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The current status of baryogenesis is reviewed, with an emphasis on electroweak baryogenesis and
leptogenesis. The first detailed studies were carried out for SUð5Þ grand unified theory (GUT) models
where CP-violating decays of leptoquarks generate a baryon asymmetry. These GUT models were
excluded by the discovery of unsuppressed, (Bþ L)-violating sphaleron processes at high temper-
atures. Yet a new possibility emerged: electroweak baryogenesis. Here sphaleron processes generate a
baryon asymmetry during a strongly first-order phase transition. This mechanism has been studied in
detail in many extensions of the standard model. However, constraints from the LHC and from low-
energy precision experiments exclude most of the known models, leaving composite Higgs models of
electroweak symmetry breaking as an interesting possibility. Sphaleron processes are also the basis
of leptogenesis, where CP-violating decays of heavy right-handed neutrinos generate a lepton
asymmetry that is partially converted to a baryon asymmetry. This mechanism is closely related to
that of GUT baryogenesis, and simple estimates based on GUT models can explain the order of
magnitude of the observed baryon-to-photon ratio. In the one-flavor approximation an upper bound
on the light-neutrino masses has been derived that is consistent with the cosmological upper bound on
the sum of neutrino masses. For quasidegenerate right-handed neutrinos the leptogenesis temperature
can be lowered from the GUT scale down to the weak scale, and CP-violating oscillations of GeV
sterile neutinos can also lead to successful leptogenesis. Significant progress has been made in
developing a full field-theoretical description of thermal leptogenesis, which demonstrated that
interactions with gauge bosons of the thermal plasma play a crucial role. Finally, recent ideas on
how the seesaw mechanism and B − L breaking at the GUT scale can be probed by gravitational
waves are discussed.
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I. INTRODUCTION

The current theory of particle physics, the standard model
(SM), is a low-energy effective theory that is valid at the Fermi
scale of weak interactions ΛEW ∼ 100 GeV. Theoretical ideas
beyond the SM extend up to the scale of grand unified theories
(GUTs) (ΛGUT ∼ 1015 GeV), possibly including new gauge
interactions at intermediate scales and supersymmetry. Once
quantum gravity effects are relevant, the Planck scale and the
string scale also enter. At the LHC, the SM has been tested up
to TeV energies, with no hint of new particles or interactions.
Thus far the only evidence for physics beyond the SM is
nonzero neutrino masses that are deduced from neutrino
oscillations, and that can be explained by extensions of the
SM ranging from the weak scale to the GUT scale. Moreover,
there is evidence for dark matter and dark energy that,
however, might have a purely gravitational origin.
During the past 40 years impressive progress has been made

in early Universe cosmology, which is closely related to
particle physics. This has led to a standard model of
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cosmology with the key elements of inflation, baryogenesis,
dark matter, and dark energy. However, the associated energy
scales are uncertain. The energy density during the infla-
tionary phase can range from the scale of strong interactions
to the GUT scale, dark matter particles are considered with
masses between 10−22 eV and 1018 GeV, dark energy may
simply be a cosmological constant constrained by anthropic
considerations, and the energy scale of baryogenesis can vary
between the scale of strong interactions and the GUT scale.
This review is concerned with a single number, the ratio of

the number density of baryons to photons in the Universe,
which has been measured most precisely in the cosmic
microwave backgound (CMB) (Akrami et al., 2018):

ηB ≡ nB
nγ

¼ ð6.12� 0.04Þ × 10−10; ð1Þ

which is consistent with the most recent analysis of primordial
nucleosynthesis (except for the “lithium problem”) (Fields
et al., 2020). Since the existence of antimatter in the Universe
is excluded by the diffuse γ-ray background (Cohen, De
Rujula, and Glashow, 1998), the ratio ηB is also a measure of
the matter-antimatter asymmetry:

nB − nB̄
nγ

¼ nB
nγ

¼ ηB: ð2Þ

From the seminal work of Sakharov (1967) we know that the
baryon asymmetry can be generated by physical processes and
that it is related to the violation of CP, the product of charge
conjugation (C) and space reflection (P), and to baryon-
number violation in the fundamental theory.
Our knowledge about the early Universe rests on only a few

numbers: the abundances of light elements (explained by
nucleosynthesis), amplitude, and slope of the scalar power
spectrum of density fluctuations and the tensor-to-scalar ratio
(determined by the CMB), and the contributions of dark
energy, matter, and baryonic matter to the energy density of
the Universe, which, normalized to the critical energy ρc ¼
3H2

0=ð8πGÞ, read1 ΩΛ ¼ 0.6847� 0.0073,Ωmh2 ¼ 0.1428�
0.0011, and Ωbh2 ¼ 0.02237� 0.00015 (Aghanim et al.,
2018), with ηB ¼ 2.74 × 10−8Ωbh2 (Fields et al., 2020).
One can always make a theory for a single number like ηB.
Hence, to make progress it is important to develop a consistent
picture of the evolution of the Universe that correlates the few
available numbers in the framework of a theoretically con-
sistent extension of the standard model. In the review we
emphasize this point of view following the work of Sakharov.
This review focuses on electroweak baryogenesis (EWBG)

(Kuzmin, Rubakov, and Shaposhnikov, 1985), which is tied to
the Higgs sector of electroweak symmetry breaking, and on
leptogenesis (Fukugita and Yanagida, 1986), which is closely
related to neutrino physics. An attractive feature of EWBG is
that in principle all ingredients are already contained in

the SM. However, our knowledge of the electroweak theory
implies that a more complicated Higgs sector is needed for
EWBG, and the stringent constraints from the LHC and low-
energy precision experiments have led to extended models
where scales of electroweak symmetry breaking are consid-
ered well above a TeV. On the other hand, leptogenesis
originally started out at the GUT scale. But the desire to probe
the mechanism at current colliders led to the construction of
models where the energy scale of leptogenesis is lowered
down to the weak scale. A further interesting mechanism is
Affleck-Dine barogenesis (Affleck and Dine, 1985), which
makes use of the coherent motion of scalar fields in extensions
of the SM with low-energy supersymmetry. In the absence of
any hints of supersymmetry at the LHC, we do not further
discuss the Affleck-Dine mechanism in this review.
In the following, we first recall the theoretical foundations

