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Preface

We present a mostly self-contained pedagogical review of the theoretical back-
ground to electroweak baryogenesis as well as a brief summary of some of the other
prevailing mechanisms for producing the asymmetry between matter and antimatter
using the minimal supersymmetric Standard Model as a pedagogical tool whenever
appropriate. This book covers an in-depth look at baryon number violation in the
Standard Model, the necessary background in finite temperature field theory,
plasma dynamics, and how to calculate the out-of-equilibrium evolution of particle
number densities throughout a phase transition.
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Chapter 1

Introduction

The origin of the baryon asymmetry of the Universe (BAU) is one of the deepest
short-comings of our understanding of particle physics, as it cannot be explained
within the Standard Model. For instance, one cannot simply set the baryon
asymmetry as an initial condition as this would be washed out by inflation1. On
the other hand, coinciding estimates of the baryon asymmetry using different
techniques are a triumph of modern cosmology. The baryon asymmetry can be
estimated by the deuterium abundance and from the cosmic microwave background
(CMB), where the relative sizes of Doppler peaks in the temperature anisotropy are
sensitive to the BAU. These two methods give the overlapping estimates of the
baryon to entropy ratio2 [2–4]
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This remarkable overlap in the estimates of the BAU from light element abundances
(particularly deuterium) and baryon acoustic oscillations are shown in figure 1.1 and
figure 1.2 respectively. Reproducing this estimate using particle physics makes one of
the three pillars of the Standard Model of particle cosmology, the other two being
inflation [5] and dark matter [6]. Like inflation and dark matter, it requires at least
some additions to the Standard Model. Furthermore, like the other two pillars of the
Standard Model of particle cosmology, there are a very large variety of models to
explain this peculiar fact about our Universe. Two of the most elegant explanations

1For a recent attempted exception to this, albeit a fine-tuned one, see [1].
2 Sometimes the baryon asymmetry is compared to the photon density, ≈γn n Y/ 7.04B B, rather than the
entropy. However during the early Universe many particles are expected to be in thermal equilibrium making
YB more convenient.

doi:10.1088/978-1-6817-4457-5ch1 1-1 ª Morgan & Claypool Publishers 2016

http://dx.doi.org/10.1088/978-1-6817-4457-5ch1


are leptogenesis [9] and the Affleck–Dine mechanism [10]. Unfortunately both tend
to be well out of reach of the particle colliders of today and of the foreseeable future.

The focus of this review will be electroweak baryogenesis, which is the term for
any mechanism that produces the matter–antimatter asymmetry during the electro-
weak phase transition. Such a scenario requires physics beyond the Standard Model
that must couple relatively strongly to Standard Model particles and have masses
that are not too far above the weak scale. Therefore, unlike Affleck–Dine baryo-
genesis or leptogenesis, electroweak baryogenesis has the tantalizing prospect of
being tested, at least indirectly, by weak and TeV scale searches at the large hadron
collider (LHC).

Apart from testability, electroweak baryogenesis has the attractive feature that
coincides the breaking of the symmetry between particles and anti-particles with the
spontaneous breaking of the one symmetry we know to be broken—electroweak
symmetry. Unfortunately the literature on this exciting subject is somewhat opaque
to newcomers. There are some very nice pedagogical introductions to small parts of
the theoretical foundations of baryogenesis scattered throughout the literature if one
digs hard enough3. However, the study of baryogenesis is arguably too decoupled

Figure 1.1. The abundances predicted by the Standard Model of Big Bang nucleosynthesis (BBN) [7] for
4He, D, 3He, and 7Li. Here the bands show the range for the 95% confidence level and the boxes indicate
the light element abundances—the smaller boxes show σ2.75 statistical errors; the larger boxes σ2.75 statistical
and systematic errors. The wide band indicates the BBN concordance range, whereas the vertical narrow
band indicates the baryon asymmetry measured via the CMB given at the 95% confidence level. Reproduced
from [2].

3 For recent reviews see [11–14].
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from the rest of high energy physics given its promising phenomenological
implications and the fundamental nature of the question it attempts to answer.
Furthermore, the techniques one needs to learn to research in the field of electro-
weak baryogenesis have a large cross-over with other calculations in particle
cosmology—including other models of producing the baryon asymmetry such as
leptogenesis.

This primer will therefore give a mostly self-contained introduction to the field of
electroweak baryogenesis, assuming the reader has a graduate level knowledge of

Figure 1.2. Ω − ΩΛM constraints due to CMB, baryon acoustic oscillations, and Supernova Cosmology
Project Union2.1 SN constraints including SN systematic errors. Reproduced from [8].
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particle physics, including dimensional regularization, some basic path integral
techniques, the computation of amplitudes at tree and loop level, the Standard
Model Lagrangian, and Big Bang cosmology, as well as a rudimentary knowledge of
effective field theory and the minimal supersymmetric Standard Model (MSSM),4

which we will use as a pedagogical tool where appropriate. There are of course many
candidates for producing the BAU, but it is my hope that the theoretical foundations
given in this book should make learning such mechanisms significantly more
tractable.
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Chapter 2

The Sakharov conditions

Perhaps the most convincing motivation for requiring an explanation for the BAU is
the fact that inflation, a cornerstone of modern cosmology, will wash out any initial
BAU. Before inflation was proposed, however, Sakharov proposed that any
explanation of the BAU must satisfy three conditions, now famously known as
the ‘Sakharov conditions’. These conditions are:

• Violation of baryon number conservation.
• Violation of C and CP.
• Departure from equilibrium.

