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Precision Cosmology
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5 %

26 %

69 %

Dark Energy
Dark Matter

Baryonic Matter
Planck 2018 1807.06209 ⌦bh

2 = 0.02237(15)

⌦cdmh
2 = 0.1200(12)

⌦⇤ = 0.6847(73)
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Theoretical Understanding?
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Motivating Question:

What fraction of the Energy Density of the Universe  
comes from Physics Beyond the Standard Model?

99.85%!
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60 %

40 %

Standard Model Prediction:
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Photons

Neutrinos

We should be living in a Radiation Dominated Universe!
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Theoretical Understanding?
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Dark Energy Little to nothing

Many candidates: WIMPS, Axions, Sterile Neutrinos ...Dark Matter
Existing experimental constraints on the various possibilities

The CMB anisotropies clearly motivate a particle description

Baryons Small number of Baryons per photon point towards a 
primordial asymmetry: 

CMB & BBN
nB

nγ
today

= nB − nB̄

nγ
today

= 6.1 × 10−10
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Baryogenesis
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Baryogenesis: dynamical generation of the baryon 
asymmetry of the Universe

Three key requirements: The Sakharov conditions (1967)

1) C and CP violation

2) Departure from Thermal Equilibrium

3) Baryon number violation

Extrapolation of the Standard Model to the 
early Universe predicts a Universe with

nB − nB̄

nγ
SM

≪ 10−20
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Outline
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What is the Universe made of? Is there any antimatter?

Lecture 1:

Introduction to key elements of Cosmology
Isotropic and Homogeneous Universe

Equilibrium Thermodynamics
Out of equilibrium conditions

Extrapolation to the very early Universe:

The Sakharov Conditions in the Standard Model

Key ingredients of the Standard Model thermal history
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Outline
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Most popular mechanisms for baryogenesis
Lecture 2:

Baryogenesis via out-of equilibrium decays

Three main aims:

2) Have a global view on the thermal history of the early Universe
3) Have a broad idea of how the most popular mechanisms work

Baryogenesis through Leptogenesis
Cosmology meets flavor

B-Mesogenesis: Baryogenesis from B-Mesons
Cosmology meets color and flavor

1) Understand what is the problem we are trying to solve

(nB − nB̄)/nγ ∼ 10−10why?
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Set Up
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Questions and Comments 
are most welcome, at any 

time!!!!

The plan is to discuss and learn as much as possible. 
Therefore:
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Composition of the Universe
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5 %

26 %

69 %

Dark Energy
Dark Matter

Baryonic Matter
Planck 2018 1807.06209 ⌦bh

2 = 0.02237(15)

⌦cdmh
2 = 0.1200(12)

⌦⇤ = 0.6847(73)
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Where are the baryons?
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1 %

99 %

~99% Intergalactic Medium
~1% Stars

Baryonic inventory: Fukugita, Hogan & Peebles ‘98
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Is there any cosmic antimatter?
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Yes! We have observed cosmic antiprotons and positrons on Earth

Typical fluxes are

Cosmic ray flux at Earth: looking for the few %

Dominated by matter : e+,p̄ less than %

Up to 1015 eV: mostly Galactic origin
S. Manconi (TTK-RWTH Aachen) | Electron and Positron Spectrum in Cosmic Rays | Antinuclei in the Universe, MIAPP 17.2.22 | 3

antiprotons
protons ≃ 10−4

positrons
electrons ≃ 10 %

Silvia Manconi 2018

Importantly, no confirmed 
detection of antinuclei!
source?: 

p + X → p̄ + X′ 

p + X → π+ + X′ → e+ + X′ ′ 
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Any evidence for antimatter stars?
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No! 
Antistars will lead to a high flux of gamma-rays which are not 
found by experiments such as FermiLAT, see Steigman review ‘76

p̄
Antistar

p̄p → π̄π → γγ

Eγ ∼ mπ0/2

Dupourque, Tibaldo, von Ballmoos [2103.10073]
No antistars within , 
probably up to 

R < 1 pc ≃ 1016 m
R ≃ 100 pc
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Any evidence for antigalaxies?
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No! 