of baryogenesis in Sec. II: Sakharov’s conditions, sphaleron
processes, and some elements of thermodynamics in an
expanding Universe. We then move on to electroweak baryo-
genesis in Sec. III. We first review the electroweak phase
transition and the charge transport mechanism, and we
illustrate the current status of the field with a number of
representative examples, corresponding to weakly coupled as
well as strongly coupled models of electroweak symmetry
breaking. Section IV deals with leptogenesis. After recalling
the basics of lepton-number violation and kinetic equations,
we consider thermal leptogenesis at different energy scales
and also leptogenesis from sterile-neutrino oscillations. We
then describe interesting recent progress toward a complete
description of the nonequilibrium process of leptogenesis on
the basis of thermal field theory. Finally, we discuss an
example in which by correlating inflation, leptogenesis, and
dark matter one arrives at a prediction for primordial gravi-
tational waves emitted from a cosmic-string network. After a
discussion of other models of baryogenesis in Sec. V, we
present a summary and outlook in Sec. VI. Different aspects
of the theoretical work on baryogenesis over 50 years have
previously been described in a number of comprehensive
reviews; see Kolb and Turner (1990), Rubakov and
Shaposhnikov (1996), Dine and Kusenko (2003), and
Buchmuller, Peccei, and Yanagida (2005).

II. THEORETICAL FOUNDATIONS

A. Sakharov’s conditions for baryogenesis

Sakharov (1967) wrote his famous paper on baryogenesis
two years after the discovery of CP violation in K0 decays
(Christenson et al., 1964) and one year after the discovery of
the cosmic microwave background (Penzias and Wilson,
1965), which had been predicted as a remnant of a hot phase
in the early Universe 20 years earlier (Gamow, 1946).
Sakharov’s paper contains three necessary conditions for

the generation of a matter-antimatter asymmetry from micro-
scopic processes:

(1) Baryon-number violation.—As we know today, after
an inflationary phase one cannot have B ≠ 0 as an
initial condition of the hot early Universe, and if
baryon number were conserved a state with B ¼ 0
could not evolve into a state with B ≠ 0.

1The Hubble parameter is determined as H0 ¼ 67.36�
0.54 km s−1 Mpc−1 ≡ h × 100 km s−1 Mpc−1 (Aghanim et al.,
2018); in a flat universe, as predicted by inflation, one has
ΩΛ þΩm ¼ 1.
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(2) C and CP violation.—If the fundamental interactions
were invariant under C and the product of parity and
charge conjugation CP, the reaction rate for the two
processes, related by the exchange of particles and
antiparticles, would be the same. Hence, no baryon
asymmetry could be generated.

(3) Departure from thermal equilibrium.—Sakharov con-
sidered an initial state of the Universe at high temper-
ature. Thermal equilibrium would then mean that the
system is stationary, so an initially vanishing baryon
number would always be zero. A departure from
thermal equilibrium defines an arrow of time. In a
nonthermal system this can be provided by the time
evolution of the scalar fields, as in Affleck-Dine
baryogenesis.

Sakharov considered a concrete model for baryogenesis. He
proposed as the origin of the baryon asymmetry CP-violating
decays of “maximons,” hypothetical neutral spin-zero particles
with mass of the order of the Planck mass MP ∼ 1019 GeV.
Their existence already leads to a departure from thermal
equilibrium at an initial temperature Ti ∼MP, where a small
matter-antimatter asymmetry is then generated. The CP vio-
lation in maximon decays is related to the CP violation in K0

decays, one of the motivations for Sakharov’s work, and an
unavoidable consequence of this model is that protons are
unstable and decay. The proton lifetime is predicted to be
τp > 1050 yr, much longer than in grand unified theories.
GUTs have played an important role in the development of

realistic models of baryogenesis (Dimopoulos and Susskind,
1978; Yoshimura, 1978; Toussaint et al., 1979; Weinberg,
1979). These theories naturally provide heavy particles,
scalar and vector leptoquarks, whose decays violate baryon
and lepton number and can therefore be the source of a
baryon asymmetry. However, the simplest GUT models based
on SUð5Þ conserve B − L, the difference of baryon and
lepton numbers. Hence, leptoquark decays can create only
a Bþ L asymmetry, with a vanishing asymmetry for B − L.
As emphasized by Kuzmin, Rubakov, and Shaposhnikov
(1985), at temperatures above the electroweak phase transition
(Bþ L)-violating sphaleron processes are in thermal equilib-
rium. Hence, any nonzero Bþ L asymmetry is washed out.
The simplest GUT beyond SUð5Þ is based on SOð10Þ, which
includes right-handed neutrinos and a B − L gauge boson.
With B − L broken at the GUT scale, right-handed neutrinos
with masses below the GUT scale are ideal agents for
generating a B − L asymmetry, and therefore a baryon
asymmetry, again because of the sphaleron processes. This
is the leptogenesis mechanism proposed by Fukugita and
Yanagida (1986).
Electroweak baryogenesis is a process far from thermal

equilibrium, with a strongly first-order phase transition,
nucleation and propagation of bubbles, CP-violating inter-
actions on the wall separating the broken and unbroken
phases, and a crucial change of the sphaleron rate across
the wall. On the contrary, leptogenesis is a process close to
thermal equilibrium, with the departure being a deviation
of the density of the right-handed neutrinos from their
equilibrium distribution. Hence, the time evolution of the
nonequilibrium process is well under control and a full

quantum field-theoretical treatment is possible. Successful
electroweak baryogenesis imposes constraints on masses and
couplings of Higgs bosons, whereas successful leptogenesis is
connected with properties of the neutrinos.

B. Sphaleron processes

In the standard model both baryon and lepton numbers
are conserved according to the classical equations of motion.
However, quantum effects give rise to the chiral anomaly and
violate baryon-number conservation (’t Hooft, 1976),

∂μJ
μ
B ¼ nf

32π2
g2Fa

μνF̃aμν; ð3Þ

where nf ¼ 3 is the number of families, Fa
μν is the weak SUð2Þ

field strength, and F̃aμν ≡ ð1=2ÞεμνρσFa
ρσ . In Eq. (3) we have

neglected the Uð1Þ hypercharge gauge field contribution (as
later discussed). The same relation holds for the lepton-
number current JμL, so that B − L is conserved in the standard
model.
The change of baryon number is thus linked to the

following dynamics of gauge fields:

BðtÞ − Bð0Þ ¼ nfQðtÞ; ð4Þ

with

QðtÞ≡
Z

t

0

dt0
Z

d3x
g2

32π2
Fa
μνF̃aμν: ð5Þ

Because of the coupling constants in Eq. (5), a change of
baryon number of the order of unity must be accompanied
by a large gauge field. In particular, such processes do not
show up in a weak-coupling expansion and are nonperturba-
tive in nature.
Baryon-number changing processes are closely connected

to the topology of the SUð2Þ gauge plus Higgs fields. To see
this, note that the integrand of Eq. (5) can be written as a total
derivative ∂μKμ, with

