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Part I

Cold Electroweak Baryogenesis
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CHAPTER 1

INTRODUCTION

The origin of the matter–anti-matter asymmetry is a long-standing problem in cosmol-
ogy. Over the course of time many baryogenesis models have been proposed, involving
different branches of high energy physics such as quantum gravity, Grand Unifying The-
ories, supersymmetry, neutrino physics, and also electroweak physics. Models in the last
class are called electroweak baryogenesis. In this part we study a variant of this class of
models, namely Cold Electroweak Baryogenesis (CEB). It features in�ation at the elec-
troweak scale and, after this, electroweak symmetry breaking while the universe is still
cold. During the symmetry breaking process, baryogenesis can take place.

In this chapter CEB is introduced, after (very) short reviews of in�ation model building
and baryogenesis.

1.1 INFLATION AND REHEATING

Some basic features of in�ation model building and of reheating are reviewed. See for
extensive reviews e.g. references [6, 7, 8].

1.1.1 INFLATION

In a spatially homogeneous and �at universe, the metric is of the Friedmann-Robertson-
Walker (FRW) form:

ds2 = −dt2 + a(t)2dx2, (1.1)
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Chapter 1 - Introduction

where a is the scale factor and x is a comoving coordinate. In�ation is de�ned by the
condition that there is accelerated expansion

ä > 0, (1.2)

where a dot denotes differentiation with respect to time t. In general relativity acceler-
ated expansion can be caused by vacuum energy. The simplest way to introduce vacuum
energy is by a cosmological constant, but then the phase of accelerated expansion would
never end. Therefore one introduces a scalar �eld σ, called the in�aton, with a potential
V (σ) that can act as vacuum energy. The action is

S =
∫

d4x
√−g

(
1
2
M2

plR−
1
2
∂μσ∂

μσ − V (σ)
)
, (1.3)

where Mpl is the reduced Planck mass de�ned by M2
pl = 1/8πGN with GN the New-

ton constant. The classical equations of motion for a and σ can be derived from the
action (1.3) which leads for spatially homogeneous σ to

3M2
plH

2 =
1
2
σ̇2 + V (σ), (1.4)

Ḣ = − σ̇2

2M2
pl

, (1.5)

0 = σ̈ + 3Hσ̇ + V ′(σ), (1.6)

where H = ȧ/a is the Hubble constant, and where a prime denotes differentiation with
respect to σ, so V ′(σ) = dV (σ)/dσ. The third equation follows from the �rst two.
From the second equation (1.5) one derives that there is accelerated expansion if H2 >

σ̇2/2M2
pl.

Slow-roll parameters. One often uses slow-roll parameters to determine whether an
in�aton potential V is suitable for (a considerable amount of) in�ation. The �rst two
slow-roll parameters are de�ned as

ε ≡ 1
2

(
MplV

′

V

)2

≈ 1
2

σ̇2

H2M2
pl

, (1.7)

η ≡ M2
plV

′′

V
≈ − σ̈

Hσ̇
+
1
2

σ̇2

H2M2
pl

, (1.8)

where we have used the equations of motion (1.4)-(1.6) to obtain the approximate expres-
sions. For in�ation the slow-roll parameters must be small: ε � 1, |η| � 1 (slow-roll
conditions).
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E-folds. The amount of expansion between initial time ti and �nal time tf can be ex-
pressed by the number of e-folds N(ti, tf ), which is the logarithm of the fraction of the
scale factors at the two times:

N(ti, tf ) ≡ ln a(tf )
a(ti)

=
∫ tf

ti

H(t)dt. (1.9)

During slow-roll in�ation, we can write

Hdt =
H

σ̇
dσ ≈ − V

M2
plV

′ dσ = ∓
1√
2εMpl

dσ, (1.10)

where the sign depends on the direction in which σ rolls. From this expression it is clear
that a smaller ε and a larger shift of σ during in�ation lead to a larger number of e-folds.
Typically it is assumed that the minimal required number of e-folds is approximately 50
to 60. However this number depends on some assumptions such as the scale at which
in�ation occurs; for low scale in�ation this number can be as small as N ≈ 25 [7].

