produced from strings and
domain walls

1 1.19
Qsih? ~ 0.9 ( 0“ev>

Mg

(6.24)

is greater than from the misalignment angle mechanism. In [155] a smaller value for the axion
density from string decay is estimated.

6.3 Bounds on axions

6.3.1 Astrophysical bounds

If axions exist they would be produced in hot astrophysical plasmas and transport energy out
of these plasmas. They would open a new energy loss channel and therefore alter the time-scale
for astrophysical processes. Measuring these time-scales and comparing them to the standard
evolution theory constrains axion couplings from above. A very comprehensive introduction
to astrophysical bounds on axions can be found in [136, 156]. Here I will only list the most
stringent constraints for different axion couplings.
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The axion electron coupling can best be constrained by low mass red giants where the
emission of axions delays the helium ignition.

maCe < 0.003 eV (6.25)

Axions that interact too strongly to escape freely from the interior of stars would still contribute
to the radiative transfer of energy and consequently to the opacity of the star. For hadronic
axions models this bound does not constrain the model.

The lifetime of horizontal branch stars constrains the axion photon coupling

meé S 0.4 eV. (6.26)

The best tests of the axion nucleon coupling are given by the supernova signal SN1987A. The
duration of the neutrino signal excludes axions in the range 0,002 eV < Cym, S 2 €V. For large
couplings axions are trapped and would have created additional neutrino events in detectors.
This excludes axions for masses between 20 eV — 20 keV. The constraints from SN are subject
to quite large uncertainties from the description of SN.

In summary, except for very special choices of model dependent parameters axions with
masses above 0.01 eV are excluded by stellar evolution. Figure 6.3 includes a summary of all
bounds on the axion parameter space.

6.3.2 Experimental axion searches

Axions are actively searched for in various experiments. The probably most promising way
to detect axions is by its conversion into photons in an external electric or magnetic field. In
"light shining through wall" experiments one uses this property. A laser beam is sent through
an external magnetic field and then blocked by an optical barrier. In the magnetic field photons
can convert into axions and traverse the barrier. In a second magnetic field on the other side
of the barrier axions can reconvert into photons which can be detected. These experiments
probe axion masses regions m, < meV and set an upper bound the axion photon coupling
gary < 1077 GeV ™! [157]. However this bound does not yet constrain axions because usual axion
models predict gq ~ 10713 GeV~! for mg ~ meV.

Another type of experiments are axion helioscopes: they measure axions produced in the
sun which can be registered on earth when they convert into photons in the magnetic field of
the helioscope. The most recent CAST experiment could restrain g, < 10712 GeV~! for axion
masses m, S 0,02 eV which is still larger then the prediction. However for m =~ 0,6 eV CAST
has reached the sensitivity needed to constrain axions [158].

Galactic dark matter halo axions are searched for by microwave cavity experiments. In a
electromagnetic cavity permeated by a strong static B field, axions resonantly convert into a
microwave signal. The ADMX experiment reached the axion line and excluded axions with
masses between 1.9 — 3.3 ueV [160].

6.3.3 Cosmological bounds

Cosmological bounds on axions are strongly model dependent and should therefore be treated
very carefully. If the PQ phase transition occurs after inflation the amount of axions produced
by the misalignment mechanism depends only on the axion mass. In order not to produce too
much dark matter the axion mass is restricted to

me 2 10p eV (6.27)
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Figure 6.3: Summary of all bounds on axions from [12]. Cosmological constraints exclude low
axion masses. Astrophysics by contrast exclude big axion masses. The dark intervals are the
approximate CAST and ADMX search ranges. The "Laboratory" bar is a rough representation
of the exclusion range for the standard axion model described above.

However one also has to take into account axions from string decays in this scenario which give
a similar restriction on the axion mass as the misalignment angle mechanism. In the second
case when PQ phase transition occurs before inflation the relic density of axions produced by
the misalignment angle mechanism depends on the initial value of the axion field so that we
cannot derive a bound on the axion mass. Axions from cosmic string decays after the PQ phase
transition get depleted by inflation and domain walls do not form at the QCD phase transition
because the axion field has the same value all over the universe. But in this case isocurvature
perturbations can further constrain axions. If the axion field is present during inflation it will
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Figure 6.4: (adapted from [159]) Constraints on the axion - photon coupling from different
sources: Laser experiments, the CAST experiment and horizontal branch stars. For axions the
axion photon coupling is fixed by its mass (axion line). If one releases this constraint one has
axion-like-particles (ALP) whose parameter space is shown here. In order to constrain axions
the experiments have to reach the axion line for a given mass. The invisible axion model which
provides all dark matter is not yet constraint.

have the same de-Sitter quantum fluctuations as the inflation [161]:

Hiye\? 1
f) (6.28)

2
ot = (52) 75
Hiy¢ is the Hubble parameter during inflation (where it is basically constant). These fluctua-
tions da do not perturb the total energy density because the potential energy is exactly zero
before QCDPT and the gradient energy is negligible small. Consequently the fluctuations are
of isocurvature type and are characterized by fluctuations in the ratio of number density to
entropy o (%) # 0 and dp, = 0. These isocurvature modes would leave their imprint on the
CMB and their non observation by PLANCK puts a very stringent upper bound on the ratio of
isocurvature power spectrum to adiabatic power spectrum [162]:

Biso < 0.039  (95%CL, Planck + WMAP) (6.29)

where Siso & (|S4(k)[?)/(|R(k)|?). The axion perturbation spectrum for the isocurvature modes
is {|S.(k)|?) = (\‘Zl—:ﬂ and (|R(k)|?) is the curvature power spectrum for the adiabatic mode.
The bound can be used to constrain the axion parameter space but the amount of isocurva-
ture modes produced by axions also depends on the scale of inflation. If one assumes that (i)
PQ symmetry is broken before inflation, (ii) that it is not restored by quantum fluctuations of
the inflation nor by thermal fluctuations during reheating and (iii) that all of CDM consists of
axions produced by the misalignment angle then one can derive an upper bound on the energy

scale of inflation as [162]:

. f 0.408
Hipt <0.87 x 1 — .
£ <0.87x 10 Gev(1011 GeV) (6.30)
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Figure 6.5: (adapted from [162]) Power spectrum of purely adiabatic modes and CDM isocur-
vature modes (CDI). For CDM isocurvature modes the power spectrum decreases rapidly with
growing £ so that constraints are dominated by small /. For small ¢ the peaks of acoustic oscil-
lations are clearly not in phase. The very first amplitudes for £ < 20 are difficult to constrain
because of large statistical errors on big scales due to cosmic variance.

This does not exclude any value for the Peccei Quinn scale except one supposes something for
the scale of inflation. But it indicates that under the given assumptions the scale of inflation
has to be quite small. The recent BICEP2 measurement [26] indicates a larger inflation scale
than compatible with allowed values of f, in equation (6.30). If confirmed this would exclude
the case that the PQ phase transition occurred prior to inflation unless there is some additional
mechanism to reduce the amount of isocurvature perturbations for axions. The opposite case
that the PQ symmetry breaking occurs after inflation is very well compatible with a high
inflation scale.

It is important to distinguish the two possible cosmological scenarios for axions. If inflation
occurs after P() symmetry breaking then the axion field oscillates homogeneously over the entire
universe after the QCD phase transition. Therefore the axion density from the misalignment
angle mechanism depends on the initial field value chosen at the P() phase transition. By
consequence one can not put lower bound on the axion mass to prevent them from producing
too much dark matter because the initial misalignment angle could be very close to zero. However
in this case the axion field was present during inflation and has isocurvature fluctuations which
are strongly bound by CMB data.

In the opposite case, when inflation occurs before PQ) symmetry breaking, the axion density
from the misalignment angle mechanism varies from one causal horizon to another. Its mean
value is independent of the initial field values. One has therefore a lower bound on the axion
mass. Furthermore cosmic strings are created that give a second cold axion population of
comparable relic density. In order to circumvent the domain wall problem, N = 1.

To summarize this section on axion bounds one can see that the free parameter space for
axions is already very restricted. Astrophysics exclude large couplings of axions to matter and
therefore exclude large axion masses. Cosmology can exclude small axion masses because they
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would produce too much dark matter. At the end the remaining axion window is

10 peV < mg S 10 meV (6.31)
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Chapter 7

Observable axion WIMP difference?

7.1 The initial idea

This section will introduce the very interesting idea that Sikivie and Yang with Erken and
Tam (ESTY) developed in [163, 164] about observable differences between axion dark matter
and WIMP dark matter. The complete work on axions presented in this thesis is motivated by
these previous works. The general idea is that cosmic axions produced by the misalignment angle
mechanism form a Bose-Einstein condensate (BEC) due to gravitational thermalisation. As the
axion BEC can support vortices it forms a different inner caustic structure in galactic halos than
WIMPs and could therefore lead to observable differences between axions and WIMPS. Such
differences would be very interesting as long as the nature of dark matter has not been explained
by any particle detection.

Axions fulfil three important conditions for a BEC: they are bosons, their number is ef-
fectively conserved and their kinetic energy is clearly smaller than their critical temperature

[163]
mng v frq \*"? R(tqep)
T, — (g_(g)) ~ 300GeV <1012Ge\/> o (7.1)

where ((3) ~ 1.20 is the Riemann zeta function. According to ESTY the only condition for
BEC formation that is not manifestly satisfied for axions is thermal equilibrium. The axion self
interaction is shown to be insufficient to establish thermal equilibrium. However the gravitational
interaction rate among axions is larger than the expansion rate of the universe and should
therefore thermalise axions. Then they argue that a rethermalising BEC can have a galactic
halo structure with a net overall rotation V x @ # 0 as opposed to a WIMP halo structure that is
irrotational V x @ = 0. The different velocity fields give rise to different inner caustic structures.
For the rest of this thesis we will only focus on the question of axion thermalisation and not on
the resulting differences.