Kμ ¼ 1

32π2
εμνρσg2

�
Fa
νρAa

σ −
1

3
gεabcAa

νAb
ρAc

σ

�
: ð6Þ

An Abelian gauge field requires nonzero field strength to
obtain nonvanishing Kμ. This is not the case for the non-
Abelian field due to the second term in Eq. (6). If one can
neglect the integral

R
d3x∇ ·K, e.g., with periodic boundary

conditions or if K vanishes at spatial infinity, then

QðtÞ ¼ NCSðtÞ − NCSð0Þ; ð7Þ

with the Chern-Simons number

NCS ¼
Z

d3xK0: ð8Þ

In the vacuum, the Higgs field can be chosen to be constant
and at the minimum of its potential Aμ is a pure gauge. In the

Dietrich Bödeker and Wilfried Buchmüller: Baryogenesis from the weak scale to the grand …

Rev. Mod. Phys., Vol. 93, No. 3, July–September 2021 035004-3



Aa
0 ¼ 0 gauge, NCS is the gauge field winding number, which

is an integer. It is invariant under “small” gauge transforma-
tions, i.e., gauge transformations continuously connected to
the identity. To change NCS by �1, one has to go over an
energy barrier. Figure 1 shows the minimal static energy of the
gauge-Higgs fields as a function of NCS. The minima of the
energy differ by large gauge transformations and all describe
the vacuum state. A vacuum-to-vacuum transition along this
path would change baryon and lepton number by a multiple of
nf (’t Hooft, 1976). The barrier is given by a static solution to
the equations of motion, the so-called sphaleron (Klinkhamer
and Manton, 1984), which has half integer NCS and an energy
of the order of mW=αW , αW ¼ g2=4π. Thus, at low energies an
NCS-changing transition can occur only via tunneling. The
amplitude of such a process is proportional to expð−16π2=g2Þ,
which is small and has no observable consequences.
However, at high temperatures there can be thermal

fluctuations that take the system over the sphaleron barrier.
The baryon number is no longer conserved and the value of B
will relax to its equilibrium value Beq.

2 For a sufficiently small
deviation from equilibrium, this is determined by a linear
equation (without Hubble expansion)

d
dt

B ¼ −γðB − BeqÞ: ð9Þ

The dissipation rate γ depends only on the temperature and the
value of conserved charges like B − L. Furthermore, at a first-
order electroweak phase transition it depends on whether one
is in the symmetric or the broken phase. When the dissipation
rate γ is larger than the Hubble parameter, the baryon number
is in equilibrium.
The dissipation rate γ can be related to the properties of

thermal fluctuations of baryon number around its equilibrium
value Beq: If B − Beq has made a fluctuation to a nonzero
value, this will tend to zero at the rate γ. Therefore, the time-
dependent correlation function of the fluctuation reads

h½BðtÞ − Beq�½Bð0Þ − Beq�i ¼ h½B − Beq�2ie−γjtj; ð10Þ

which implies

h½BðtÞ − Bð0Þ�2i ¼ 2h½B − Beq�2ið1 − e−γjtjÞ: ð11Þ

For t ≪ γ−1 this grows approximately linearly with time:

h½BðtÞ − Bð0Þ�2i ≃ 2h½B − Beq�2iγjtj: ð12Þ

The mean square fluctuation on the right-hand side is
determined by equilibrium thermodynamics and is propor-
tional to the volume of the system V. It has to be evaluated at a
fixed B − L. The leading-order computation is straightforward
but requires some care (Khlebnikov and Shaposhnikov, 1996).
In the temperature range between the electroweak transition
and the equilibration temperature of the right-handed electron
Yukawa interaction, it takes the value

h½B − Beq�2i ¼ VT3
2nfð5nf þ 3NsÞ
3ð22nf þ 13NsÞ

; ð13Þ

where Ns is the number of Higgs doublets. At lower temper-
atures one has to take into account a nonzero Higgs expect-
ation value, and at higher temperatures there are additional
conserved charges, which reduces the size of the fluctuation
(Rubakov and Shaposhnikov, 1996).
Owing to Eq. (3) the left-hand side of Eq. (12) is determined

by the dynamics of the gauge fields:

h½BðtÞ − Bð0Þ�2i ¼ n2fhQ2ðtÞi: ð14Þ

For Eqs. (12) and (14) to be consistent, Q in Eq. (7) must
satisfy

hQ2ðtÞi ¼ ΓsphVjtj: ð15Þ

This can be easily visualized with the help of Fig. 1. Most of
the time the system sits near one of the minima, but every once
in a while there is a thermal fluctuation that lets it hop to a
neighboring one. This gives rise to a random walk leading to
the behavior in Eq. (15). Γsph, the number of transitions per
unit time and unit volume, is known as the Chern-Simons
diffusion rate or sphaleron rate. It can be estimated as

Γsph ∼ t−1tr l−3; ð16Þ

where ttr is the time of a single transition and l is the spatial
size of the corresponding field configuration. The Uð1Þ
hypercharge gauge field does not contribute to the diffusive
behavior in Eq. (15), so we neglect it here.
The linear growth with time can be valid only on timescales

that are large compared to ttr. On the other hand, the linear
growth can be valid only on timescales that are small compared
to γ−1. If there is a time window in which Eqs. (12) and (15) are
both valid, which will be checked a posteriori, then one can
match the two expressions to determine γ, which gives

γ ¼ n2fΓsphV

2h½B − Beq�2i
: ð17Þ

Using h½B − Beq�2i ∼ VT3 one can therefore estimate
γttr ∼ ðlTÞ−3. Hence, the window exists if the size of the
relevant field configurations is large compared to T−1.

FIG. 1. Sketch of the minimal field energy for a given value of
the Chern-Simons number NCS. The energy approaches the
minima with nonzero slope (Akiba, Kikuchi, and Yanagida,
1988).