Power spectrum. An important feature of in�ation is that it can explain the origin of
the density �uctuations that have led to the structure in the universe. This subject will be
introduced in more detail in chapter 6. Here we just give the observational constraint on
the most important characteristic of these �uctuations, namely the power spectrum of a
quantity called the curvature perturbation ζ. In �rst approximation it is given by

Pζ = 1
24π2M4

pl

V

ε
, (1.11)

which is to be evaluated at the time of horizon exit of the observable modes (see also
chapter 6). This power spectrum is nearly �at (independent of k). The deviation from
�atness is quanti�ed by the spectral index, de�ned by

n− 1 ≡ d lnPζ
d ln k

≈ −6ε+ 2η, (1.12)

which is also evaluated at horizon exit. The values that follow from observations are [9]

Pζ ≈ 24.10−10, n ≈ 0.95, (1.13)

at the so-called pivot scale kpivot = 0.002/Mpc.

Example: chaotic in�ation. To illustrate the concepts introduced above, we consider
here chaotic in�ation [10], which is the simplest possible in�ation model. It has a potential
V (σ) = m2

σσ
2/2. The slow-roll parameters (1.7) and (1.8) are given by

ε = 2
M2

pl

σ2
, η = 2

M2
pl

σ2
. (1.14)
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One �nds from equations (1.9) and (1.10) that from the point that the in�aton �eld is
σ ≈ √4NMpl, approximately N e-folds of in�ation will follow. At this point, the slow-
roll parameters are

ε = η ≈ 1
2N

, (1.15)

and the power spectrum (1.11) is

Pζ ≈ N2m2
σ

6π2M2
pl

. (1.16)

Using N = 50 and the observational value (1.13) for the power spectrum, one obtains
that mσ should be of the order of 10−5Mpl. Then the energy density at the beginning
of in�ation is roughly 10−8M4

pl. This is smaller than the Planck density and one does
not expect that quantum gravity corrections are important. However this model is not
well motivated from the point of view particle physics, because nonrenormalizable terms
cannot be neglected for �eld values larger than Mpl. This is a typical problem for large
�eld models with only one �eld. In small �eld models, and in models with multiple �elds,
this problem can be avoided.

Example: hybrid in�ation. By introducing extra �elds one can invent many more pos-
sible in�ation models. An example with one extra �eld is hybrid in�ation [11, 12, 13].
Consider the potential

V (σ, φ) = V (σ) + V0 +
1
2

(
λσφσ

2 − μ2
)
φ2 +

λ

4!
φ4, (1.17)

where V (σ) is a potential that supports in�ation. V (σ, φ) is sketched in �gure 1.1.
In�ation takes place when σ takes values in the narrow, trough-like region at σ > μ/

√
λσφ.

The mass term of the effective potential for φ is positive and φ will have a vanishing ex-
pectation value. The period of in�ation is effectively single �eld in�ation and the power
spectrum and slow-roll parameters are determined by the potential V (σ) + V0. When
the σ �eld rolls down and becomes smaller than μ/

√
λσφ, the effective mass term of φ

becomes negative and φ will start to roll down. In�ation will end at this point (if it has
not ended before). The �eld φ is often called the waterfall �eld.

When φ rolls down there is often spontaneous symmetry breaking which can lead to the
generation of topological defects.

This model can be adjusted such that the in�aton �eld rolls from small values towards
larger values. Such a model is called ‘inverted hybrid in�ation’ and is also used for CEB.
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Φ
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V

Figure 1.1: Sketch of the potential V (σ, φ) of hybrid in�ation, as given in equation (1.17).

1.1.2 REHEATING

At the end of in�ation the universe is empty and at zero temperature. To return to the Big
Bang model, the energy in the in�aton �eld should somehow be transferred to the �elds
of the Standard Model.

In the original reheating scenario [14, 15, 16, 17, 18] the energy transfer occurs by the
decay of in�aton particles into other particles. When the decay rate of the in�aton is
higher than the Hubble rateH of the expansion of the universe, this process can generate
a thermal state with a temperature that is called the reheating temperature.

There are many more possible mechanisms to drain the energy away from the in�aton
�eld, often nonperturbative in nature. In some cases these mechanisms can transfer the
energy much more quickly than in the original reheating scenario. Usually this does not
directly result in a thermal state. Therefore these scenarios with fast energy transfers go
under the name of preheating.