The important question is how to calculate the gravitational interaction rate of axions that
changes the axion momentum distribution into the distribution with highest entropy, a BEC.
The usual analysis using Boltzmann equations can not be used here because the axion modes are
highly occupied and behave essentially as a classical field in contrast to a Boltzmann analysis that
supposes a collection of particles. In [165] Saikawa and Yamaguchi calculated the gravitational
interaction rate of axions in a Newtonian limit and obtain the same result as [163]. We will
focus on [165] because its authors introduce very clearly the formalism used and provide a solid
analytical analysis of this subject. I will try to give an overview of this calculation without going
into to much detail. The reader is invited to look into the original work for more detail.
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The axion state is described in Minkowski space time as a coherent state, i.e. a state
with such a large occupation number that the application of the annihilation operator does
not change the state: b;a;) = ay|a;). Usually coherent states are used to take the limit from
quantum field theory to classical field theory. Axions from the misalignment angle mechanism
are born as classical field oscillations and are therefore well described by coherent states. The

. ith
axion interaction rate is given by the rate of change of the number operator N, = (N,,) = ( @%
1 dN,
gy = ——F . 7.2
= d (7.2

The time derivative of the number operator can be calculated by using the Heisenberg equation

dN, .
dTp — i[Hy, N,). (7.3)

The interaction Hamiltonian contains the Newtonian gravitational interaction.

- —
Hy = G /d3xd3:z:/p(x’f>p(f t) (7.4)
2 |& — &

With p being the axion energy density. The Hamiltonian can be expressed in terms of creation
and annihilation operators in order to calculate the commutator with N,. In this way the
gravitational axion interaction rate can be shown to be [165, 163]

4rGming(t)

TS T ()2 (79

where 0p(t) ~ HQCD% is the typical axion momentum for misalignment angle axions and n,

the axion density. The interaction rate exceeds the expansion rate of the universe H at T ~ keV.
Based on this fast interaction rate, the authors of [163, 164] claim that axions thermalise and
form a Bose Einstein condensate.

In [166] the gravitational interaction rate of axions is calculated in a general relativistic
framework. The obtained results agree with equation (7.5).

7.2 Do axions form a Bose-Einstein condensate in cosmology?

The above described scenario of axion Bose-Einstein condensation has one crucial ingredient:
the thermalisation of axions through gravitational interaction. However it is not completely clear
that a fast gravitational interaction rate is also a fast thermalisation rate. Therefore it seems
to be a good idea to find a different and independent way to estimate the thermalisation rate
of cold dark matter axions through gravitational interaction. The following section will present
such an independent estimate by Sacha Davidson and myself, published in JCAP 13120(2013)
034. The following section presents (in slightly more detail) what we have done.

Using classical equations of motion during linear structure formation, we explore whether the
gravitational interactions of axions can generate enough entropy to form a BEC. At linear order
in G, we interpret that the principle activities of gravity are to expand the Universe and grow
density fluctuations. To quantify the rate of entropy creation we estimate the axion viscosity
and obtain a short dissipation scale for axions which does not confirm previous estimates of their
gravitational thermalisation rate.
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7.2.1 Bose-Einstein condensation

In the 1920s Bose and Einstein predicted the Bose-Einstein condensate (BEC) as a new
state of matter. A conserved population of bosons at temperatures lower than their critical
temperature exhibit a macroscopic population of one single quantum state, the zero momentum
state. The BEC is the state of maximal entropy: most particles fall in the zero momentum
mode to excite a few other particles that can occupy higher energy modes with a very large
number of possible constellations. It is interesting to notice that the formation of a BEC does
not require thermal equilibrium [167]. Even far from equilibrium a particle cascade towards the
zero momentum state can form and create a macroscopic population of this state [168]. This
behaviour is not a result of a finite number of scattering processes in the conventional kinetic
theory but needs the summation of a infinite series of processes using the two particle irreducible
effective action.

It is unclear which feature defines a BEC for dark matter axions, or especially which feature
is crucial for the scenario evoked by Sikivie and collaborators: is it coherence of the axion field
or is it the macroscopic occupation of the zero momentum mode? Axions from the misalignment
angle mechanism, born as coherent oscillations of the classical axions field, can be described as
a classical field and are therefore intrinsically coherent. So if coherence is the crucial feature
then no axion thermalisation is needed and the following discussion is beside the point. However
if a highly occupied zero momentum state is needed, the momentum distribution of the axion
field must be changed. One must make sure that the used interaction actually shifts the axion
population into the lowest energy state. Alternatively one can use the fact that Bose-Einstein
condensation needs entropy creation (recall that a BEC is the state of highest entropy). The
interaction that "thermalises" axions must create enough entropy to form a BEC. In the following
we will only treat axions from the misalignment angle mechanism in the cosmological scenario
that inflation occurs prior to PQ) symmetry breaking and we will be looking for dissipative effects
in gravitational interactions.

Finally, we raise a confusing issue about the definition of a BEC in cosmology. A BEC
in statistical mechanics is a large number of particles in a J-function at zero kinetic energy.
However, in cosmology, it is unclear how narrow is the energy range for the axions making
up the “zero mode”, or BE condensate. At the QCD phase transition, the axions of mass m,
and momentum Hqgcp, have kinetic energy Ex = H(%CD /2m, < Hgcp. During radiation
domination, the ratio

Erx _ Hqcp
H — 2m,

<1 (7.6)

remains constant; between matter-radiation equality and today, it increases by a factor /Teq /70,
but does not attain one. Therefore, the Heisenberg uncertainty principle could imply that the
age of the Universe is not long enough to distinguish that the axions are not in the zero mode.
Does this imply that they are in a BE condensate? Notice that their three-momentum can be
distinguished from zero, so if the condensate was defined as the zero-momentum state, then the
axions are not in it.

7.2.2 Axions and Gravity, the standard picture

This section will treat the standard picture of gravitational interactions of axions using
general relativity and show why we think that a fast gravitational interaction rate is not enough
to condense axions into the zero mode. Two different scenarios are considered: axions in a
homogeneous and isotropic universe with Friedman Robertson Walker Lemaitre metric (FRWL)
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and axions in a universe with small perturbations around its homogeneous background.

Axions in FRWL universe

We will show that the only effect of gravity on the axion field in a homogeneous and isotropic
universe is to redshift its momenta but not to change the form of the axion momentum distri-
bution. We will describe the axion field as a massive scalar field in a coherent state on a
homogeneous background. To first order this should be an appropriate description for the ax-
ion after the QCD phase transition during linear structure formation. The homogeneous and
isotropic solution to Einstein’s equation is given by the Friedman Robertson Walker Lemaitre
metric (here we choose the flat case):

ds® = dt* — R*(t)(da* + dy* + dz?) . (7.7)
The Lagrangian of a massive scalar field a(z) in a FRWL universe is given by

L= % V=9 [Opadta — (m2 + ER(2)) a?| (7.8)
where the factor containing g = det(g,.,) is needed to ensure diffeomorphism invariance of the
action. It describes the interaction of the scalar field with the metric, so the gravitational
interaction of the scalar field in a general relativistic framework. R(z) is the Ricci scalar and
the term {R(z) describes how the field couples to the curvature. In the following we will adopt
the so called minimal coupled case where £ = 0. The equations of motion can be obtained using
the Euler-Lagrange equations

O \/—9(2)g" (x)0va} + \/—g(x)mia =0 . (7.9)

Introducing the Laplace operator in curved dimensions

0, (V=g 0] (7.10

Oa = ¢""V,V,a =

The equations of motion can then be written
[o+m?o=0. (7.11)

In the case of a homogeneous FRWL metric this simplifies to
1

i+ 3Hd —
a+ a R2(t)

di0;a +m2a =0 (7.12)

where @ = d;a. The axion field can be expanded in a set of orthonormal eigenmodes uz(). In
a second quantization formalism this can be written as

a(z) = 3 (bpugle) + blur(z)) . (7.13)

The creation operators BE satisfy the canonical commutation relations [lA)E, l;g] = o e The axions

produced by the misalignment angle mechanism can be described as a coherent state

a) = exp (Z a(ﬁ,@}) 0) . (7.14)

—

p
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Here N is a normalisation factor so that (ala) = 1. The coherent state is characterised by
bila) = a(p,t)|a). The classical axion field is then given by the expectation value of the field
operator in the coherent state a(z) = (aa(x)|a). In the FRWL universe the eigenmodes can be
written using the following ansatz [169]
(@) = — R gy (7.15)
ug(r) [R(t)L]3/2e Xgp(t) - )

The eigenmodes have been normalised to a box of physical volume (R(T)L)*. This kind of
separation into time dependent and ¥ dependent part is only possible because the metric is
homogeneous and isotropic. Plugging the eigenmodes into the equation of motion (7.12) one

finds easily
R, o 3 (R\T 3R
R2(t) “ 4\ R? 2R

Xi(t) + Xp(t) =0 . (7.16)

One can now use the (i,7) component of Einstein’s field equations for a perfect fluid with
negligible pressure, like it is the case for cold dark matter:

. .\ 2
R R
2— — | =0. 7.17
o+ (5) (r.07)
This simplifies the equation for y to
Xz(t) + ﬂ)«(t) +m2xp(t) =0 . (7.18)
k RZ(t) k atf

Here we are interested in how gravity changes the spectrum of the axion field. It is known that
gravity can create particles (e.g. black hole radiation) and change the momentum distribution of
particles (e.g. red-shifting of momenta in FRWL cosmologies). These phenomena are normally
described by defining two kind of states [169]: the in states u}-cl?(x) at t — —oo and the out states

u%“t(:n) at t — oo. Both sets of modes are a complete set of orthogonal modes and can therefore
be expanded one as a function of the other. These are the so called Bogolubov transformations:

ud Zakq P4 Brus (7.19)

It is easy to see that the two sets of modes are different as long as ﬁE«T # 0. For example
consider as in state the in-vacuum |0,in) which does not contain particles in the remote past.
However in the far future the number of particles is determined by using the out-number operator
N lgut = B%uﬂl;%m. The number of particles that a detector will register in the far future is therefore
given by

Ut = (0,in| N2™|0,in) = Z Br” (7.20)

If this is non zero, particles have been created by gra\nty! The Bogolubov coefficients contain
the information of how gravity modifies the axion spectrum. In our case we are interested in
how the momentum distribution of out-state axions has changed compared to the axions in
the in-state. We therefore define the in modes to be the eigenmodes shortly after QCD phase
transition when axions have obtained their mass and started coherent oscillations and the out
modes at the end of linear structure formation. Both in and out eigenmodes are orthogonal and
therefore satisfy the following equations:

(ug,ug) = 61%@" (up, ug) = —(5%@, (up, uz) = 0. (7.21)
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The parentheses indicate the scalar product in the curved space time. These equations can be
used to determine the Bogolubov coefficients from equation (7.19)

Bra= —(ul ul) oc 5 . (7.22)

The fact that the Bogolubov coefficients are diagonal is a result of the homogeneous and isotropic
metric that we use [169]. The number operator for axions at late times can be written as

bt~ B bifl;)(a?é-bg—ﬁ%’_gbif%) : (7.23)

b%ut’[b%ut ( f{]z
We follow that gravity does not change the shape of the axion momentum distribution in a
homogeneous and isotropic universe but only redshifts the axion momentum and possibly cre-
ates particles. There is no evidence in this calculation that gravity can redistribute the axion
momenta.