2When B − L is nonzero, Beq does not vanish.
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At low temperatures the NCS-changing transitions still
proceed through tunneling. The probability for thermal tran-
sitions over the sphaleron barrier is proportional to
expð−Esph=TÞ (Kuzmin, Rubakov, and Shaposhnikov, 1985).
They become dominant when Esph=T ≲ 1=g2. The energy and
the size of a sphaleron are of the order of Esph ∼ v=g and
lsph ∼ 1=gv, respectively. Therefore, the size of the sphaleron is
larger than T−1 when the thermal activation dominates, and the
assumptions leading to Eq. (17) are valid in this case. For field
configurations with k ∼ l−1 ≲ T, the occupation number, given
by the Bose-Einstein distribution, is large [fBðkÞ ≃ T=k≳ 1],
so such fields can be treated classically.
The Higgs expectation value decreases with increasing

temperature; see Fig. 2 and Sec. III.A. Therefore, the
exponential suppression has already disappeared near the
electroweak phase transition or crossover. The prefactor of
the exponential corresponds to a one-loop computation of the
fluctuations around the sphaleron contribution. The bosonic
part was computed by Arnold, Son, and Yaffe (1997), and the
fermionic contributions were obtained by Moore (1996).
In the symmetric phase the Higgs expectation value

vanishes and there is no sphaleron solution.3 The length scale
for NCS-changing field configurations can now be easily
determined. When the energy of a field configuration is
dominated by the electroweak magnetic field B ¼ D ×A,
it can be estimated as

E ∼ l3B2 ∼ lA2: ð18Þ

Using E ∼A=ttr, the change of Chern-Simons number is then
given by

Q ∼ g2ttrl3E ·B ∼ g2l2A2: ð19Þ

If we require Q ∼ 1 and E≲ T to avoid Boltzmann suppres-
sion, we obtain l ≳ ðg2TÞ−1. But ðg2TÞ−1 is the length scale
beyond which static non-Abelian magnetic fields are
screened. Time-dependent fields can be screened on even
shorter length scales. Therefore, the relevant length scale for
NCS-changing transitions in the symmetric phase is (Arnold
and McLerran, 1987)

l ∼
1

g2T
: ð20Þ

The corresponding gauge field is of the order of A ∼ gT.
Therefore, both terms in the covariant derivative D − igA are
of the same order of magnitude, and the second term cannot be
treated as a perturbation. This leads to the breakdown of finite-
temperature perturbation theory at this scale (Linde, 1980).
Standard Euclidean (imaginary-time) lattice methods are not
capable of computing real-time dynamics. However, since the
relevant fields have large occupation numbers they can be
approximated as classical fields, and Γsph can be computed by
solving classical field equations of motion (Ambjorn et al.,
1991), where some care is needed to use the correct equations
of motion.
The time evolution of the fields responsible for the sphaleron

transitions is influenced by plasma effects (Arnold and
McLerran, 1987; Arnold, Son, and Yaffe, 1997). The time-
dependent gauge field has nonvanishing electric field E,
which induces a current because the plasma is a good
conductor. The relevant charges are the weak SUð2Þ gauge
charges. The current is carried mostly by particles with hard
momenta of the order of T that are not described by classical
fields. Therefore, the classical field equations are not appro-
priate for computing Γsph. However, one can use effective
classical equations of motion that should properly include the
effect of the high-momentum particles. The mean free path of
the particles is smaller than the length scale l. Therefore, the
current can bewritten as σEwith the following conductivity4 of
SUð2Þ charges σ:

σ ¼ 4π

3

m2
D

Ng2T
1

logð1=gÞ ∼
T

logð1=gÞ ; ð21Þ

whereN ¼ 2 for SUð2Þ andm2
D ¼ ð4N þ 2Ns þ NFÞg2T2=12

is the Debye mass squared for NF chiral fermions and Ns
scalars in the fundamental representation. In the A0 ¼ 0

gauge E ¼ − _A. Therefore, the current gives rise to a damping
term in the equation of motion for A. Estimating D × B ∼ σE
gives

ttr ∼ σl2 ∼ ½g4 logð1=gÞT�−1; ð22Þ

140 145 150 155 160 165 170
T/GeV

0

0.1

0.2

0.3

0.4

0.5

0.6

<
φ+ φ >

/T

FIG. 2. Temperature dependence of the expectation value of
ϕ†ϕ in the standard model. ϕ is the Higgs field. The points are the
results of lattice simulations, and the full line is an interpolation
of the data. The observable hϕ†ϕi can become negative because it
is ultraviolet divergent and additively renormalized. The shaded
bands represent perturbative results for the broken and symmetric
phases; their thickness estimates unknown higher-order contri-
butions. From D’Onofrio and Rummukainen, 2016.

3Nevertheless, Γsph in the symmetric phase is usually referred to as
the hot sphaleron rate. 4In QCD the analogous quantity is called color conductivity.
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which is much larger than l. Thus, the gauge field is strongly
damped and one can neglect _E in the equation of motion, which
becomes (Bodeker, 1998)

D × B ¼ σEþ ζ: ð23Þ

ζ is also part of the current of high-momentum particles. It is
due to thermal fluctuations of all field modes with momenta
larger than g2T, and it is a Gaussian white noise that carries
vector and group indices. It satisfies

hζiaðxÞζjbðx0Þi ¼ 2Tσδijδabδðx − x0Þ; ð24Þ

so that Eq. (23) is a Langevin equation. The estimate (16) then
gives

Γsph ∼ g10 logð1=gÞT4: ð25Þ

The numerical coefficient can be computed by solving Eq. (23)
on a spatial lattice and determining Γsph from Eq. (15). The
result can be written as

Γsph ¼ κ
2πT
3σ

α5T4; ð26Þ

with κ ¼ 10.8� 0.7 (Moore, 2000d) and σ from Eq. (21).
The mean free path of hard particles is short compared to l by
only a relative factor logð1=gÞ. Nevertheless, Eq. (26) is
still valid at next-to-leading logarithmic order if logð1=gÞ
in Eq. (21) is replaced by logðmD=γÞ þ C, where γ ¼
ðNg2T=4πÞ logðmD=γÞ and C ≃ 3.041 (Arnold and Yaffe,
2000; Moore, 2000c).
Close to the electroweak phase transition or crossover

the thermal Higgs mass can become small, so that the
Higgs field can affect the dynamics at the scale g2T. The
effective theory described by Eq. (23) has been extended to
include the Higgs field (Moore, 2000c). κ also depends on
the Higgs self-coupling and thus on the Higgs mass. In the
standard model, just above the crossover temperature one
finds that (D’Onofrio, Rummukainen, and Tranberg, 2014)
Γsph=T4 ¼ ð8.0� 1.3Þ × 10−7 ≈ ð18� 3Þα5W . In the last form,
factors of ln αW have been absorbed in the numerical constant.
Without the Higgs field the rate is Γ ≈ ð25� 2Þα5WT4 (Moore,
Hu, and Muller, 1998; Moore, 2000a).
Beyond logarithmic accuracy, the current is not simply a