Several variations of preheating are possible. One of them, called resonant preheating
[19, 20, 21, 22], is based on the coherent oscillation of the in�aton �eld about its vacuum.
For suitable parameter values of the couplings of the in�aton �eld to other �elds, there can
be resonant particle production in certain momentum bands of the other �elds. This can
lead to a very ef�cient (partly) energy transfer from the in�aton �eld to the other �elds.

Another preheating scenario is tachyonic preheating [23, 24, 25, 26, 27], that occurs in
hybrid in�ation models. In this case the energy is in the waterfall �eld and when it rolls
down, it will transfer the energy to other �elds. In [25] it was found that this occurs very
rapidly, after only a few oscillations about the vacuum.
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1.2 BARYOGENESIS

The observed baryon asymmetry of the universe is [28, 9]

η =
nb − nb̄

nγ
= (6.11± 0.19)× 10−10, (1.18)

where nb, nb̄ and nγ are the number densities of baryons, anti-baryons and photons. This
number is constant as long as the evolution of the universe is adiabatic and a successful
model of baryogenesis should be able to reproduce this asymmetry. In this section the
basic conditions that a baryogenesis model should satisfy are discussed and electroweak
baryogenesis is introduced. See [29, 30, 31, 32, 33] for reviews on (electroweak) baryo-
genesis.

THE SAKHAROV CONDITIONS AND THE STANDARD MODEL

It has long been known that any process of baryogenesis has to satisfy the three Sakharov
conditions [34]:

• Violation of baryon number B (which is the number of baryons minus the number
of anti-baryons) conservation. It is obvious that to create a baryon asymmetry, B
must not be conserved.

• Violation of C and CP symmetries, where C is charge conjugation and P is parity
transformation. If C is not violated ([H,C] = 0), we have:

〈B〉(t) = Tr (ρ(t)B) = Tr (eiHtρ(0)e−iHtB
)

= Tr
(
C−1CeiHtρ(0)e−iHtB

)
= −〈B〉(t), (1.19)

and therefore 〈B〉(t) = 0. Here ρ is a general density matrix, and we have used
[ρ(0), C] = 0 (the initial state is symmetric under C), the cyclic property of traces,
and the fact that baryons are odd under the charge transformation: CBC−1 = −B
(this holds even for neutral baryons, see section 2.3). The same reasoning goes for
CP , where one uses that baryons are even under parity conjugation PBP−1 = B.

• Deviation from thermal equilibrium. If the process would be in equilibrium, noth-
ing would change and no baryons would be created.

These conditions are a �rst test for any model of baryogenesis. Of course, for such a
model to be really responsible for the asymmetry (1.18) there are additional constraints:
the right amount of asymmetry should be created, and the asymmetry should not be
washed out by processes that take place at a later time (or the right amount should re-
main after a partial wash-out).
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Many models for baryogenesis have been proposed. Often these models use physics
beyond the Standard Model, i.e. particles and interactions that are not described by the
Standard Model and that have not (yet) been observed, e.g. because the particles are too
heavy to be created in particle colliders up to now. A popular way to extend the Standard
Model is by introducing supersymmetry. This leads to many new interactions, that can
both violate B conservation and C and CP symmetry. Another interesting possibility
is to extend the lepton sector of the Standard Model, which makes it possible to have
baryogenesis through leptogenesis [35].

It is intriguing that the Standard Model itself satis�es all the three Sakharov conditions
[36]. In a different order than above:

• Deviation from equilibrium can occur during the electroweak phase transition1.
The core of the Standard Model is the electroweak theory (see chapter 2). This
theory has a gauge symmetry that is spontaneously broken at low temperatures by
the expectation value of the Higgs �eld. At high temperatures the symmetry is
restored. Therefore when the universe cools down, there is a phase transition to the
broken symmetry phase, at which moment there can be deviation from equilibrium.
Models in which baryogenesis takes place during this electroweak phase transition
fall in the class of electroweak baryogenesis models.