To estimate the amount of axions created by gravity we have to calculate ,8~ i~ However
we expect that it is negligible because H < m,. For a rough estimate we use the lowest order

adiabatic approximation

1t
X(t) = ﬁaf wit (7.24)
with w? = ]k\ 2/R2 4+ m2. For k|2 < m2, we obtain by calculating the scalar product of
equation (7.22)
H(;
187 il < TEL‘“) , appel (7.25)

a
where ti, is the starting time of our calculation, shortly after the QCD phase transition. One
can therefore neglect gravitational particle production in our period of interest after the QCD
phase transition because H (tin) S Hqcep <K Maq.
In summary in a homogeneous and isotropic universe there is no evidence that gravity redis-
tributes axion momenta, except for red-shifting all momenta. Also gravitational particle creation
is negligible so that the comoving particle density of axions is conserved.

Inhomogeneous universe

As in a homogeneous universe gravity only red-shifts momenta we will now have a look
at a cosmological scenario with small fluctuations around the homogeneous case. As long as
the perturbations are small gravity is linear in the perturbations. We want to investigate if
gravitational interactions can create enough entropy so that axions can form a BEC.

This study starts once again a few Hubble times after the QCD phase transition when the
axion mass has settled to its final value m,. We look at axions from the misalignment angle
mechanism and not from cosmic stings. The PQ phase transition will, if inflation happened
before it, choose different initial values for the axion field in different Hubble volumes. When
these volumes expand, still before the QCD phase transition, the gradient term in the axion
energy will erase those differences within each Hubble volume. At the QCD phase transition the
axion mass turns on and the axion field starts to oscillate coherently within a Hubble volume.
The axion density in each Hubble volume depends on the initial axion value in this volume and
will therefore vary from one volume to the other after the QCD phase transition. In the case
when PQ phase transition occurs before inflation, the axion field oscillates coherently over the
whole universe after QCD phase transition. In this case the axions are probably already in
a BEC and further thermalisation is not needed. Therefore we consider the more interesting
first case. The axion is described as a classical field which varies randomly from one Hubble
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volume to another. It oscillates quickly in time with frequency m, and more slowly in space
with co-moving momentum Hqcp. It can be expanded in Fourier modes

" 1 Sy I = S
a(Z,t) = NeTATEG) zp: [a(pit) exp{i(p- & — wt)} +a" (P t) exp{—i(p- T —wt)}]  (7.26)

where p is the co-moving three-momentum and the field is normalized in a comoving box of
volume V. This is compatible with the description above that the classical axion field is the
expectation value of the field operator in the coherent axion state. The fast time dependence
e~ can be approximated by e " and will be averaged [170, 171] when the much slower
spatial evolutions are considered '. @(p,t) can evolve in time on a longer time scale of spatial
evolution. Recall that a(x,t) has mass dimension one, so that a(p,t) is dimensionless. As the
axion is a real scalar field, the Fourier coefficients have to satisfy a(p,t) = a*(—p,t). The Fourier
transformations are performed in a comoving box V = L? and defined to be "dimensionless" to

simplify dimensional analysis

d3z d3p
_— = —_— . .2
7 and ; v / o (7.27)

The density fluctuations of axions are of O(1) from one Hubble volume to another. Within
one volume the density is constant. We therefore expect the Fourier coefficients a(p,t) to go to
0 for [p] > Hqcp and to be constant for |p] < Hqcep because the Fourier transform of a random
distribution is a constant.

Often the axion field is described as a homogeneous field with small fluctuations around its
mean value [171]. Such a description can be obtained by averaging the field in equation (7.26)
over the universe and considering only fluctuations on large structure scales. For linear structure
growth the differences between the two descriptions are negligible.

To describe the behaviour of axions in linear perturbation theory we start by specifying the
perturbed metric. We consider only scalar perturbations and choose to write these in Newtonian
gauge

ds?® = (14 2¢)dt? — R*(t)(1 — 2¢)d;;dx"dx’ (7.28)

where 1 ~ ¢ is the Newtonian potential inside the horizon. The scale factor is dimensionless
and is set to 1 at the QCD phase transition. To write down Einstein’s equations one also needs
to specify the energy stress tensor. In the homogeneous case it is described by a perfect fluid

T§ = diag(p, —P,—P,—P) (7.29)

where p and P are the homogeneous energy density and pressure of the cosmic fluid. Fluctuations
around the homogeneous energy momentum tensor can be parametrized using four scalar degrees
of freedom.

(t) = B(t) + 0p(k,t) , P(t) = P(t) + P(k,t)
. _ = T [ 1 i — = e
iki0T) = (p+ P)o(k,t) (kikj — 36i))0T) = —(p + P)o(k.t) (7.30)
The perturbation of the energy density is 5ﬁ(E, t) and the pressure perturbation is 5}3(];, t).
0(k,t) describes the longitudinal degree of freedom of the perturbed energy flux 677, the fluid

1. One can also consider the non-relativistic field and so get rid of the fast time dependence [172]
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velocity. o(k,t) is the scalar anisotropic pressure (or anisotropic stress). In order to determine
the behaviour of the axion component of the cosmic fluid we are interested in how these quantities
can be related to the axion field. From field theory the energy momentum tensor of a real scalar
field is given by

. 1/.
TV = a*a, — B (a’o‘a;a - mia2> . (7.31)

Comparing this with equation (7.30) we can determine the fluid parameters as a function of the
axion field. The homogeneous axion energy density is given by the average of 7). It is therefore
the p'= 0 Fourier mode of the energy density p(p)t).

— A3z 0/
Palt) = | 7 T5(1)
mg a(q,t)? 2
~ [R(ta)]?’ ; | r(savﬂ (1 + mgzg(ty) : (7.32)

We neglected higher orders of 7%—22 as well as terms containing ¢, and H and averaged over
the fast time dependence. In the following we will only consider the leading order term. As the
energy density for the non-relativistic axion field is clearly dominated by the mass density, the
average number density of axions is easily obtained by dividing by the mass:

Mg a(q,t)|?
0 = FE S (7.33

The Fourier transform of the energy density perturbation can be expressed in the following way

5 (K &’z —ik-F . _
5Pa(k,t) = 76 [Pa,($,t) — pa(t)]
m> - .
= VIROF d_a(@+k/2,t)a* (q—k/2,t) k#0 . (7.34)
a q

It is important to realize that this expression is quadratic in the axion field and cannot be sim-
plified to the product of the averaged axion field times a fluctuation around it. By consequence
the linearised Einstein equations that are linear in 6p,(k,t) are non linear in the axion field.
We therefore use the energy density and its perturbation as variables to describe the evolution
of the system and not the axion field which would contain more information. This should be
an appropriate description as gravity only couples to the energy stress tensor and does not care
about what is the origin of the fluid.

The dynamics are described by Einstein’s field equations G, = 87GT},, and the energy and
momentum conservation equations 7}:, = 0. In the homogeneous case the (0,0) component of
Einstein’s field equations gives the well known first Friedman equation

N
( R](%t) > = H(t) = ?(ﬁa(t) + Ditrings () + Praa(t)) (7.35)

The right hand side contains the averaged densities of all species that are relevant during linear
structure formation: axions form misalignment angle mechanism, axions from cosmic string
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decays and radiation. The equation describes the expansion of the universe that is driven by the
average density of the cosmic fluid. Including small perturbations into Einstein’s field equations
and separating the homogeneous from the linearised perturbed part gives for the (0,0) component

— 3H2(t)Y(Z,t) — BHA(T, t) + A0(T,Y) _ 4nGop(Z,t). (7.36)

Deep inside the casual horizon |p] >> H(t)R(t) the first two terms can be neglected

2
- B’fj(t)qs(@ t) ~ 4nGop(p,t) (7.37)

This is just the Fourier transform of the usual Poisson equation with &F(ﬁ, t) being the Newtonian
potential of the energy density perturbation. The homogeneous part of the energy density does
not contribute to the Newtonian potential.

The off-diagonal part (i, 7) of Einstein’s field equations vanishes in the homogeneous limit
but in the perturbed case it gives

K2 (p(k,t) — (k1)) = 120GR2(t)(p + P)o(k,t) . (7.38)

For a perfect fluid one can show [21] that the anisotropic stress vanishes to first-order . This
implies that the two perturbations in the metric can be treated as being equal ¢ = .

Combining equations from both energy-momentum conservation and Einstein’s field equa-
tions one gets the usual equation that describes structure growth [171] using 8(k, t) = 654 (k,t)/pa(t)

. . k2
— 2 .
0+2H — 4nGpd + c; R2(t)6 =0 . (7.39)
The speed of sound is defined as ¢ = 5%. This equation is well known in the Newtonian
limit and it can be found in [16]. As long as 47Gp > ch];”—?t) the perturbation will grow due

to gravitational attraction. In the opposite case the pressure can compensate gravitational
attraction and the perturbation oscillates. The wavelength for which both terms are equal is
called the Jeans length \; = %}”.
In [171] the speed of sound is calculated in the case that PQ symmetry breaking occurred
before inflation and consequently the axion field is homogeneous with small fluctuations: cg &~
k

Ima R The Jeans length is then given by

2 6
[167Gp(t)m?2])t/4 H(t)m

As(t) =~ ; (7.40)

It can be checked that the Jeans length is smaller than the size of our solar system, suggesting
that axions behave like dust on all cosmologically interesting scales. In the case when inflation
happens before PQ symmetry breaking (the case we are interested in) this might be different.
However, by dimensional analysis, P ~ dP < ﬁH(%CD /m?2, so naively the differences appear to

be insignificant to fluctuation evolution on the comoving scale H(géD.