However, matter antimatter annihilation in the boundaries of these 
regimes is not allowed by the CMB unless , see 
Cohen, De Rujula & Glashow [astro-ph/9707087]

d > 103 Mpc

But, the size of the Universe is L ∼ 104 Mpc

Conclusion: Our observable Universe appears to be made out of 
only matter

There is no observation of 
mergers of galaxies +  
antigalaxies which means that if 
there are domains of antimatter 
they should be separated in 
domains of at least  
see Steigman ‘76

d > 20 Mpc
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The Universe
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Prediction of a baryon asymmetric Universe:

75%

25%
Helium

Hydrogen
Deuterium

Homogeneous and Isotropic Universe + Einstein + Nuclear =

t = 1s - 3 min

0.005%
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The Universe
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Observation:

75%

25%

t = 13.8 Gyr
Helium

Deuterium
Hydrogen

0.005%
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How much matter and when?
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Current measurements are consistent with the SM picture
4He ~ 25% D ~ 0.005%H ~ 75%

Big Bang Nucleosynthesis

Big Bang Nucleosynthesis as a Probe of New Physics 7
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Figure 1: Time and temperature evolution of all standard big bang nucleosynthesis (SBBN)-

relevant nuclear abundances. The vertical arrow indicates the moment at T9 ≃ 0.85 at

which most of the helium nuclei are synthesized. The gray vertical bands indicate main

BBN stages. From left to right: neutrino decoupling, electron-positron annihilation and n/p

freeze-out, D bottleneck, and freeze-out of all nuclear reactions. Protons (H) and neutrons

(N) are given relative to nb whereas Yp denotes the 4He mass fraction.

Below we discuss the fusion of the light elements and compare their SBBN predictions with

observations.

1.1.1 O(0.1) abundances: 4He. The beauty of the SBBN prediction for 4He lies in

its simplicity. Only a few factors that determine it. The rates for weak scattering processes

that inter-convert n ↔ p at high plasma temperatures scale as G2
FT

5, where GF is the

Fermi constant. As the Universe cools, these rates drop below the T 2-proportional Hubble

rate H(T ) Eq. (6). The neutron-to-proton transitions slow down, and the ratio of their

respective number densities cannot follow its chemical-equilibrium exponential dependence,

n/p|eq ≃ exp(−∆mnp/T ). Around T ≃ 0.7MeV this dependence freezes out to n/p ≃

1/6 but continues to decrease slowly due to residual scattering and β-decays of neutrons.

The formation of D during this intermission period is delayed by its photo-dissociation

process that occurs efficiently because of the overwhelmingly large number of photons [see

Pospelov & Pradler: 1011.1054

Binding energies are 
in the MeV range. To 
explain BBN, the 
baryon asymmetry 
of the Universe 
should have been 
there at 
or at 

T ≳ MeV
t ≲ 1 s

To explain this we really need  at ηB ∼ 6 × 10−10 tU ≲ 1 s
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The Baryogenesis aim
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ηB ≡ nB − nB̄

nγ
≃ 6 × 10−10Explain 

1) What is the problem we are trying to solve?

at T ≳ 1 MeV

Photon Baryon Antibaryon

+1/109

Early Universe

B + B̄ → γγ

Today′ s Universe

+1

109
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Outline
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What is the Universe made of? Where is the antimatter?

Lecture 1:

Introduction to key elements of Cosmology
Isotropic and Homogeneous Universe

Equilibrium Thermodynamics
Out of equilibrium conditions

Extrapolation to the very early Universe:

The Sakharov Conditions in the Standard Model

Key ingredients of the Standard Model thermal history
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The Universe
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Homogeneous and Isotropic Universe

Credit: Wikipedia

Cosmological Principle:
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The Universe
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Einstein's Equations:

Matter:

Space-Time
Geometry:

Gµ⌫ =
8⇡G

c4
Tµ⌫

Tµ⌫

Gµ⌫
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The Universe
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Expansion!
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The Universe
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known, t > 1 s
unknown,
 t < 1 s
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The Known Thermal History
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t ∼ 1 s t ∼ 3 min t ∼ 400.000 yr t ≃ 13.8 Gyr
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Key Stages in the Thermal History
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10°3100103106109101210151018

T [GeV]

10°30 10°25 10°20 10°15 10°10 10°5 100
Time t (s)

Inflation? SU(3)xU(1)

Electroweak
phase transition
(all particles get 
their masses)

GUT era? e+
e−
ν
ν̄

γ
π
K

SM only?
SU(3)xSU(2)xU(1)

q
l

H, Z, W

QCD phase 
transition
(quarks form 
hadrons)
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10°3100103106109101210151018

T [GeV]

10°30 10°25 10°20 10°15 10°10 10°5 100
Time t (s)