local conductivity times the electric field. To go beyond this
approximation one has to solve the coupled equations for the
gauge fields and the high-momentum particles. Here fields
with k ∼ gT are also important because they mediate the
scattering of the high-momentum particles, which is small-
angle scattering that changes the charge of the particles. For
these modes one cannot neglect the term _E, which leads to
ultraviolet divergences in the simulation prohibiting a con-
tinuum limit (Bodeker, McLerran, and Smilga, 1995).
When the Higgs expectation value is sufficiently large, the

sphaleron rate becomes exponentially suppressed and one can
perform a perturbative expansion around the sphaleron sol-
ution. The signal in lattice simulations, on the other hand,
becomes small, which requires the use of a special

multicanonical method (Moore, 1998). The current knowl-
edge of the sphaleron rate in the standard model is summa-
rized in Fig. 3. In the temperature range 130 < T < 159 GeV
it can be parametrized as (D’Onofrio, Rummukainen, and
Tranberg, 2014)

logðΓsph=T4Þ ¼ ð0.83� 0.01Þ T
GeV

− ð147.7� 1.9Þ; ð27Þ

which is the fit shown in Fig. 3. The rate computed on the
lattice is larger than the perturbative results (Burnier, Laine,
and Shaposhnikov, 2006) but consistent within errors. The
corresponding values of the Higgs expectation value are
depicted in Fig. 2.
At high temperatures, the sphaleron rate again becomes

smaller than the Hubble parameter, which happens at
T ≳ 1012 GeV (Rubakov and Shaposhnikov, 1996).
In theories with an extended Higgs sector, it is not obvious

how to determine the freeze-out condition from the SM
results, because the sphaleron solution can be different. In
the symmetric phase this is somewhat easier. New particles
interacting with the SUð2Þ gauge fields would increase the
Debye mass mD appearing in Eq. (21), thus decreasing the hot
sphaleron rate. On the other hand, new particles would
increase the Hubble parameter. Therefore, the SM freeze-
out temperature is an upper bound for the temperature below
which γ > H.
In QCD with vanishing quark masses, the axial quark

number is classically conserved, but it is also violated by the
chiral anomaly. This process plays a role in both electroweak
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FIG. 3. The standard model sphaleron rate computed on the
lattice and the fit to the broken phase rate [Eq. (27)], shown with a
shaded error band. At low temperatures the sphaleron rate is
exponentially small, which requires a special multicanonical
method for the simulation. The perturbative result (Burnier,
Laine, and Shaposhnikov, 2006) is the one-loop approximation
to an expansion around the sphaleron solution. Pure gauge refers
to the rate in hot SUð2Þ gauge theory. The sphalerons freeze out
when Γ crosses the appropriately scaled Hubble parameter, which
is shown as the almost horizontal line. From D’Onofrio,
Rummukainen, and Tranberg, 2014.
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baryogenesis and leptogenesis. At finite temperature the
Chern-Simons number of the gluon field can diffuse as in
the electroweak theory in the symmetric phase, and the rate for
anomalous axial quark number violation is again proportional
to the Chern-Simons diffusion rate, which is then referred
to as the strong-sphaleron rate. At high temperatures the
quantum chromodynamics (QCD) coupling αs is weak, and
the dynamics of the gluon fields is described by Eqs. (21)–(24)
for SUð3Þ instead of SUð2Þ. At the electroweak scale αs
appears to be too large for the weak-coupling expansion to be
valid. Using a different method, the strong-sphaleron rate at
this scale was computed as Γstrong sph ≃ 1.4 × 10−3T4 (Moore
and Tassler, 2011).
Strong sphalerons are most likely the only sphalerons that

can be created in experiments. It has been argued that they
could lead to observable signals in relativistic heavy ion
collisions through the chiral magnetic effect (Kharzeev, 2014).
In the simultaneous presence of a chiral imbalance and a
magnetic field there is an electric vector current in the
direction of the magnetic field. Such a current separates
electric charges and could lead to measurable charge asym-
metries. The required imbalance of left- and right-handed
(anti)quarks can be caused by random strong-sphaleron
transitions. Furthermore, if the collision of the heavy ions
is not head on, the remnants of the projectiles produce strong
magnetic fields. There are ongoing experimental efforts to
search for the chiral magnetic effect in heavy ion collisions.
A dedicated run has been performed at the Brookhaven
Relativistic Heavy Ion Collider colliding Ru on Ru and Zr
on Zr (results are expected in 2021). These two nuclei are
isobars, i.e., they have the same number of nucleons but
different numbers of protons (Z ¼ 44 for Ru and Z ¼ 40

for Zr). Thus, the magnetic field is larger for Ru, so the charge
asymmetries in Ru collisions should be larger than those in Zr
(Wen, 2018; Kharzeev and Liao, 2021).

C. Baryon and lepton asymmetries

Quarks, leptons, and Higgs bosons interact via Yukawa and
gauge couplings and, in addition, via the nonperturbative
sphaleron processes. In the temperature range 100 < T <
1012 GeV, which is of interest for baryogenesis, gauge
interactions, including the sphaleron interactions, are in
equilibrium, i.e., their rate is larger than the Hubble parameter.
On the other hand, Yukawa interactions are in equilibrium
only in a more restricted temperature range that depends on
the strength of the Yukawa couplings. Thus, in different
temperature ranges there are different sets of charges that are
conserved, which leads to the “flavor effects” that are
discussed in Sec. IV.C.2. The corresponding partition function
can be written as

Zðμ; T; VÞ ¼ Tr exp

�
β

�X
i

μiQi −H

��
; ð28Þ

where β ¼ 1=T and H is the Hamiltonian. For each of the
quark, lepton, and Higgs fields, there is an associated chemical
potential μi; the corresponding charge operator is denoted

byQi. In the standard model, with one Higgs doublet ϕ and nf
families one has 5nf þ 1 chemical potentials μi.