2. The energy momentum tensor of a perfect fluid is given by T} = —Pgt + (p + P)U*U, where U* is the
four-velocity of the fluid. For a fluid moving with a small coordinate velocity v® it can be treated as a perturbation
of the same order as dp or ¢. The expansion of the energy momentum tensor shows that to first order the off
diagonal terms are zero and so the anisotropic stress vanishes.
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Recall that the fluctuations in the density of the axion field on the scale HééD are of O(1).
After matter-radiation equality, these short-distance fluctuations can grow and promptly decou-
ple from the Hubble flow, to form gravitationally bound axion configurations called “miniclus-
ters” [173]. The position-space perspective on these O(1) inhomogeneities is instructive. One
can estimate that an axion (particle?) with comoving momentum Hgcp cannot escape from a
fluctuation of comoving size H(iéD prior to matter-radiation equality. That is, the fluctuations
are not damped by free-streaming. If an axion BE condensate should be approximately homo-
geneous, then it is unclear how the axions making up O(1) density fluctuations on scales H(i(ljD
can migrate to the zero-momentum mode, because they do not seem to move fast enough to
homogenise in position space.

The two leading order effects of gravity that were described here are: the expansion of
the universe equation (7.35) and the growth of small perturbations during matter domination
equation (7.39). They are both leading order solutions to time-reversal invariant equations and
can therefore not contain dissipation as needed for the formation of a BEC. This means that even
though axions interact very quickly, they are not thermalised by their gravitational interactions.
In the next paragraph we will try to estimate a process that contains dissipation.

7.2.3 Axion viscosity estimate

In the last section we saw that the off-diagonal entries (i, j) of the energy momentum tensor
are not important for the leading order solutions (we have even neglected them claiming axions
behave as a perfect fluid). We will therefore try to use these off-diagonal terms to get a hand on
dissipative processes. Another observation of the last paragraph is, that to describe the cosmic
fluid a perfect fluid was used. Such a fluid does not contain dissipation. If one adds dissipation
to a perfect fluid one obtains a so called "imperfect fluid" [174]. On its off diagonal it has a
viscosity term. The effect of viscosity is well known: it damps fluctuations on small length
scales. Damping fluctuations means to homogenize the axion field and could therefore be a way
to condense axions into the zero mode. In this section we will estimate the axion viscosity by
comparing the energy momentum tensor of the axion field (including perturbations) with the
energy momentum tensor of the imperfect fluid.

The off diagonal entry of the axion energy momentum tensor with a perturbed metric is
defined in equation (7.31) and has the form (i # j)

Ti-(f, t) = —(1};5?)61-&8” . (7.41)

Writing out the Fourier transform of the axion field and the Newtonian potential yields
T (k,t) = S (g +k/2)iq — k/2);a(F+ k/2,t)a" (7 — k/2,t)

1
- mVR() |4

+2) (q+k/2)i(q+p—k/2);0(B.)a(q+ k/2,0)a"(q+ 7 — k/2,t)| (7.42)

P
The first term does not contain the gravitational potential. However we are interested to estimate
the axion viscosity arising from gravitational interactions. Therefore in the following we will
only focus on the second term that contains ¢(p,t). The only interaction considered here is
gravitation. We can therefore be sure that the viscosity estimated in this way has its origin in

the gravitational interactions. The energy momentum tensor of an imperfect fluid is given by
[174]
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THZ,t) = —nt)(0;U (F t) + 0'U;(7,1)) . (7.43)

Where 7 is the viscosity coefficient and U, is the fluid four velocity that must satisfy the relation
U, U#" = 1. Weinberg defines it from the conserved number current N* = nU®. However the
axion is a real scalar field which does not have a conserved current, so a definition from the
energy flux is more convenient: TP = pU°U;. As discussed with care in Weinberg’s paper [174],
it is important to use a self-consistent formalism, so we anticipate that our estimate will not
have the correct constant factors. We hope that the dependence on physical parameters will
nonetheless be correct.

, -1
UgUZ, 1) ~ ———— 8ya(Z, 1) Dia(T, t 7.44
0 (.f, ) R2(t)ﬁ(t) tCL(.%', ) a(:c ) ( )
Using this definition we obtain the explicit form for the imperfect fluid energy momentum tensor
Q7 n(t) e v T
T:(kt) = ————~+—— ki + kiqi — kik; k/2,t —k/2,t) . (74
j( ) ) mVR5(t)na(t) Z [q J + q] ]] a’(q =+ / )CL (q / ) (7 5)

q

In order to get an approximate analytic expression for n we simply equate the terms in equa-
tion (7.45) and equation (7.42) that are proportional to ~ k;k;. We are not interested in a very
accurate value for the viscosity, the order of magnitude is completely sufficient for us. We obtain

55 (p, 1) R?
T?a(ft)) ~ —QWGzp: W . (7.46)

The density perturbations dp contains contributions from axions as well as radiation and
all other species present in the universe. It shows nicely that a viscosity that is caused by
gravitational interaction keeps the universal character of gravity.

This estimate used a description of imperfect fluids [174] which can suffer from non-causal
information propagation. Such difficulties are avoided with the causal thermodynamics of [175],
which adds approximately a factor (1 + H/I'y) to the right side of equation (7.46), where I'y ~
8mGpamaR(t)?/ HéCD is the gravitational interaction rate of axions (see [165]). The correction
factor exceeds 2 for T > 2keV (for fpq ~ 10'? GeV fixed) and grows linearly with 7. However,
we neglect this effect, because it never allows the time or length scale of dissipation to reach the
horizon, and because axions gravitationally thermalise after T' ~ keV in the scenario of Sikivie
and collaborators.

The first limiting case that we consider is when the density perturbations are dominated
by radiation. Radiation has a scale-invariant power law which means that dp(k,t)/p(t) =

A(ky /k)3/? where ky = H(t) R]z((t:)n is the comoving scale at the horizon. One can show that the
3.

sum in equation (7.46) is dominated by the infra-red contributions

~ T, ~ T,
n(t) Sp(H) =%, 1) | 3 |0p(H(t) =52, t)
~21G ~ — (7.47)
na(t) H(1) T
One easily sees that ‘M’ << 1 because radiation density perturbations are always much

na(t)
smaller then the radiation background density.

3. The integral gives V ka d*pd(p,t)/p° = 4rVku A ~ Sp(ku,t)/(B(t)k3)
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In the second case we will assume that the dominant density perturbations come from axions
from the misalignment angle mechanism. These perturbations are around the comoving scale
of the horizon during the QCD phase transition HééD. Therefore the sum in equation (7.46) is
dominated by the p ~ Hqcp:

‘n(t) ’N%G Op(Hacp, )R(t)|  87Gpaltacn) (T ) _ paltqep) (T
na(t) Hiop 3H3cp Tqep prad(tqep) \ Tqep
TooT
= : (7.48)
Téep

where Tt is the temperature at matter radiation equality. Also in this case ‘%‘ << 1.
For a given viscosity Weinberg estimates the time-scale that is takes to damp fluctuations of
a given length-scale [174]. ,
~ TOIPT (7.49)
R2(t)p(t)
Comparing the damping rate to the expansion rate H(t) fixes the length-scale up to which
all fluctuaions are damped away within the available time.

2 L n() pa(t)
st = ) ™ i na®) (8 (7:50)
It is not very difficult to see that the damping scale is always smaller than the Jeans length
of axions A\j ~ 1/(+/H(t)mg). This means that viscosity only damps fluctuations that do not
grow during matter domination but the modes that oscillate because of the interplay between
gravity and pressure. It is reassuring to know that the damping distance due to viscosity is
shorter than the Jeans length.

7.2.4 Discussion

In the following section we will review the basic assumptions and main points of our estimate.
After this we will compare our estimate to the calculation done by Saikawa and Yamaguchi in
[165] and show how one can make contact between the two estimates.

The question we wanted to answer is if axions from the misalignment angle mechanism
condense into a Bose Einstein condensate due to their gravitational interactions. We assume
that the PQ) symmetry was broken after inflation because in the contrary case almost all axions
are already in the same mode with small fluctuations around it. This can already be considered
as a BEC. In our case, shortly after the QCD phase transition, the axion field has variations of
O(1) over length-scale H(iéD. As a BEC is the state of maximal entropy we look for dissipative
processes in the gravitational interaction of axions. The axions are born as oscillations of a
classical field and can be described as a coherent state. From this we infer that the problem
can be treated to a very good approximation as a classical problem and all information about
gravitational interactions should be given by general relativity. We choose to use the axion
energy density as the relevant variable. It is clear that the axion field contains more information
but the dynamics are determined by 7", = 0 and Einstein’s field equations which only contain
the energy momentum tensor and not the field. The advantage of the axion density is that the
differential equations that describe the evolution of axions are linear in the axion density (or its
perturbations) whereas the equations of motion for the axion field involving gravity are highly
non-linear. The leading order solutions tell us that the homogeneous energy density of axions
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contributes to the expansion of the universe equation (7.35) whereas its perturbations on scales
larger than the Jeans length grow during matter domination equation (7.39). These processes
are leading order solutions to time-reversal invariant equations and do therefore not contain
dissipative effects. We conclude that dissipation must be a subleading effect in gravitational
interactions. To discuss gravitational thermalisation one needs to divide gravity into a leading
order part and a dissipative part. We attempt this by looking at the off-diagonal terms of the
energy momentum tensor that is normally neglected in the leading order solutions.

The leading order solutions in cosmology are normally obtained by describing the content
of the universe as a perfect fluid. If one is interested in dissipation one has to use a imperfect
fluid which can still expand the universe and grow density fluctuations but on its off diagonal
terms it has viscosity sitting. Viscosity damps fluctuations on small scales and homogenizes
the energy density in this way. By estimating the axion viscosity we hope to get our hands on
one part of dissipative gravitational interactions. We estimate the axion viscosity by comparing
the energy momentum tensor of the axion scalar field with a perturbed metric to the energy
momentum tensor of a imperfect fluid. From the viscosity we infer a damping scale up to which
perturbations are damped away. We obtain a damping scale that is smaller than the Jeans
length and has no influence on cosmological processes. We cannot confirm that gravity creates
enough entropy to thermalise axions and to form a BEC.

We want to compare our analysis with the previous papers on this subject [163, 164, 165] to
emphasis common points and to explain the differences. We will concentrate on the calculation
in [165] because they clearly introduce their formalism for their solid analytical calculation * and
obtain the same results as the original papers by Sikivie and collaborators. Saikawa and Yam-
aguchi (SY) calculate the rate of change of the axion number operator in a quantum field theory
approach where axions are described as a coherent state of highly populated low-momentum
states. Their space time is Minkowski and Gravity is described by Newtonian gravity. The
gravitational interaction rate is interpreted as a thermalisation rate that exceeds the expansion
rate of the universe at photon temperature ~ 1 keV.