• Violation of B conservation. In the Standard Model baryon number is violated
by a subtle quantum effect known as the electroweak anomaly (see section 2.4).
One can assign a Chern-Simons number NCS to a con�guration of the electroweak
gauge �elds at a certain time. According to the electroweak anomaly a change in
NCS is related to a change in the baryon number B. In the broken phase there is
an energy barrier that prevents NCS from being easily changed. This is called the
sphaleron barrier, after the con�guration on the top of this barrier. It explains why
we do not observe baryon violation in the laboratory. But in the symmetric phase,
NCS and B can easily be changed.

• C and CP violation. In the fermion sector of the Standard Model C and CP

symmetries are violated. The latter effect is caused by the mixing of the three
generations [37] (see also section 2.3). For the quarks the mixing is parameterized
by the Cabibbo-Kobayashi-Maskawa (CKM) matrix, and for the leptons by the
the Maki-Nakagawa-Sakata (MNS) matrix. The complex phase factors in these
matrices cause CP violation.

However, electroweak baryogenesis using only Standard Model physics turns out not to
work for two reasons: the deviation from equilibrium during the electroweak phase tran-
sition is not strong enough, and also the CP violation is estimated to be much too small.

1The expansion of the universe also brings the universe out of equilibrium. However at electroweak scales,
the expansion rate (1.4) isH ≈ 10−15 GeV and its effect is negligible.
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Figure 1.2: Sketch of the effective potentials V (φ, T ) for temperatures above, at and below the
critical temperature Tc, for a �rst order phase transition (left) and a smooth crossover (right).

We discuss these issues below.

THE ELECTROWEAK PHASE TRANSITION

The nature of the electroweak phase transition depends on the parameters of the theory,
in particular on the Higgs mass mH. Numerical simulations [38, 39, 40, 41, 42, 43, 44]
have shown that there is a �rst order phase transition ifmH � 72 GeV. For a larger Higgs
mass there is no phase transition but a smooth crossover.

If the phase transition is of �rst order, the effective potential for the Higgs �eld depends on
the temperature as sketched in the left-hand side of �gure 1.2: for decreasing temperatures
a separate minimum develops that �rst represents a false vacuum, but becomes the true
vacuum at temperatures below the critical temperature Tc. The phase transition proceeds
by the formation of bubbles of the broken vacuum state that grow quickly for T < Tc. At
the bubble walls there is a strong deviation from equilibrium.

In case of a smooth crossover, the effective Higgs potential depends on the temperature
as in the right-hand side of �gure 1.2: the minimum slowly moves from zero to nonzero
values, and there is never a period in which there is a strong deviation from equilibrium.

The lower bound on the Higgs mass from the LEP experiment at CERN ismH > 114GeV
[45]. Therefore the electroweak phase transition is a smooth crossover and the deviation
from equilibrium is not enough to produce the baryon asymmetry (1.18).
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CP VIOLATION

The other issue is that the CP violation from the fermion sector in the Standard Model is
estimated to be much too small [46, 47]. It is believed to be proportional to

J
(m2

t −m2
c)(m

2
t −m2

u)(m
2
c −m2

u)(m
2
b −m2

s)(m
2
b −m2

d)(m
2
s −m2

d)
Λ12

, (1.20)

where the mi are the quark masses, Λ is an energy scale, and J is the Jarlskog invariant,
which is the simplest rephasing invariant quantity that can be constructed from the CKM
matrix V [48, 28]:

J = sin2 θ1 sin θ2 sin θ3 cos θ1 cos θ2 cos θ3 sin δ = (3.08+0.16
−0.18)× 10−5, (1.21)

where the θi and δ are angles in the Kobayashi-Maskawa parameterization of V . The
energy scale Λ is put in to construct a dimensionless number. One usually takes Λ =
102 GeV for the energy scale of the electroweak phase transition, which results2 in an
estimate of 10−19. It is hard to imagine how such a small CP violating effect can lead to
the asymmetry (1.18) which is of order 10−10.

Of course it is still possible to extend the Standard Model such that both problems, the
lack of deviation from equilibrium and the small CP violating effect, are avoided and
baryogenesis can still take place during the electroweak phase transition. For example
one can add another Higgs doublet [49, 50], consider supersymmetric extensions of the
Standard Model (see citations in [33]), or consider corrections from nonrenormalizable
operators [51]. We will consider yet another possibility: CEB.