5

The processes that are in thermal equilibrium, the so-called
spectator processes, yield constraints between the various
chemical potentials (Harvey and Turner, 1990). The NCS-
changing transitions (see Sec. II.B) change baryon and lepton
numbers in each family by the same amount. They affect only
the left-handed fermion fields, so that

X
i

ð3μqi þ μliÞ ¼ 0: ð29Þ

One also has to take the SUð3Þ QCD sphaleron processes into
account (Mohapatra and Zhang, 1992). They change the chiral
quark number (the number of right-handed minus number of
left-handed quarks) for each quark flavor by the same amount,
so that

X
i

ð2μqi − μui − μdiÞ ¼ 0: ð30Þ

The Yukawa interactions that are in equilibrium yield relations
between the chemical potentials of the left-handed and right-
handed fermions and the Higgs:

−μqi þ μdj ¼ μqi − μuj ¼ −μli þ μei ¼ μϕ: ð31Þ

The remaining independent chemical potentials are subject to
another condition, valid at all temperatures, that arises from
the requirement that the total hypercharge of the plasma
vanish.
In a weakly coupled plasma, the asymmetry between

particle and antiparticle number densities is given by

ni − nī ¼ −
∂
∂μi

T
V
lnZðμ; T; VÞ: ð32Þ

When computing the derivative in Eq. (32), all μi have to be
treated as independent. For massless particles one obtains

ni − nī ¼
giT3

6

�
βμi þO(ðβμiÞ3) ðfermionsÞ;
2βμi þO(ðβμiÞ3) ðbosonsÞ; ð33Þ

where gi denotes the number of internal degrees of freedom.
The following analysis is based on these relations for small
chemical potentials (βμi ≪ 1).
Using Eq. (33) and the known hypercharges one can write

the condition for hypercharge neutrality as

X
i

ðμqi þ 2μui − μdi − μli − μeiÞ ¼ 2μϕ; ð34Þ

and the baryon-number and lepton-number densities can be
expressed in terms of the chemical potentials as follows:

5In addition to the Higgs doublet, the two left-handed doublets qi
and li and the three right-handed singlets ui, di, and ei of each family
each have an independent chemical potential.

Dietrich Bödeker and Wilfried Buchmüller: Baryogenesis from the weak scale to the grand …

Rev. Mod. Phys., Vol. 93, No. 3, July–September 2021 035004-7



nB ¼ T2

6

X
i

ð2μqi þ μui þ μdiÞ; ð35Þ

nLi
¼ T2

6
ð2μli þ μeiÞ: ð36Þ

Consider now temperatures at which all Yukawa inter-
actions are in equilibrium, which is the case for T < 85 TeV
(Bodeker and Schröder, 2019), but still above the electroweak
transition. The quark chemical potentials are family indepen-
dent, μqi ¼ μq, μui ¼ μu, and μdi ¼ μd, and the asymmetries
Li − B=nf are conserved. For simplicity, we assume that
they are all equal, so that the lepton chemical potentials are
family independent as well: μli ¼ μl, μei ¼ μe. Using the
sphaleron relation and the hypercharge constraint, one
can express all chemical potentials, and therefore all asym-
metries, in terms of a single chemical potential that may be
chosen as μl:

μe
μl

¼ 2nf þ 3

6nf þ 3
;

μd
μl

¼ −
6nf þ 1

6nf þ 3
;

μu
μl

¼ 2nf − 1

6nf þ 3
;

μq
μl

¼ −
1

3
;

μϕ
μl

¼ −
4nf

6nf þ 3
: ð37Þ

The corresponding baryon and lepton asymmetries are

nB ¼ −
4nf
3

T2

6
μl; nL ¼ 14n2f þ 9nf

6nf þ 3

T2

6
μl: ð38Þ

Equation (38) yields the connection between the B, B − L,
and L asymmetries (Khlebnikov and Shaposhnikov, 1988)

B ¼ csðB − LÞ; L ¼ ðcs − 1ÞðB − LÞ; ð39Þ

where cs ¼ ð8nf þ 4Þ=ð22nf þ 13Þ. Near the electroweak
transition the ratio B=ðB − LÞ is a function of hϕi=T
(Laine and Shaposhnikov, 2000).
The relations (39) between B, B − L, and L numbers

suggest that B − L violation is needed6 in order to generate
a baryon asymmetry at high temperatures where sphaleron
processes are in thermal equilibrium. Because the B − L
current has no anomaly, the value of B − L at time tf, where
the leptogenesis process is completed, determines the value of
the baryon asymmetry today:

Bðt0Þ ¼ csðB − LÞðtfÞ: ð40Þ

On the other hand, during the leptogenesis process the
strength of (B − L)-violating, and therefore L-violating,

interactions can only be weak. Otherwise, because of
Eq. (39), they would wash out any baryon asymmetry. As
we later see, the interplay between these conflicting conditions
leads to important constraints on the properties of the
neutrinos.
The situation is different for electroweak baryogenesis.

Here B − L ¼ 0 and the change of the sphaleron rate across
the bubble wall in a first-order phase transition is essential for
the generation of a baryon asymmetry.

III. ELECTROWEAK BARYOGENESIS

Electroweak baryogenesis is a sophisticated nonequilibrium
process at the electroweak phase transition (Cohen, Kaplan,
and Nelson, 1993). We first describe the nature of the phase
transition and the basic idea of the charge transport mecha-
nism. We then illustrate the status of electroweak baryogenesis
by some representative examples, corresponding to a weakly
as well as a strongly interacting Higgs sector. Special
emphasis is placed on the implications of recent stringent
upper bounds on the electron electric dipole moment.

A. Electroweak phase transition

Electroweak baryogenesis requires a first-order phase
transition to satisfy the Sakharov condition of nonequilibrium.
It has to be strongly first order, meaning that in the low-
temperature phase the sphaleron rate is sufficiently suppressed
and the just created asymmetry is not washed out; see
Sec. III.B.
At zero temperature the electroweak symmetry is broken

by the vacuum expectation value of the Higgs field ϕ, giving
mass to the electroweak gauge bosons and to fermions. At
high temperature the Higgs expectation value vanishes. The
symmetry that is broken by the expectation value is a gauge
symmetry, not a symmetry transforming physical states.
Therefore, it is not guaranteed that there will be a phase
transition associated with the change of hϕi. (Nevertheless, it
is common nomenclature to speak about a symmetry-broken
and a symmetric phase.)
The expectation value of ϕ is obtained by minimizing the

effective potential Veff , which can be defined as VeffðϕÞ≡
−PðϕÞ, where PðϕÞ is the pressure in the presence of a
constant classical value ϕ of the Higgs field. It includes the
tree-level Higgs potential V tree. To first approximation it is
given by the difference of V tree and the pressure of an ideal gas
Pideal. When the temperature is much larger than the particle
mass M, the pressure of an ideal gas is, according to standard
thermodynamics,