A fist difference is that SY calculate in a Minkowski space with Newtonian gravity in con-
trast to our general relativity formalism. The gravitational effect of the homogeneous and
isotropic axion density is to drive expansion, but since SY calculate with Newtonian gravity
in a non-expanding space-time, all the gravitational effects of the axions are included in the
“thermalisation” process. However this is not a very important difference because one can sim-
ply add scaling factors and replace the axion density by its perturbation in their expression for
Newtonian interaction in order to make it consistent with linearised Einstein equations. Recall
that also our results are obtained in the limit of fluctuations on scales much smaller then the
casual horizon, so the Newtonian limit.

A second difference is that SY use a quantised formalism whereas we use classical field
theory. This difference should not be important because SY describe the axions in a coherent
state which is usually used to make the limit form quantum field theory to classical field theory.
Indeed we can obtain a similar result in our formalism. We calculate the equations of motion in
the perturbed universe”.

—m2a(z) = Oa(z) = g"'V,V,a(x) = ¢ (0,0,a(z) — Oaa(z)I,) (7.51)

where the Christoffel symbols are given by I'jj, = %gaﬁ (9 + 9v8u — 9uv3)- Plugging the

Fourier transform of the field into the equation of motion and keeping only leading order terms

4. In section 7.1 a short overview of this calculation is given
5. We use the metric of equation (7.28) setting ¢ = 1.
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one obtains

ik, t) ~ma Y 63, t)alk — G,t) (7.52)

Using this and the Poisson equation (7.37) to replace 5((}', t) we obtain as similar result as SY:

gt]a( 2~ drm GZ I |2 5pk‘ o {@@+kna@n -a@na@-En}p . (7.53)

It seems that the difference between a quantum analysis and the our classical analysis can
be neglected.

Another difference is that SY find that axions do not interact with photons. This is an
important result because a fast interaction of axions with photons would heat axions up to
photon temperature. However our analysis shows that the axion viscosity comes form the
gravitational interaction of axions with density perturbations including those of photons. This
is due to the universal character of gravity that couples to energy densities no matter what their
origins are. We interpret that at order GG, the axions should have gravitational interactions with
the fluctuations in the density of other particles, rather than with the individual particles.

At the end we do not disagree at all with the interaction rate derived by SY, we can even
obtain the same rate in our formalism. However we disagree with the interpretation of this rate
as a "thermalisation rate". In our interpretation the result of SY means that axions have fast
gravitational interactions® but does not tell what these interactions do. Whereas the equations
of motion for density perturbations tell us that perturbations grow above the Jeans length.

7.2.5 Summary

This work was motivated by the scenario of Sikivie and collaborators which claim that due
to gravitational thermalisation axions form a Bose Einstein condensate. Such a BEC develops a
different galactic halo structure than WIMPs. This could imply that there exists an observable
difference between axions and WIMPs. Our interest focuses on the gravitational thermalisation
process.

Our analysis is based prior to non-linear structure formation and we assume that inflation
occurs before PQ symmetry breaking. We only consider axions from the misalignment angle
mechanism. Therefore shortly after the QCD phase transition the axion density distribution
has perturbations of O(1) on comoving length scales HééD and the typical axion comoving
momentum is of the order of Hgocp. General relativity tells us that the homogeneous axion
density participates in the expansion of the universe and the density fluctuations grow. These
effects do not contain dissipation and can therefore not drive axions into a BEC, the state of
highest entropy. The question is if gravity can in addition to the leading order effects also
thermalise axions. To estimate the dissipative gravitational interaction rate of axions we use
the off diagonal terms of the energy momentum tensor that is not used for the leading order
solutions. Comparing it to the off-diagonal term of the imperfect fluid yields a rough estimate of
the axion viscosity. Viscosity is known to damp fluctuations on small scales and could therefore
be a way to bring axions into a BEC. The estimated damping scale is however smaller than the
Jeans length of axions and we can consequently not confirm the interpretation of [163, 165] that
axions migrate to the zero mode (form a Bose Einstein condensate) at a photon temperature
T, ~ keV, due to “gravitational thermalisation”. We can reproduce the gravitational interaction
rate obtained by [163, 165], but it is unclear to us that this is a thermalisation rate: some of the
gravitons should be contributing to the growth of density fluctuations.

6. So to say the emission rate of gravitons by axions is higher than the expansion rate of the universe.

112



Part IV

7' project

113






Chapter 8

Heavy Z’: resonant versus
non-resonant searches

We turn now to the last research topic of this thesis: new neutral gauge bosons, often called
Z'. Collider searches for these new vector particles have mostly been pursued by looking for
a peak in the invariant mass spectrum of the decay products. However off-shell Z’ exchange
may leave an imprint on other kinematic distributions, leading thus to non-resonant searches.
The aim of this project is to assess, in the context of the LHC, the interplay between resonant
(s-channel) and non-resonant (t-channel) searches for a generic leptophobic Z' model. We show
in particular that while non-resonant searches are less sensitive to small couplings, they tend to
be more adapted at high masses and large couplings. We discuss our findings both at the level
of the current limits and the expectations at higher luminosities.

8.1 Introduction

Additional neutral U(1)" gauge bosons are a well motivated extensions of the SM, appearing
in a very large number of different theories. Reviews of new vector particles can be found in
[176]. Z' typically appear in extended gauge groups: when the larger gauge group breaks down
into the SM gauge groups one often finds additional U(1) symmetries. However there is a priori
no reason that this new symmetry is associated to the TeV scale. If the model is embedded in
supersymmetry than the symmetry breaking of the U (1)’ is often tied to the soft SUSY breaking
scale and expected at the TeV scale. Such a scenario arises naturally in super string theories
which involve large symmetry groups that must be broken into the SM gauge groups or in
supersymmetric GUT theories, e.g. SO(10) or Eg based models. Recent examples can be found
in [177]. Another possibility are composite models that describe the Higgs as being a pseudo
Goldstone boson of a new approximate symmetry. These models often introduce new gauge
bosons as well as new fermions around the TeV scale, e.g. [178]. Also in extra dimensional
models new neutral gauge bosons can arise. In the simplest case of one extra dimension of
radius R which implies the existence of Kaluza-Klein excitations for all states that are allowed
to propagate in the bulk. If the SM Z boson propagates in the bulk the presence of a Z’ is
predicted at mass ~ 1/R. Among many other models extra-dimensional frameworks can be
found in [179]. The last models we want to mention are connected to dark matter. One assumes
a dark matter sector that couples to SM via a Z’ boson (see for instance [180]). In this case the
Z' can not only be searched for at colliders but can also be constrained by the non-observation
of direct detection experiments or indirect dark matter searches.
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The range of models involving Z’ is large and in almost all models the predicted boson has
different couplings to SM particles. Their discovery prospects at the LHC can most often be
described in terms of a generic Z' model, which will be our framework for this study. The
question we want to address is how can one best constrain Z’ particles at the LHC. The number
of searches at the LHC is so large that it can be a thorny issue to find the most constraining
analysis for a given model of new physics.

In most cases it is assumed that the best chance of catching this vector boson at the LHC
is through a resonance search, or in other words by producing directly the particle. This is
what we refer to as a s-channel search, since the main diagram is the s-channel one drawn in
figure 8.1. In such a case the reach of the LHC will be limited by the probability of the incoming
partons to have a center of mass energy higher than the mass of the new particle, which boils
down to the pdf (parton distribution functions) of the proton and the beam energy. However,
some models can be more elusive to direct production, for instance leptophobic particles escape
the cleanest channels at the LHC.

ZI

s-channel t-channel

Figure 8.1: s and ¢ channel diagrams mediating the interactions of a Z’ particle with SM quarks.

When the vector boson escapes direct production, its exchange may still affect the shape
of a given observable, without being produced on-shell. An example is a ¢-channel exchange,
exemplified in the right diagram of figure 8.1, and for this reason we may refer to those searches
as t-channel searches '. A major point is that processes with many different kinds of initial states
can be affected (uu,ud, ...) while direct production requires a particle and its antiparticle as an
initial state (ui,dd,...), leading thus to higher statistics for t-channel (non-resonant) searches.
The aim of this work is to assess, for a generic vector boson, to which extent the ¢-channel
searches can be as powerful, or even better, than s-channel searches. Such attempts have already
been carried out in the recent years (see [181]), but either with a specific vector boson or with
only part of the relevant analyses at the LHC. Here we have opted for a generic discussion,
keeping in mind the aim of comparing the sensitivity of different searches on different regions of
the parameter space and what would be their future reach. This chapter is organized as follows:
section 8.2 introduces the Z’ model that we use, section 8.3 describes the experimental analyses
and section 8.4 discusses our results and leads us to the conclusion. More details on how we
recast the analyses to constrain our Z’ model can be found in the appendix section 8.6.

8.2 Framework

We assume that the new vector boson only decays into SM particles or invisible states, in
particular we avoid the case of cascade decays through other exotic particles. Its most generic

1. This dichotomy of s and ¢ searches must be understood as a loose use of the initial word since the diagrams
alone are not physically relevant.
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definition is then: it is a spin 1 particle with mass M, couplings to all SM particles gxx and
width I', which only differs from the partial width to SM particles by an invisible width I'iy,,. The
free parameters are M, gxx and I'. Such a generic definition does however involve many final
states and as such many analyses from the LHC, we have thus decided to consider only couplings
to SM fermions, for simplicity. At this point it is known that if the couplings to leptons are not
negligible the constraints from LHC resonant searches in dileptons final states (see [182, 183])
are overwhelming: in such a case it is quite unlikely that a non-resonant search could compete.
We focus thus on a leptophobic Z’ framework, where the only allowed couplings to SM particles
are to quarks. It may seem that the framework has been drastically reduced from its initial
scope, however it remains an interesting playground for different models, as shown in [184]. A
last simplification is to assume that the Dirac structure of the couplings is the same as the Z of
the Standard Model, leaving free only one scaling parameter, and to assume this scaling factor
to be flavour universal. This restriction allows us to use a minimal set of parameters. Our set-up
is summarized by the following Lagrangian :

1 1 _ _
Lnp. = §F,'WF'W - §M22,ZZ'V +rY (g%MQiLZ/%‘L + Q%MQZ'RZ,%'R> + Liny. (8.1)

(3

Here, k refers to the common scaling factor with respect to the Standard Model and L;,,. deals
with the possible interaction with other particles that would be unseen at the LHC. For all
practical purposes we will account for this last term simply via a free parameter I'y,,, so that
the total width of the Z’ can be larger than what would be expected to SM decay modes, making
thus its branching fraction to SM particles lower than 100%. Our model is thus fully described
by 3 parameters:

Ky, M, Tiny.