Baryogenesis Models
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e+
e−
ν
ν̄

γ
π
K

q
l

Thermal 
Leptogenesis

Affleck-Dine 
Baryogenesis

Electroweak 
Baryogenesis

B-Mesogenesis

Inflation?
SU(3)xU(1)

GUT era? SU(3)xSU(2)xU(1)

GUT 
baryogenesis

*not an exhaustive list, but it does include some of the most popular models

Leptogenesis 
via oscillations/
Resonant 
leptogenesis
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10°3100103106109101210151018

T [GeV]

10°30 10°25 10°20 10°15 10°10 10°5 100
Time t (s)

Baryogenesis Models
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e+
e−
ν
ν̄

γ
π
K

q
l

GUT 
baryogenesis

Thermal 
Leptogenesis

Affleck-Dine 
Baryogenesis

Electroweak 
Baryogenesis

B-MesogenesisLeptogenesis 
via oscillations/
Resonant 
leptogenesis

Inflation?
SU(3)xU(1)

GUT era? SU(3)xSU(2)xU(1)

Baryogenesis via out of equilibrium decays
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A Crash Course on Cosmology
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In 6 slides! !
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Isotropic and Homogeneous Universes
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k = 1 k = − 1 k = 0
From cosmological data we know that even if the Universe is not flat its curvature radius 
is very large. Which means it will not have an effect on the early Universe! From now on, 
consider  (as also expected from Inflationary models).k = 0

Three possibilities:

ds2 ≡ gμνdxμdxν = dt2 − a(t)2[dx2 + dy2 + dz2]
FLRW: Friedmann-Lemaître-Robertson-Walker metric

a(t)Only dependent upon a single dynamical variable: The scale factor: 
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Cosmological Dynamics
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— General Relativity relates the expansion rate of the Universe with 
the energy density in all the species contained on it

Gμν = 8πG Tμν

H2 = (
·a
a )

2
= 8πG

3 ρ
H : Expansion rate

  (Hubble parameter)

: Energy densityρ

Friedmann Equation:

∇μTμν = 0

dρ
dt

= − H(ρ + p)
p : pressure

: energy densityρ
Continuity equation:
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Equilibrium Thermodynamics
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We will be dealing with situations in the early Universe with very 
dense systems of interacting particles: plasmas. Need to study 
equilibrium thermodynamics

f( ⃗x, ⃗p) = f( | ⃗p | )homogeneity and isotropy imply:

f(E) = 1
+1 + e(E−μ)/T

Bosons: Fermions:
f(E) = 1

−1 + e(E−μ)/T

Thermodynamic quantities

s = ρ + p
T

n = 1
(2π)3 ∫ d3p f(p)

ρ = 1
(2π)3 ∫ d3p E f(p)

p = 1
(2π)3 ∫ d3p

p2

3E
f(p)

number density

energy density

pressure density

entropy
density
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Equilibrium Thermodynamics
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Bosons: Fermions:f(E) = 1
−1 + e(E−μ)/T f(E) = 1

+1 + e(E−μ)/T

n = g(Tm/(2π))3/2e−m/T

ρ = m × n

n = g
ξ(3)
π2 T3

ρ = g
π2

30 T4

n = 3
4 g

ξ(3)
π2 T3

ρ = 7
8 g

π2

30 T4

Bose-Einstein

Fermi-Dirac

Bose-Einstein

Fermi-Dirac

p = 1/3ρ
g = Internal degrees of freedom

T ≫ m μ ≪ TUltrarelativistic
regime: m ≪ T μ ≪ Tnon-relativistic

regime:
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Equilibrium Thermodynamics
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10°2 10°1 100 101 102

x = m/T
10°20

10°16

10°12

10°8

10°4

100

n/
T

3
Number Density

Boson
Fermion

n ≃ T3

n ≃ (mT)3/2e−m/T
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Equilibrium Thermodynamics

35

Key things to remember:

T ≫ m
n ≃ T3

ρ ≃ T4 p = 1/3ρ
⟨E⟩ ≃ 3T

T ≪ m
n ≃ (Tm)3/2e−m/T

ρ ≃ mn

Main consequence: Ultra relativistic particles dominates the energy 
density of the Universe

H2 = (
·a
a )

2
= 8πG

3 ρ

H = 1.66g1/2
⋆

T2

MPl
t = 1

2H
s = π2

45 g⋆ST3

s = ρ + p
T
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Departures from Equilibrium
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A process will be in equilibrium in the early Universe if:

(equilibrium)Γ ≳ H

Γ ≲ H (out-of-equilibrium)

why?

number of interactions over the Universe lifetime will simply be:

N ≃ tU /τ ≃ Γ/H
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Particle Interaction Rates
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ne ≃ T3

Consider the following interaction: σ ≃ α2/se+e− → γγ

10°710°310110510910131017

T [GeV]
10°30

10°20

10°10

100

1010

1020

R
at

e
[G

eV
]

Γ(e+e− → γγ)
H ≃ T 2/MPl

Γ ≃ α2TT ≫ me

T ≪ me ne ≃ (meT )3/2e−me/T
⟨σv⟩ ≃ α2/T2

⟨σv⟩ ≃ α2/m2
e

regime: number density: cross section: rate:

Γ ≃ α2Te−me/T

the Universe 
is not old 
enough

particles 
become non-
relativistic

In the Standard Model, 
interactions are very efficient!

Γ = ne × ⟨σv⟩interaction rate:
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3 Key Corollaries
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1) Interaction rates in the Standard Model are typically fast 
compared to the expansion of the Universe

Γ ≳ H e+e− → γγe.g.:

" bad news for baryogenesis because departures from 
thermal equilibrium will be small.

good news for baryogenesis because we could use 
them to produce a baryon asymmetry in the Universe!

#

2) We would expect an array of BSM particles floating 
around in the early Universe since they can be produced by 
particle interactions!

Γ ≳ H e+e− → XXe.g.: with X being a GUT 
gauge boson
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3 Key Corollaries

39

3) If there are interactions that break baryon number and 
they are efficient they will erase any baryon asymmetry

If baryon number violating processes are active, then

This means that, once successful baryogenesis 
happens then new baryon number violating interactions 
should not be active in the early Universe! 

Baryon Antibaryon
Early Universe#

B violating interactions

Baryon Antibaryon
Early Universe "
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The Sakharov Conditions
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The Three Sakharov Conditions (1967):

1) C and CP violation

2) Out of equilibrium

3) Baryon number violation
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The Sakharov Conditions in the SM
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1) C and CP violation

CP violation has been established in the Standard Model in 
many ways  

Maximal C violation is built in the Standard Model

π+ → μ+νμ |L Γ(π+ → μ+νμ |R ) = 0

δL = Γ(KL → ℓ+νℓπ−) − Γ(KL → ℓ−ν̄ℓπ+)
Γ(KL → ℓ+νℓπ−) + Γ(KL → ℓ−ν̄ℓπ+) δL = (3.32 ± 0.06) × 10−3

Best example may be the KL

This number is not small compared to , but to date, 
there is no know baryogenesis mechanism that is able to 
proceed with only the CP violation in the Standard Model

ηB ∼ 10−9

This particle has a well defined mass and lifetime and is its own antiparticle
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The Sakharov Conditions in the SM
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2) Out of equilibrium
Interaction rates are always very efficient in the early Universe "
Possibility could arise from a strong first order phase transition #

Cline hep-ph/0609145

32 J. M. Cline

m=0
m>0

m>0

m>0

m>0

m>0

m>0

Fig. 11. Bubble nucleation during a first-order EWPT.

qL + q̄R relative to qR + q̄L in front of the wall, and a compensating deficit of
this quantity on the other side of the wall. This CP asymmetry is schematically
shown in figure 13.

Sphalerons interact only with qL, not qR, and they try to relax the CP-asymmetry
to zero. Diagramatically,

is slower
than

quarks
leptons antileptons

antiquarks
simply because there are more q̄L than qL in front of the wall. But the first in-
teraction violates baryon number by −3 units while the second has ∆B = 3.
Therefore the CP asymmetry gets converted into a baryon asymmetry in front of
the wall (but not behind, since we presume that sphaleron interactions are essen-
tially shut off because of the large Higgs VEV). Schematically the initial baryon
asymmetry takes the form of figure 14.
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The Sakharov Conditions in the SM
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2) Out of equilibrium
What is a phase transition? E.g.:  at SU(2)L × UY(1) → U(1)EM Tc ∼ v
In the early Universe, the Higgs potential is not the same as in vacuum 

vacuum:

Veff = − λv2ϕ2 + λϕ4 Veff = (−λv2 + α
24 T2)ϕ2 + λϕ4

finite temperature:
pressure from 
particles with 
m(ϕ) = gϕ

Cline hep-ph/0609145

Baryogenesis 31

determined by the behavior of the Higgs potential at finite temperature, as shown
in figure 10. In a first order transition, the potential develops a bump which sep-
arates the symmetric and broken phases, while in a second order transition or a
smooth cross-over there is no bump, merely a change in sign of the curvature of
the potential at H = 0. The critical temperature Tc is defined to be the tem-
perature at which the two minima are degenerate in the first order case, or the
temperature at which V ′′(0) = 0 in the second order case.