Pideal ¼ T4

�
a − b

M2

T2
þ c

M3

T3
þOðM4=T4Þ

�
; ð41Þ

with positive constants a and b. The OðM2=T2Þ contribution
is negative because a nonzero mass reduces the momentum of
a particle with a given energy, and thus the pressure. If the
particle masses are proportional to the value of the Higgs field,
then a smaller ϕ leads to larger pressure. A phase with a
smaller ϕwill push out one with a larger value of the Higgs, so
that the Higgs expectation value becomes zero. Therefore, at

6In the case of Dirac neutrinos, which have extremely small
Yukawa couplings, one can construct leptogenesis models where an
asymmetry of lepton doublets is accompanied by an asymmetry of
right-handed neutrinos such that the total L number is conserved and
the B − L asymmetry vanishes (Dick et al., 2000).
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high temperature the electroweak symmetry is unbroken.7 The
region where this happens can be expected to be of the order
of the weak gauge-boson mass.
Beyond the ideal gas approximation one can compute the

effective potential as follows. One integrates out all field
modes with nonzero momentum in the imaginary-time path
integral:

e−βVVeff ðϕÞ ¼
Z 0

DΦ exp f−SE½Φ�g; ð42Þ

with the Euclidean, or imaginary-time, action (t ¼ −iτ)

SE ¼ −
Z

β

0

dτ
Z

d3xL: ð43Þ

Φ denotes the set of all fields of our system, and the prime
indicates that the integration over the zero-momentum modes
ϕ is omitted. The partition function Z ¼ expðβVPÞ is then
obtained by integrating Eq. (42) over ϕ. This is done in the
saddle-point approximation, which gives the minimum con-
dition for VeffðϕÞ. In the one-loop approximation Eq. (42)
gives −Veff as the difference between Pideal and the T ¼ 0

contribution to the effective potential (Coleman and
Weinberg, 1973).8

For illustration, first consider the case of a single real scalar
field φ with the Lagrangian

L ¼ 1
2
∂μφ∂μφ − V treeðφÞ ð44Þ

and the potential

V treeðφÞ ¼
μ2

2
φ2 þ λ

4
φ4; ð45Þ

with μ2 < 0, so that the minima of the potential are at

φ ¼ �v ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
−μ2=λ

p
, spontaneously breaking the symmetry

φ → −φ. Now the mass of a particle in the constant
“background” field φ is M2ðφÞ ¼ V 00

treeðφÞ ¼ μ2 þ 3λφ2.
Equation (41) then gives

VeffðφÞ ¼
1

2

�
μ2 þ λ

4
T2

�
φ2 þ λ

4
φ4 þOðM3=TÞ; ð46Þ

where we have omitted the φ-independent terms. At finite
temperature there is a positive contribution λT2=4 to the
coefficient of the quadratic term, the so-called thermal mass
(squared). It drives the expectation value to smaller values.

When T ≫ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
−μ2=λ

p
, the expectation value vanishes and the

symmetry is restored.
One may worry that at small φ, with decreasing temperature

M2ðφÞ becomes zero and eventually negative, so that the

OðM3=TÞ term in Eq. (46) would give an imaginary part to the
effective potential. However, it turns out that the loop-
expansion parameter is λT=M (Arnold and Espinosa,
1993). Therefore, perturbation theory breaks down when M
becomes too small and is thus not reliable for determining the
details of the phase transition. It is, in fact, second order, and
the value of φ changes continuously from zero above the
critical temperature Tc to a nonzero value below Tc.
Next consider the SM with one Higgs doublet ϕ. The tree-

level potential is written as in Eq. (45) with φ ¼
ffiffiffiffiffiffiffiffiffiffiffi
2ϕ†ϕ

p
. Now

all SM species contribute to the pressure and thus to Veff .
There is a qualitatively new effect compared to the previous
example. Since the electroweak gauge bosons obtain their
mass from the Higgs field and have no tree-level mass term,
they contribute with M2 ∼ g2ϕ†ϕ in Eq. (41). The M3=T term
in Eq. (41) then gives rise to a cubic term in the effective
potential9

VeffðφÞ ¼
A
2
ðT2 − T2

bÞφ2 −
B
3
φ3 þ λ

4
φ4 þ � � � . ð47Þ

This potential would give a first-order phase transition, as
illustrated in Fig. 4. At the critical temperature Tc there are

two degenerate minima. Tb ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−μ2=A

p
is the temperature

below which the potential barrier vanishes and the local
minimum at φ ¼ 0 disappears.
In the SM B is small. Therefore, the symmetry breaking

minimum φc is small, and so is the effective gauge-boson
massM. The loop-expansion parameter g2T=M is again large,
so perturbation theory cannot be trusted. Using nonperturba-
tive methods it was shown that for Higgs masses larger than
about 70–80 GeV, and thus in the SM, there is no electroweak
phase transition but a smooth crossover (Buchmuller and
Philipsen, 1995; Kajantie et al., 1996; Csikor, Fodor, and
Heitger, 1999). The Higgs expectation value changes con-
tinuously with temperature, as shown in Fig. 2. Hence, during
the transition the system stays close to thermal equilibrium
and Sakharov’s third condition is not satisfied.

FIG. 4. Effective potential giving rise to a first-order phase
transition. The value at φ ¼ 0 is subtracted.

7There are models where some mass decreases when a scalar field
is increased. In this case it is possible that a symmetry gets broken at
high temperature (Weinberg, 1974).

8The effective potential defined by Eq. (42) is gauge fixing
dependent. Physical quantities like the pressure, and thus the value
of Veff at the minima, are gauge fixing independent.

9The longitudinal gauge bosons receive a thermal mass, more
precisely the static screening mass, or Debye mass so that they do not
contribute to the cubic term. For simplicity, the resulting contribution
is not shown in Eq. (47).