Note that the choice of taking the same Dirac structure as for the standard Z is only made
for convenience as it lowers the number of free parameters, and we have checked that taking
vector-like couplings would not alter our conclusions. We restrict ourselves to £ > 0 because
in this case the Z’ interferes constructively with the SM and the expected signals are stronger.
Perturbativity imposes an upper bound on «, so that the coupling is actually smaller than 4,
which will be the case in our focus range x < 5. An important implication of the effective
Lagrangian postulated in equation (8.1) is that we do not consider mixing with the standard
Z, and consequently there is no constraint coming from electroweak precision tests. This dif-
fers from UV-complete models where all the interactions between both Z are taken into account.

Turning now to the LHC analyses, we have considered two representatives of the s-channel:
the search for resonances in dijets [185] and in ¢t pairs [186]. Each of them consider the case
of a Z' with different widths and variable cross-sections, so that we were able to recast their
results as a function of our parameters (M, k, iy ), up to adjustments that will be addressed
in the following section. Those analyses are the most likely to probe a direct production of a
leptophobic Z’, and are thus a relevant comparison point for the t-channel searches. For the
latter we have used the shape analyses of the inclusive jet pp spectrum [187] and of the dijet
angular spectrum [188]. In particular, it is interesting to study the interplay between the pp
spectrum analysis and the angular one, which was solely studied in [181].

The two t-channel analyses focus originally on a model of contact interaction between left
handed quarks. We validate our recast of those analyses by re-deriving the bounds on this
model. The relevant Lagrangian for the contact interaction between only left handed quarks of

117



CHAPTER 8. HEAVY Z’: RESONANT VERSUS NON-RESONANT SEARCHES

all three families and constructive interference with the SM is

Lcoi = —p(dLWQL)@LWQL)- (8.2)

8.3 Analysis

We will now describe the four experimental analyses on which we have built our results. Since
our set-up (defined in equation (8.1)) is not the one used in those analyses, we had to recast
them in a consistent way. In this section we describe only very briefly the different analyses,
and postpone the details to appendix 8.6.

8.3.1 t-channel: Dijet angular spectrum

The dijet angular distribution has been measured by the ATLAS and CMS collaborations to
search for contact interactions between quarks [189, 188]. Both analyses being comparable and
giving similar results we considered only one, the CMS angular analysis. CMS uses 2.2 fb~! of
/s = 7 TeV data. The analysis studies the normalized dijet angular distributions for different
invariant mass regions M;;. The used angular variable that is Xxgijet = e'yl_w‘, where y; and
yo are the rapidities of the two highest transverse momentum jets. The normalized angular
spectrum is then given by — 4o dijet

e Do For the QCD dijet background this normalized angular
spectrum is almost flat. New physics like contact interactions or Z’ mediated interactions predict
a peak of the spectrum at low y.

We recast the analysis by calculating both background and Z’ signal at leading order and
consider only events with large invariant mass M;; > 3 TeV. Our statistical evaluation follows
closely the experimental analysis, as explained in appendix 8.6. We validated our analysis on the
same contact interaction model as the CMS study. We find an expected exclusion of A®Pt =
10.2 TeV, while the experimental analysis exhibits an expected value of A®Pt = 10.9 TeV. We

conclude that our analysis is a bit conservative but sufficiently accurate for our goals.

8.3.2 t-channel: Inclusive jet pr spectrum

Our second t-channel analysis is the search for contact interactions carried by the CMS
collaboration in [187]. The aim is to look for a deviation from the QCD prediction in the
inclusive jet pr spectrum, e.g. events as p + p — j + X where X is any collection of particles,
using 5.0 fb~! of /s = 7 TeV data. The considered events have a partonic center of mass energy
1 TeV S V5 < 4 TeV. While the QCD background happens to be falling exponentially with
increasing pr, the contact interactions will show deviations that are more pronounced at higher
pr.

To adapt the analysis to a Z’ search we simulate the Z’ signal at leading order (as a difference
between Z’+QCD and QCD only cross-sections) and add it to the QCD background calculated
at NLO, taken from the experimental analysis. For the statistical evaluation we use a Bayesian
method with a flat prior for the Z’ mass to calculate the CL = 95% exclusion mass for a
given value of k. We consider systematic errors from renormalisation/factorisation scale and
variations of the pdf sets to construct a covariance matrix that takes correlations between bins
into account.

We validate our analysis by comparing once again using the contact interaction model given in
equation (8.2). We compute the expected 95% exclusion expected value to be APt = 15.1 TeV
while the CMS analysis obtains a value of A®P® = 13.6 TeV. Thus, our estimation is slightly
more affirmative than its true reach, and we will keep this in mind when turning to the Z’ case.
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8.3.3 s-channel: Dijet resonance

For our Z' model the most obvious decay channel in a resonant s-channel search is a light
quark-antiquark pair, which would manifest itself as a pair of jets with invariant mass equal to
M. Such searches have been carried out recently both at ATLAS and CMS, here we will use
the analysis described in [189], which searches the dijet invariant mass distribution for peaks.
The analysis sets bounds on the quantity o x Br x A (where A is the acceptance of the search)
on typical Z’ particles, the only requirements being that the Z’ is produced by gq initial states
and that its shape is approximately Gaussian. Three different resonance widths are considered,
namely I'/M = 7%,10%, 15%. This restricts the recast of our analysis to not too wide Z’. This
is to put into perspective with the ¢-channel case whose reach is independent of the width.

8.3.4 s-channel: tt resonance

Both CMS [186, 190] and ATLAS [191, 192] are looking for Z’ resonances in the ¢ spectrum.
The two top quarks decay into two leptons plus two jets and missing transverse momentum due
to neutrinos. We focus on [186] as it uses a similar integrated luminosity than the t-channel
analyses. The analysis constrains any massive neutral vector boson that couples to quarks by
putting an upper bound on the product of production cross section times branching ratio to tops
o x Br as a function of the Z' mass M for two different widths I'/M = 1.2% and I'/M = 10%.
This implies that also this analysis can only be used directly for widths that are not much larger
than 10%. For larger widths, the exclusion is expected to be weaker, so we have extrapolated
an upper bound on the exclusion by taking the limit at I'/M = 10%. For widths in-between
1.2% and 10% we use the less stringent one as a conservative estimate.

8.4 Results

8.4.1 Observed results

We show the observed CL = 95% exclusion lines in the (M, k) plane in figure 8.2. This
corresponds to the slice [';y, = 0 of our parameter space, the effect of invisible decay channels
being discussed later on. We note that the two ¢t-channel analyses give very comparable bounds,
which was not granted since they do not yield similar bounds on the contact interaction model.
On the s-channel side, the dijet search performs better than the #¢: this is no surprise since it
was already the case of a “standard-like“ sequential Z’. In the latter case, part of the exclusion
line is plotted as dashed, which corresponds to points where the Z’ width is larger than the max-
imal width constrained by the experimental searches. Broader peaks are harder to distinguish
from the QCD background and the real limits are probably weaker than our extrapolation. An
important point is that low couplings (k < 2) are not probed at all by the ¢-channel analyses,
whereas s-channel can be sensitive if the mass is low enough. Overall, a striking feature is that
the shape of t and s exclusions stand significantly apart, revealing a different kind of sensitivity.

First, the t-channel limits are best understood by looking at the very high and very low
mass regimes. In the limit M > /3 (where 3 is the partonic energy of the events considered),
one notices that the exclusion grows linearly with M. This corresponds to the case where the
Z' can be integrated out and replaced by a contact interaction, suppressing thus the particular
kinematics of a t-channel exchange. In this case the contact interaction is parametrized by only
one parameter: /M, which justifies the asymptotic behaviour shown in figure 8.2. On the
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Figure 8.2: The observed exclusion at CL = 0.95% in the plane M — k. The angular dijet and
p¢ spectrum search correspond to the blue and magenta line, respectively. The brown and green
curve are the ¢t and the dijet resonant searches. The dashed lines denote that our extrapolation
to large values of x is done in the best case scenario. In reality the exclusions for large s are
weaker. Points on the left upper side of the lines are excluded.

other hand, for small masses (M < 1 TeV) we observe that the exclusion does not improve with
decreasing mass. This effect can be tracked down to the kinematics of a t-channel exchange.
Unlike the cross section of a contact interaction in the limit A — 0, the signal cross section
of a t-channel Z’ exchange does not diverge for M — 0 but saturates to a finite value, as the
propagator tends towards ~ 1/f (f being the Mandelstam variable on partonic level). This
is specially relevant for the dijet angular search, since the shape of the distribution becomes
flat, just as in QCD, hence the normalized distribution is left unaltered. Since both ¢-channel
analyses have a minimal cut on the # variable (through pr in the inclusive pr analysis and the
angle x plus the invariant mass 5 in the angular analysis) this also explains that small ? couplings
(k ~ 1) are out of reach for the whole mass range, as lowering M under this cut will not increase
the signal any more. The first bounds on the Z’ mass can be put for x > 2.3.

The inclusive pr analysis has a non-trivial feature in the intermediate mass region: the
exclusion curve raises suddenly from 1 to 1.2 TeV, and then stays horizontal until 2.0 TeV. This
is due to the fact that, even though the jet spectrum is dominated by processes such as uu — uu
due to pdf considerations, a small resonance appears in g¢ — gq for iM Spr S %M . When
this resonance falls into one of the first pr bins of the analysis, the total shape is significantly
altered. This occurs since those bins have the largest number of events, so they weight more
in the normalization of the shape. The exclusion then gets stronger, all the more since some
of those bins have small uncertainties. When M increases again, the resonance goes to higher
bins, its effect gets smaller and the exclusion curve goes back to the usual slope.