V

H

T>Tc

T=Tc

T<Tc

V

H

T>Tc

T<Tc

T=Tc

Fig. 10. Schematic illustration of Higgs potential evolution with temperature for first (left) and second
(right) order phase transition.

A first order transition proceeds by bubble nucleation (fig. 11), where inside
the bubbles the Higgs VEV and particle masses are nonzero, while they are still
vanishing in the exterior symmetric phase. The bubbles expand to eventually
collide and fill all of space. If the Higgs VEV v is large enough inside the bub-
bles, sphalerons can be out of equilibrium in the interior regions, while still in
equilibrium outside of the bubbles. A rough analogy to GUT baryogenesis is that
sphalerons outside the bubbles correspond to B-violating Y boson decays, which
are fast, while sphalerons inside the bubbles are like the B-violating inverse Y de-
cays. The latter should be slow; otherwise they will relax the baryon asymmetry
back to zero.
In a second order EWPT, even though the sphalerons go from being in equi-

librium to out of equilibrium, they do so in a continuous way, and uniformly
throughout space. To see why the difference between these two situations is im-
portant, we can sketch the basic mechanism of electroweak baryogenesis, due to
Cohen, Kaplan and Nelson [32]. The situation is illustrated in figure 12, which
portrays a section of a bubble wall moving to the right. Because of CP-violating
interactions in the bubble wall, we get different amounts of quantum mechanical
reflection of right- and left-handed quarks (or of quarks and antiquarks). This
leads to a chiral asymmetry in the vicinity of the wall. There is an excess of

minimum
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collide and fill all of space. If the Higgs VEV v is large enough inside the bub-
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sphalerons outside the bubbles correspond to B-violating Y boson decays, which
are fast, while sphalerons inside the bubbles are like the B-violating inverse Y de-
cays. The latter should be slow; otherwise they will relax the baryon asymmetry
back to zero.
In a second order EWPT, even though the sphalerons go from being in equi-

librium to out of equilibrium, they do so in a continuous way, and uniformly
throughout space. To see why the difference between these two situations is im-
portant, we can sketch the basic mechanism of electroweak baryogenesis, due to
Cohen, Kaplan and Nelson [32]. The situation is illustrated in figure 12, which
portrays a section of a bubble wall moving to the right. Because of CP-violating
interactions in the bubble wall, we get different amounts of quantum mechanical
reflection of right- and left-handed quarks (or of quarks and antiquarks). This
leads to a chiral asymmetry in the vicinity of the wall. There is an excess of

minimum
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determined by the behavior of the Higgs potential at finite temperature, as shown
in figure 10. In a first order transition, the potential develops a bump which sep-
arates the symmetric and broken phases, while in a second order transition or a
smooth cross-over there is no bump, merely a change in sign of the curvature of
the potential at H = 0. The critical temperature Tc is defined to be the tem-
perature at which the two minima are degenerate in the first order case, or the
temperature at which V ′′(0) = 0 in the second order case.

V

H

T>Tc

T=Tc

T<Tc

V

H

T>Tc

T<Tc

T=Tc

Fig. 10. Schematic illustration of Higgs potential evolution with temperature for first (left) and second
(right) order phase transition.

A first order transition proceeds by bubble nucleation (fig. 11), where inside
the bubbles the Higgs VEV and particle masses are nonzero, while they are still
vanishing in the exterior symmetric phase. The bubbles expand to eventually
collide and fill all of space. If the Higgs VEV v is large enough inside the bub-
bles, sphalerons can be out of equilibrium in the interior regions, while still in
equilibrium outside of the bubbles. A rough analogy to GUT baryogenesis is that
sphalerons outside the bubbles correspond to B-violating Y boson decays, which
are fast, while sphalerons inside the bubbles are like the B-violating inverse Y de-
cays. The latter should be slow; otherwise they will relax the baryon asymmetry
back to zero.
In a second order EWPT, even though the sphalerons go from being in equi-