The conditions are intuitively obvious as they basically say in crude terms that
you need a process that allows you to create baryons, treat particles differently to
anti-particles1 and the future different to the past, and you need the process to
change something in the Universe [1]. Even though the last condition is the most
obvious it actually has a well-known loophole if CPT invariance is violated in a
theory [2]. This can be seen from the proof of the third condition. Consider the
equilibrium average of the baryon asymmetry B using standard thermal quantum
mechanics2,

1A mild subtlety is that C or CP violation separately does not achieve this. One requires both C and CP
violation as a necessary condition for the rate of total baryon production to be different to total anti-baryon
number.
2An astute reader might note that this argument implies that the baryon asymmetry is zero when the Universe
returns to equilibrium. Indeed, processes that violate baryon number conservation do conspire to return the
baryon number to zero on a time scale much larger than the age of the Universe. The key point of the
argument however is that the baryon number of the Universe should be zero without some departure from
equilibrium (or a violation of CPT).
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The proof is quite elementary but does reveal that in asserting that baryon
asymmetry production requires a departure from equilibrium you are implicitly
assuming CPT invariance. This, however is a safe assumption in the vast majority of
models including any this author is aware of that use the electroweak baryogenesis
mechanism. Despite these conditions being intuitively obvious they are useful for the
organization of this book, which is structured around these conditions. Remarkably
one can, in principle, satisfy all three conditions using Standard Model particle
content. However, the precise values of parameters within the Standard Model rule
out it being sufficient to explain the BAU.
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Chapter 3

Baryon number violation in the Standard Model

The baryon number is a classically conserved quantity in the Standard Model as can
be demonstrated by Noether’s theorem or even a cursory look at the available
interactions. This intuition breaks down when one quantizes the Standard Model,
due to so-called anomalous processes, which will be described in this chapter. That
some fundamental symmetries may not survive the process of quantization is highly
counter-intuitive. This is not just a feature of field theory. It was shown in [1, 2]
that even standard quantum mechanics with certain potentials—specifically a
delta function or a r1/ 2 potential—have anomalous violations of conservation
laws. The key anomaly of interest is the so-called chiral or axial anomaly. This
anomaly, combined with the fact that the SU(2) gauge symmetry is a symmetry of
left-handed particles only, will conspire to fulfil Sakharov’s baryon number
violation condition.

3.1 The axial anomaly
Let us warm up, however, by considering the simplest possible fermionic field
theory, a single massless, free fermion field with a U(1) gauge symmetry. Such a
theory has a global phase symmetry. Less obvious is that such a model’s Lagrangian
is also invariant under the following transformation

ψ → θγe . (3.1)i 5

From these symmetries we can of course use Neother’s theorem to derive conserved
currents. The Noether currents associated with these two symmetries are

ψγ ψ= ¯μ μJ (3.2)

ψγ γ ψ= ¯μ μJ , (3.3)5 5
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which implies Ward identities ∂ =μ
μJ 0 and ∂ =μ

μJ 05 . Obviously we expect the
product of conserved currents to also be a conserved quantity. Therefore we should
not even need to bother to calculate the divergence of the following quantity:

− Γ = 〈 ∣ ∣ 〉μνλ μ ν λ( )x x x T J x J x J xi ( , , ) 0 ( ) ( ) ( ) 0 . (3.4)1 2 3 5 3 1 2

Amazingly this quantity is not zero. This remarkable result is known as the ‘triangle
anomaly’ [3, 4] due to the fact that the Feynman diagram related to this amplitude
has three vertices, as shown in figure 3.1. In the author’s opinion the most effective
way to learn the axial anomaly is through direct calculation. We present a review of
what we believe is probably the simplest derivation in the literature using operator
methods with dimensional regularization, followed by the Fujikawa method which
is a path integral derivation.

3.1.1 Dimensional regularization

Let us calculate this example using the ever-familiar dimensional regularization. A
potential ambiguity that can arise in such a calculation is that there is no clear way
to generalize the matrix γ5 to ϵ−4 2 dimensions although various proposals exist [5].
We follow the approach of [6], which demonstrated that no knowledge of any of γ5
properties is needed to calculate the triangle anomaly1. The axial current to one-loop
order due to the triangle anomaly is given by

M∫ π π
= = +μ

ν λ
μνλ·J x
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5
i

The above amplitude relates to the two diagrams in figure 3.1, and the second
diagram is obtained from the first by merely interchanging νp( , ) and λk( , ). Hence,
it suffices to compute one diagram
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Figure 3.1. The famous triangle diagram responsible for anomalous quantum violations of classical chiral
symmetry. The circle denotes a γ5 on the vertex.

1 Part of this calculation has some cross-over with the calculation in [7].
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