The s-channel analyses obey quite a different behaviour, in particular at high . The sen-

2. Small must be understood here as electroweak-like. This is in contrast with contact interaction models for
instance, where x is much larger than unity.
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sitivity is dependent on a subtle mix of theoretical and experimental considerations, which are
not obviously deduced from figure 8.2. Indeed the theoretical prediction for mass dependence
of the cross-section differs significantly from low x to high x: in the first case the width stays
small hence the integrated cross-section decreases exactly as the pdf does while in the latter the
convolution of a large width resonance with the pdf leads to a much smaller decrease. We reach a
similar conclusion here as in [193]. At first glance this would make the s-channels searches quite
efficient at high masses, provided « is large. However, experimental analyses are less sensitive to
broad resonances, and in particular the model-independent analysis of ATLAS [194] restricts the
integration range to [0.8,1.2] x M. This reduces the expected signal and thus limits the reach
of the s-channel searches. Note that the two experimental s-channel searches only constrain
particles with a maximal width I'/M = 10%, 15% respectively. For larger widths we extrapolate
using a best-case scenario as described in appendix 8.6 but the real exclusion is very likely to
be weaker than our estimate (therefore the dashed line).

Comparing s-channel to t-channel searches one finds that for small x the s-channel searches
are more efficient. Due to the small width the signal of a Z’ in a resonance search is distributed
over very few bins which makes it easy to discriminate against the background. For larger s
the width increases and the signal gets diluted in a resonant search. The ¢-channel searches
are independent of the Z’ width and tend to exclude larger masses for larger couplings. In the
low mass region s-channel searches are dominant because in this region the ¢-channel searches
are limited by kinematic effects which do not affect the resonant searches. However for large
masses the resonant searches are limited by the parton distribution functions. To produce an
on-shell resonance one needs an antiquark in the initial state which is highly suppressed for large
energies, whereas for a t-channel exchange the Z’ does not have to be on-shell and only valence
quarks are needed which are less suppressed by pdf.

Extending our conclusion to the whole (M, k, 'y ) space is straightforward. ¢-channel analy-
ses are blind to ['j,y, so their exclusions stay identical. s-channel analyses will be doubly affected:
first because the total width increases and second because the branching ratio to the observable
final state decreases. Both effects will contribute to lower the sensitivity of those searches, shift-
ing thus the exclusion lines to lower masses. Note that the second effect occurs only when the
width is small as compared to the PDF variation scale, otherwise the narrow-width approxima-
tion does not apply and the cross-section starts to be insensitive to the branching ratio. Such
an extension does not change the global picture that small values of x are only constraint by
resonant searches whereas for k 2 2.5 non-resonant ¢-channel searches are more efficient.

8.4.2 Projections at higher luminosities

In figure 8.3 we show the expected exclusions for both ¢-channel analyses each once with the
luminosity used by the experimental study and once with 50 fb~! at the same centre of mass
energy /s =7 TeV. A compelling feature is that the angular dijet study can still improve the
exclusion at higher luminosity since the dominant uncertainty comes from the low statistics for
events with M;; > 3 TeV. The inclusive pr analysis cannot be improved so much by acquiring
more statistics since already in its present state the study is dominated by systematic errors.
On the s-channel side, the increase of luminosity is expected to have a limited impact since the
signal is mainly suppressed by pdf.

Comparing figure 8.2 and figure 8.3 one notices at once that the angular dijet analysis has
an observed exclusion that is much more stringent than the expected exclusion. This is con-
sistent with what was observed for contact interactions and is due to the fact that in the two
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Figure 8.3: The expected exclusions at CL = 95% for 2.2 fb~! (angular dijet analysis), 5 fb~*
(dijet analysis) and the expected exclusions for 50 fb~! (both analysis) with a constant centre
of mass energy /s =7 TeV. in the plane M, k.

lowest Xqijer bins the observed value is below the QCD prediction where new physics gives an
enhancement compared to the QCD background.

The expectations at 50 fb~! show, albeit in a very crude way, what could be gained by
updating the t-channel searches with the entire dataset of Run I (counting 25 fb=! for ATLAS
and CMS each). Although this is already an important indication to what can be gained by
taking into account such analyses, it is also tempting to guess what would come from an increase
of the center of mass energy such as will occur for the Run II. The gain may seem obvious for
s-channels searches since higher invariant masses get accessible, but assessing the ratio of the
signal to the background is much more intricate, making a precise prediction tough. For the
t-channel analyses, the gain depends on the strategy. For the inclusive pr study, the deviation
of the shape to the QCD background increase with pr, so that accessing to higher pr should
enhance the sensitivity. This statement must however be qualified, we have noted that for
the data presented in [187], most of the exclusion was coming from moderate pp values, due
to statistical and systematic uncertainties in higher bins. The angular dijet analysis can be
improved by requiring a higher cut on the invariant mass of the dijet. This will reduce the QCD
background but keep the signal constant, in the case where M lies above the cut. If M is lower
than the cut, there may not be such enhancement.

8.5 Conclusion

New vector particles appear in many a theory beyond the SM and bear a great discovery
potential at the LHC. Such states are traditionally searched for as resonances in the invariant
mass spectrum of the decay products. However one can also constrain vector particles by their
effect on the shape of a given observable without the need of producing the particle on shell.
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These processes involve most of the time a ¢-channel exchange of the new particle. We compare
both methods by testing their exclusion potentials for a sequential Z’, with mass M, that only
couples to SM quarks with couplings proportional to the SM couplings of the Z boson, s being
the constant of proportionality.

It turns out that the critical variable that determines the strength of the t-channel searches is
the coupling strength. Most models proposed in the literature predict Z’ couplings to SM quarks
of the same order as the SM couplings or even weaker, e.g. in models where the Z’ couples to
dark matter as well as SM quarks, the couplings to SM must be quite small to avoid exclusion
from direct detection experiments. We find that ¢-channel searches can only constrain Z' models
when the couplings are sufficiently large x 2 2.3. For smaller couplings even low masses are not
constrained because the propagator then goes like 1 /f and is independent of M. In the case
of SM-like or smaller couplings, the s-channel searches are thus more efficient. The situation
changes significantly at large couplings since the resonant searches are hampered by the larger
width of the Z’, which makes it difficult to distinguish from the background. ¢-channel searches
are however independent of the Z’ width and tend to exclude larger masses for larger couplings.
For couplings k & 2.5 we find that ¢-channel searches constrain larger masses than resonant
searches. This effect is also due to the pdf suppression for large masses, which is stronger for
s-channels than for ¢-channels because antiquarks in the initial state are not needed in the latter
one. The possibility of a coupling to an invisible sector will decrease the reach of s-channel
search, leaving ¢t-channel ones unaltered.
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8.6 Appendix: Details on analysis recasts

In this section we give more details on the way we recast the experimental analyses in order to
constrain our Z’ model. For the two t-channel studies we compare our recast to the experimental
analyses by constraining the same contact interaction models.

8.6.1 t{-channel: Dijet angular spectrum

We recast the CMS analysis [188] that is looking for new physics effects in the normalized
dijet angular spectrum. In the case of pure QCD background the normalized dijet angular
spectrum is almost flat whereas new physics like contact interactions of Z’ are peaked at low
X- As the most stringent bound comes from dijets with high invariant mass M;; > 3 TeV,
we will only focus on these events. The angular distribution is cut into 7 bins in the region
1 < Xaijet < 16.

We simulate both our Z’ signal and the background at tree level using CalcHep [195] and
the CTEQ6L pdf set [196]. The signal is defined by

O—ISJi(g)nal = U(S%D—i—Signal - O—(I:‘QCC)JD' (83)
where the MO superscript stands for Leading Order, indicating that we used tree-level amplitudes.
We do not hadronize our final state and assume that every outgoing quark and gluon produces
one jet. Our QCD© angular spectrum is in very good agreement with the QCDNMO spectrum
used in the CMS angular analysis.

We follow the statistical procedure of the experimental analysis by using the same statistical
test function for a given distribution dist of the data and a given Z’ hypothesis A consisting of
the Z' mass M and the coupling x (the width is irrelevant in this analysis).

L(dist, A))

L(dist,0) (84)

Q(dist,A) = —2log (
Here 0 is the background only hypothesis, corresponding to x = 0. The likelihood L is given
by a product of Poisson likelihood functions for each xgijer bin, with the total number of events
kept fixed. To obtain the p-value of our hypothesis, we perform a large number (500 000) of
pseudo-experiments for the A hypothesis and the 0 hypothesis in order to compute the quantities
P(Q(dist,A) > Q(data,A)) and P(Q(dist,0) > Q(data,0)) and finally the p-value. The sys-
tematic uncertainties are taken from the experimental analysis, up to the correlations between
different bins which are not given. We have circumvented the issue by assuming that, since
this uncertainty comes mostly from the renormalisation and factorisation scales as indicated by
Table 1 of [188], it would be nearly fully correlated, which is supported by the triangular shape
of the uncertainty in fig 2 of [188]. In any case, the analysis is clearly dominated by statistical
errors, hence the implementation of systematic errors does not change much the exclusion limits.
A hypothesis A is excluded at 95% confidence level if CLgs = p < 0.05.

We validated our analysis on the same contact interaction model as the CMS study. We
find an expected (observed) exclusion of APt = 10.2 TeV (A = 13.4 TeV), while the experi-
mental analysis exhibits an expected (observed) value of APt = 10.9 TeV (A = 11.7 TeV). We
conclude that our analysis is sufficiently accurate for our goals.

8.6.2 t-channel: Inclusive jet p;y spectrum

The second t-channel analysis that we use is the search for a deviation in the one jet inclu-
sive pr spectrum done by CMS [187]. The research is restricted to the region where contact
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interactions have the largest effect, |n| < 0.5. The events are collected in 20 p; bins in the region
507 GeV < pr < 2116 GeV.

We take the QCDNLO background prediction from the CMS p; analysis which was simulated
using fastNLO and the CTEQ6.6 parton distribution functions [197]. We define the Z’ signal as
previously: 0%9 = 0(5%]3 o O'(B%D. This signal is added to the QCDN© background and then
compared to the data.