librium to out of equilibrium, they do so in a continuous way, and uniformly
throughout space. To see why the difference between these two situations is im-
portant, we can sketch the basic mechanism of electroweak baryogenesis, due to
Cohen, Kaplan and Nelson [32]. The situation is illustrated in figure 12, which
portrays a section of a bubble wall moving to the right. Because of CP-violating
interactions in the bubble wall, we get different amounts of quantum mechanical
reflection of right- and left-handed quarks (or of quarks and antiquarks). This
leads to a chiral asymmetry in the vicinity of the wall. There is an excess of

mh ≲ 80 GeV mh ≳ 80 GeV

In the Standard Model: TEW ≃ 160 GeV D'Onofrio & Rummukainen [1508.07161] 

and departures from thermal equilibrium are negligibly small

2) Out of equilibrium

First order phase transition Second order phase transition
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3) Baryon Number Violation
B+L is an anomalous symmetry in the Standard Model, while 
B-L is a good symmetry even under quantum corrections

10 J. M. Cline

the magnitude of its baryon asymmetry.) It is easy to see why these conditions
are necessary. The need for B (baryon) violation is obvious. Let’s consider some
examples of B violation.

2.1. B violation

In the standard model, B is violated by the triangle anomaly, which spoils con-
servation of the left-handed baryon+ lepton current,

∂µJµ
BL+LL

=
3g2

32π2
ϵαβγδW

αβ
a W γδ

a (2.1)

where Wαβ
a is the SU(2) field strength. As we will discuss in more detail in

section 4, this leads to the nonperturbative sphaleron process pictured in fig. 4.
It involves 9 left-handed (SU(2) doublet) quarks, 3 from each generation, and 3
left-handed leptons, one from each generation. It violates B and L by 3 units
each,

∆B = ∆L = ±3 (2.2)

L

L
L

Q

Q

Q
τ

e

µ

1

2

3
Fig. 4. The sphaleron.

In grand unified theories, like SU(5), there are heavy gauge bosons Xµ and
heavy Higgs bosons Y with couplings to quarks and leptons of the form

Xqq, Xq̄l̄ (2.3)

and similarly for Y . The simultaneous existence of these two interactions imply
that there is no consistent assignment of baryon number to Xµ. Hence B is
violated.

t’Hooft ‘76

Γ ∼ e−8π2/g2

Γ ≃ 10−90

instanton
[t’Hooft ’76]

sphaleron
Kuzmin, Rubakov & 
Shaposhnikov ‘85

Γ ≃ Tα5
W



Models for Baryogenesis Bad Honnef 21-03-24Miguel Escudero Abenza (CERN)

The Electroweak Vacuum

46

E
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vacuum
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+1 antiparticle
vacuum to vacuum transitions:
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strong gauge 
fields

*description taken from Shaposhnikov

E

p

pair creation
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Cosmological Implications:

B = 28
79 × (B − L) Harvey & Turner ‘90

2) There is a direct relation between the Baryon number in the 
Universe and a primordial B-L asymmetry

B ≃ 1
2 × (B − L)

1) Sphaleron processes break B+L number at

130 GeV ≲ T ≲ 1012 GeV D'Onofrio, Rummukainen & Tranberg [1404.3565] 

Cosmological Implication: If baryogenesis takes place at 
, there is need to generate a  asymmetry! T > TEW B − L

3) Baryon Number Violation
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The Three Sakharov Conditions (1967):

1) C and CP violation

2) Out of equilibrium

3) Baryon number violation

Present and potentially siezable

Not present 

Present and active at T ≳ 130 GeV
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Our observable Universe appears to be made out of only matter

We can explain this if in the early Universe 
there were  baryon out of every  
particle antiparticle pairs 

+1 109

Photon Baryon Antibaryon

+1/109

Early Universe

Ultra relativistic particles are expected to dominate the energy 
density of the early Universe

H ≃ ρ /MPlexpansion rate: (T ≫ m)
ρ ≃ T4

n ≃ T3

SM particles were efficiently interacting in the early Universe
" bad news for baryogenesis because departures from thermal equilibrium will be small
# good news for baryogenesis because an array of BSM particles could have been produced!

Γ > H

# once baryogenesis happens, B violating processes should not be active!
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1) C and CP violation

3) Baryon number violation

in the Standard Model

present and effective 
at T ≳ 130 GeV

#

present and not-small #

not present "
SM particles interact very efficiently
no 1st order phase transition

2) Out of equilibrium Γ < H

Three key conditions need to be met for successful Baryogenesis:
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