1.3 COLD ELECTROWEAK BARYOGENESIS

THE ORIGINAL MODEL

CEB [52, 53] is a model that combines in�ation and electroweak baryogenesis. It consists
of the Standard Model together with one extra scalar �eld σ that plays the role of the
in�aton �eld. σ is coupled to the Higgs �eld φ such that they together form a hybrid
in�ation model (1.17), where φ plays the role of the waterfall �eld. Hence during in�ation
the mass term of the Higgs potential has a positive sign, but as the in�aton rolls down and
becomes smaller the sign changes and the Higgs �eld starts to roll down. This induces
a process of tachyonic preheating. During this process the universe is strongly out of
equilibrium and baryogenesis can take place.

2We usemu = 0.003,md = 0.006,ms = 0.103,mc = 1.24,mb = 4.2,mt = 175 GeV.
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If it works, this model is interesting for a number of reasons. First it combines in�ation
and baryogenesis in one model and it only needs one extra �eld apart from the Standard
Model for this3. Hence this single extra �eld would simultaneously solve two important
problems in cosmology.

Second it is interesting from the point of view of in�ation model building because it has
in�ation at a much lower scale than most in�ation models (see for example also [54, 55]).
We will not pursue this direction further.

Third CEB is interesting from the point of view of baryogenesis model building, because
it is a completely different model of electroweak baryogenesis than the models that existed
before. This is the aspect we will be studying in the �rst part of this thesis.

DEVELOPMENT OF THE MODEL

After the �rst proposals in [52, 53] this model has been developed further. In [56] it
was noticed that quantum corrections spoil the potential such that in�ation is no longer
possible. To avoid this problem an inverted hybrid in�ation model was proposed in which
the in�aton runs away from the origin and in which the quantum corrections are under
control. Furthermore, two possible mechanisms for baryon production were mentioned
in this paper. One is based on resonant oscillations about the new vacuum, and the other
is based on the formation of topological defects.

In [57] this inverted hybrid in�ation model was further worked out and its parameters were
constrained by the WMAP data. The result is that the model, with �ne-tuned parameters,
is still allowed by observations. The potential used in [57] is

V (σ, φ) = V0 − 12α2σ
2 +

1
4
α4σ

4 − 1
5
α5σ

5 +
1
6
α6σ

6+

− 1
2

(
λσφσ

2φ2 − 1
2
μ2

)
φ2 +

1
4
λφ(φ2)2, (1.22)

which has nonrenormalizable couplings and is therefore not valid up to arbitrary scales.

Further studies, also using numerical simulations, were done in [27, 58, 59, 60, 61, 62,
63, 64], where [62] is reproduced in chapter 3 of this thesis. These studies a.o. con�rmed
that there is baryon production, that an asymmetry can be created if the Lagrangian is
CP violating, and investigated the dependence of the asymmetry on the parameters, the
mechanism of baryon production, and the dependence on the speed at which the effective
Higgs potential changes. Recently the generation of magnetic �elds in this model was
studied in [65].

3Note however that later versions of the model have nonrenormalizable couplings, as discussed below, and
will therefore need a UV completion not much above the electroweak scale.
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1.4 OUTLINE

In part I two aspects of CEB are studied: the baryon production mechanism and the CP

violation. Because CEB relies so strongly on the Standard Model, we �rst review some
relevant aspects of the (electroweak sector of the) Standard Model in chapter 2, including
the CKM matrix, the electroweak anomaly and the Chern-Simons and Higgs winding
numbers. Then in chapter 3 the mechanism is studied by which the Chern-Simons number
changes, building further on the work of [61]. Here a simpli�ed model is used in which
the in�aton �eld is left out, and the transition is triggered by an instantaneous change of
the sign of the Higgs mass term. We �nd that con�gurations with a small Higgs �eld in the
center, called half-knots, play a central role in the process of changing the Chern-Simons
number. This work has been published in [62].

In chapter 4 the CP violating effect in the Standard Model is studied by integrating out
the fermions. In an expansion in �elds of the resulting bosonic effective action we �nd
that the �rst CP violating term is indeed proportional to the factor (1.20). We argue that
the resulting estimate is valid in CEB and that therefore the strength of the CP violating
effect is too small to be responsible for the observed asymmetry (1.18). We conclude in
chapter 5.
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