Our statistical procedure follows the Bayesian method with flat prior used by the experi-
mental analysis as a cross-check. We consider only the shape by normalizing the total number
of events to the observed total number of events. We define A = 1/M? ( A = 1/A?) for the Z’
(contact interaction) model. The CL=95% exclusion limit for a fixed value of k£ and for a given
observed (or expected) distribution dist of the data is then defined by

>\95
/0 I, (dist|\, k)d\ = 0.95 (8.5)

where L,, is the marginal likelihood. The likelihood of a distribution dist characterized by the
number of events in every bin Nj, with j € [1,20], given a set of 20 cross section ¢ = (o), is
calculated using the probability density function of a multinomial distribution

o N! 20 oA k)N
Ly (dist, G0 K) = v |H( 5 )) (8.6)
1: 20'3’:1 (AR

where N is the total number of events and o(\, k) = 250:1 0;j(A, k) is the total predicted cross

section. The marginal likelihood is then simply the average over S = 500000 sets of cross-sections
sampled from a multivariate Gaussian distribution incorporating systematic uncertainties

_ 13
Ly, (dist|\ k) = g Z Ly, (dist,G4(\, K)) . (8.7)

a=1

We construct a 20 dimensional covariance matrix from the errors on the pdfs and from the
normalization and factorization scale y, . The latter ones are the dominant source of systematic
uncertainties whose effect is to globally shift the predictions in all bins in the same direction. For
the variations of u, y we include a k-factor to take into account that we calculate the variations
a LO and not at NLO for which the dependence on g, ; is smaller than for LO. The value of
k = 0.5 is determined by fitting our systematic errors to the errors of the CMS analysis on
the QCDNMO prediction. Using the covariance matrix we sample S sets of errors that we add
to the predicted QCDNMO and Signal cross-sections. These modified cross sections are used to
calculate the marginal likelihood.

We validate our analysis by comparing once again using the contact interaction model
given in equation (8.2). We compute the expected 95% exclusion (observed) value to be
A®¥Pt = 15.1 TeV (A = 15.6 TeV). The CMS analysis obtains an expected (observed) ex-
clusion of A®*P = 13.6 TeV (A = 14.3 TeV). Thus, our estimation is slightly more affirmative
than its true reach, and we will keep this in mind when turning to the Z’ case.

8.6.3 s-channel: Dijet resonance

The ATLAS analysis [189] gives the excluded o x Br x A as a function of the resonance mass
for three different widths, I'/M = 7%, 10%, 15%. To set limits on our Z’ model we calculate the
cross sections for processes of type pp — Z’ — ¢q using CalcHep and the CTEQ6LL pdf set. We
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apply the same cuts as the experimental analysis and follow their description of how to recast
their analysis given in [194] by integrating the cross section only between 0.8M < m;; < 1.2M
where m;; is the dijet invariant mass. The intersection of our Z’ cross sections with the excluded
cross sections from ATLAS gives the CL = 95% exclusion mass. To give conservative bounds
we compare the obtained cross section to the excluded cross section with the next in size width,
e.g. models with 7% < T'/M < 10% are constrained using the 10% exclusion values. For models
with large widths I'/M > 15% we can only compare them to 15% exclusion but keeping in mind
that the real exclusions will be weaker. Our extrapolation for large widths corresponds to a best
case scenario in which the excluded cross section does not change with increasing widths, which
is probably much too optimistic.

8.6.4 s-channel: tt resonance

To recast the CMS ¢t resonance search [186] we compute the cross section of pp — 2’ — tt
using CalcHep with the CTEQ6L pdf set. In contrast to the CMS analysis we do not include a K-
factor for NLO corrections. The way exclusions are extracted is analogue to the dijet resonant
analysis. In our Z’ model in the case of 'y, = 0, fixing I' = 0.012 M yields k = 0.74 and
I' =0.1 M yields kK = 2.1. Couplings smaller than one are not very interesting for our analysis
so we do not consider the exclusion line for 1.2% width. The calculated cross sections are
compared to the exclusions at 10%. This gives a conservative limit on all widths I'/M < 10%.
For larger widths the obtained limit is stronger than the real one, corresponding to the best-case
scenario.
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Conclusion & perspectives

During the three years of my PhD I had the possibility to work on different projects covering
a rather large range of extensions of the standard model of particle physics, mostly motivated
by cosmological observations. All projects were united in the goal to better constrain these new
physics models.

Right-handed neutrinos are a minimal extension of the SM but yet turn out to be potentially
very powerful for solving two issues: neutrino masses and the baryon asymmetry of the universe
(BAU). By simply adding more than one right-handed neutrino to the SM one can incorporate
neutrino masses and naturally explain their smallness compared to other fermion masses via the
seesaw mechanism. The seesaw mechanism type I introduces a Dirac mass term mp but also a
Majorana mass term M for the right-handed neutrinos. The diagonalisation of the resulting mass
matrix gives light eigenvalues of order m% /M which explain naturally small neutrino masses
if M is a large scale. The decays of the heavy right-handed neutrinos can produce a lepton
asymmetry which can be transformed into a baryon asymmetry by non-perturbative sphaleron
processes. The additional Yukawa couplings introduced for the Dirac mass term are the new
source of C'P violation needed to produce a large enough asymmetry. In a large number of
models among them the simplest ones, the Majorana mass must be far above the TeV scale,
which makes observations difficult.

Our aim was to link the BAU to the WIMP relic density. The observed baryon relic density
is similar to the dark matter density and the latter one is naturally explained by the WIMP
miracle. If the baryon asymmetry is produced in an electroweak-scale-out-of-equilibrium decay
and dark matter is made of WIMPs, both relic densities are controlled by electroweak scale
interactions going out of equilibrium. This also has the advantage to bring down the scale
of leptogenesis to accessible values ~ TeV. We use an inverse seesaw model and extend it
by additional light singlets. Our scenario needs C'P violation O(1) to produce a large enough
asymmetry. However we can only get such a large asymmetry by fine-tuning the heavy Majorana
masses to be degenerate. The interesting property of the inverse-seesaw scenario is that it
introduces new particles at the TeV-scale with O(1) Yukawa couplings making it accessible
at collider searches. Unfortunately our scenario requires small Yukawa couplings for wash-out
reactions to freeze-out soon enough making our model difficult to test.

Even if the scenario discussed above does not work pretty well, it could still be possible
that similar baryon and dark matter densities arise if dark matter is a WIMP and if BAU is
produced in out-of-equilibrium decays. When the wash-out reactions that prevent a net baryon
asymmetry production freeze-out, the remaining density of baryon-parents is ~ M /my x the
WIMP relic density. The similar WIMP and baryon densities could then be explained naturally
if the C'P violation is of the order my /M.

Axions are a very attractive extension of the SM because not only do they solve the strong
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CP problem but they can also explain the observed dark matter relic density in the universe.
The axion mass and its couplings to SM particles depend only on one parameter fpq, the scale
of the Peccei-Quinn symmetry breaking !. Mass and couplings scale like ~ 1/ fpg. This makes
theoretical predictions of observables quite robust and straight-forward to test. In cosmology
a cold axion population can be produced by the misalignment angle mechanism and by cosmic
strings that decay into axions. Both give similar contributions to the axion relic density. The
axion parameter space is already quite constrained. Astrophysical observations exclude large
axion-SM couplings because these would alter the lifetimes of stars. The cosmological relic
density constrains small masses because they would produce too much dark matter?. The
remaining free parameter space is 10° GeV < fpg < 1012 GeV.

We examined a novel possibility to test the axion dark matter hypothesis against the WIMP
hypothesis. Sikivie and collaborators claim that if axions are in a Bose-Einstein condensate
(BEC) during non-linear structure formation, they form a different galactic dark matter halo
than WIMPs. They further claim that due to fast gravitational interactions axions thermalise
at temperatures T' ~ keV and form such a condensate. We explored the question whether axions
from the misalignment angle mechanism, that can be described as a classical field, form a BEC
due to their gravitational interactions. It is well known that a BEC is the state of maximal
entropy. Therefore we look for dissipative effects of gravity. Clearly the leading order effects of
gravity that are driving expansion and structure formation do not create entropy. We estimate
a dissipation scale in the axion fluid due to the anisotropic stress induced by gravitational
interactions. We find that this dissipation scale is much too small to be relevant for non-linear
structure formation and can therefore not confirm a gravitational thermalisation. Using our
formalism we can reproduce the previously estimated fast gravitational interaction rate but we
do not see entropy creation associated to it.

The issue of an observable difference in the dark matter halo structure is not yet settled.
It is not clear whether an axion BEC is needed for such a difference or if it is sufficient to
have non-negligible off-diagonal terms in the axion energy momentum tensor contrary to the
dust fluid formed by WIMPs. The classical axion field has such additional terms in the energy
momentum tensor. To test if these terms are sufficient one could try to simulate non-linear
structure formation taking into account the additional terms in the energy momentum tensor.

Additional heavy neutral gauge bosons like the Z’ exist in many extensions of the SM. They
typically appear in extensions of the SM gauge group. When the larger gauge group is broken
into the SM gauge groups additional U (1) symmetries appear often. Another possibility among
many others are extra dimensional models, where those spin 1 particles appear as Kaluza-Klein
excitations. The Z’ is generally searched for by resonant searches: one looks for a resonance in
the invariant mass spectrum of the decay products of the Z’. For this one has to produce the
Z' on-shell (s-channel) from a ¢q initial state. However the presence of a Z’ can also influence
other observables by a non-resonant (t-channel) exchange. This has the advantage that the
centre of mass energy can be inferior to the Z’ mass and that also q¢’ initial states contribute.
However the cross section is not enhanced by the propagator going on-shell. We compared the
exclusion power of both search strategies for a sequential leptophobic Z’ with couplings rescaled
by a factor k. We find that for small couplings (x < 2.5) resonant searches are more restrictive
but for larger couplings (and larger masses) the situation changes and non-resonant searches
are more sensitive. This is not surprising because a large coupling implies a large Z’ width

1. There is also a small model dependence that reflects the exact implementation of axions
2. Small masses are possible in the fine tuned case of a very small initial misalignment angle and a vanishing
contribution from string decays because the P@Q symmetry was broken before inflation.
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which makes resonant searches less sensitive whereas non-resonant searches are not affected by
the width and are simply more sensitive to larger couplings. Furthermore the pdf suppression
of a qq initial state is less important than for a gg state which gives another advantage to
non-resonant searches.

The non-resonant searches discussed above are not only a powerful tool to search for contact-
interactions but they also have a great potential to constrain or to discover heavy Z’ with large
widths before resonant searches. Once discovered resonant searches are nevertheless essential to
determine the exact couplings and mass of the new Z’. Especially the run 2 of the LHC with
a larger centre of mass energy will probe new regions in the parameter space with great precision.

These three projects allowed me to study different extensions of the SM of particle physics
often motivated by cosmology in a large range of research fields in particle physics, from model-
building to experimentally oriented studies. I am very happy that during my PhD I could
contribute to current physical research and put my small brick into the great construction that
is particle physics.
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