Dietrich Bödeker and Wilfried Buchmüller: Baryogenesis from the weak scale to the grand …

Rev. Mod. Phys., Vol. 93, No. 3, July–September 2021 035004-9



A strongly first-order phase transition is possible only in
extensions of the SM. Since large field values imply large
M2ðφÞ, the effective potential can be computed perturbatively.
However, one may not be able to use the previously described
high-temperature expansion, in which case even the one-loop
effective potential cannot be written in a simple analytic form.
A comprehensive discussion of the theoretical uncertainties
was recently given by Croon et al. (2020).
Since the high-temperature phase is metastable as long as

there is a potential barrier separating the two minima, the
Universe supercools to some T < Tc; see Fig. 4. Bubbles of
the symmetry-broken phase form through thermal fluctuations
with a probability that can be computed using a saddle-point
approximation in statistical mechanics (Langer, 1969). The
probability of forming a bubble per time and volume is
A expð−βSeff ½ϕbubble�Þ, where the effective potential VeffðϕÞ
[see Eq. (42)] has been replaced by the effective action Seff
at the bubble configuration ϕbubble (Linde, 1981). It is the
free energy of a static configuration representing a barrier
between the metastable state and a state with a bubble of the
low-temperature phase, similar to the sphaleron barrier;
cf. Sec. II.B. The temperature-dependent prefactor A is due
to fluctuations around the saddle point and can be computed
perturbatively (Morrissey and Ramsey-Musolf, 2012).
Nonperturbative lattice computations of the nucleation rate
indicate that perturbation theory slightly underestimates the
strength of the phase transition while overestimating the
amount of supercooling (Moore and Rummukainen, 2001).
The bubbles nucleate roughly when the nucleation rate

equals H4, that is, when one bubble nucleates per Hubble
volume and time.10 Since around the electroweak scale
H ∼ T2

c=MPl ∼ 10−17Tc, the rate is extremely small. Once
formed, the bubbles expand and begin to fill the entire
Universe with the low-temperature phase. Important param-
eters of this process are the velocity vw of the wall separating
the two phases and their thickness lw in the wall frame. The
bubble wall velocity is determined by the pressure difference
between the two phases. The pressure consists of the vacuum
contribution, i.e., −Veff jT¼0, and the pressure due to the
plasma. When a particle mass depends on the value of the
Higgs field it changes while the particle passes the wall.
Therefore, there is a momentum transfer to the wall giving a
contribution to the pressure. This includes a large contribution
due to the magnetic-scale gauge fields (see Sec. II.B), which
are suppressed in the symmetry-broken phase and get pushed
out by the wall (Moore, 2000b). At the critical temperature the
pressure difference between the two phases vanishes. The
system is static and in thermal equilibrium. Below Tc, the wall
moves into the high-temperature phase, the time dependence
prevents the particle distribution from equilibration, and one
has to deal with a nonequilibrium problem. One has to solve a
set of Boltzmann equations, which turns out to be difficult.
The wall velocity is quite model dependent: it can vary from
vw ≪ 1 to vw ∼ 1 in the plasma rest frame. For the SM it was
found11 that vw ∼ 0.4 and lwT ∼ 25 (Moore and Prokopec,
1995), while in the minimal supersymmetric standard model

(MSSM) vw ≲ 0.1 (John and Schmidt, 2001). Often the wall
velocity is treated as a free parameter. A relatively simple
case is ultrarelativistic bubbles with γw ≡ ð1 − v2wÞ−1=2 ≫ 1
(Bodeker and Moore, 2009). The reason is that the wall passes
so fast that particles start scattering only when the wall has
already passed. There are models in which, based on this
analysis, the bubble wall can speed up indefinitely. However,
additional radiation off the particles passing the wall leads to a
speed limit (Bodeker and Moore, 2017; Höche et al., 2020).

B. Charge transport mechanism

When a phase-transition bubble wall sweeps through the
plasma, it affects the motion of the particles therein. The
dominant effect is spin independent and contributes to
the pressure on the wall, as discussed in Sec. III.A.
Subleading but essential for baryogenesis is the CP-violating
separation of particles with different spins. On one side of the
bubble wall there are more left-handed (negative helicity)
particles and their negative helicity antiparticles than on the
other side. In the symmetric phase electroweak sphalerons are
unsuppressed. They act on left-handed particles and on right-
handed antiparticles, and thus wash out the baryon number BL
carried by the left-chiral fields describing left-handed particles
and right-handed antiparticles. If the weak-sphaleron rate is
sufficiently suppressed on the other side of the wall, a net
baryon number is generated; for a comprehensive review of
charge transport, see Konstandin (2013).
One distinguishes the thin-wall limit lw ∼ T−1 from the

thick-wall limit lw ≫ T−1; i.e., the de Broglie wavelength of a
typical particle T−1 is small or of similar size relative to the
wall thickness. In the former case, the particle-wall interaction
is described by quantum reflection and transmission (Joyce,
Prokopec, and Turok, 1996a).
In the thick-wall case the effect on the particles can be

described as a semiclassical force (Joyce, Prokopec, and
Turok, 1996b) that depends on their spin (Cline, Joyce, and
Kainulainen, 2000). Interactions with the bubble wall give rise
to space- and time-dependent mass terms, which may contain
a CP-violating phase. For concreteness consider a single
fermion field ψ with

Lmass ¼ −ψLmψR − ψRm�ψL; ð48Þ

wherem ¼ jmj expðiθÞ. Such a term can be due to interactions
with varying scalar fields like in Eq. (57) in combination with
the Yukawa interaction, or due to varying Yukawa couplings
(Bruggisser, Konstandin, and Servant, 2017). Bubble walls
quickly grow to macroscopic sizes and thus can be approxi-
mated as planar. Let the wall move in the z direction. It is
convenient to Lorentz boost to the rest frame on the bubble so
that m depends only on z. One can expand in derivatives of m
corresponding to an expansion in ðlwTÞ−1. Keeping the first
two terms, one obtains the semiclassical force12

10For a more precise criterion, see Bodeker and Moore (2009).
11Assuming a small Higgs mass mH < 90 GeV.

12The force was computed using the WKB approximation to the
Dirac equation (Kainulainen et al., 2002; Fromme and Huber, 2007)
and from quantum field theory using Kadanoff-Baym equations
(Kainulainen et al., 2002; Prokopec, Schmidt, and Weinstock, 2004).
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Fz ¼ −
ðjmj2Þ0
2E

þ s

�ðjmj2θ0Þ0
2EEz

−
jmj2ðjmj2Þ0θ0

4E3Ez

�
; ð49Þ

with E ¼ ðp2 þ jmj2Þ1=2, Ez ¼ ðp2
z þ jmj2Þ1=2, and s ¼ �1

for spin (as defined in the frame where the momentum
transverse to the wall vanishes) in the �z direction. The
prime denotes derivatives with respect to z. The leading-order
term is independent of spin. Because of the chiral nature of the
mass term in Eq. (48) there is a spin dependence, which first
appears at second order in Eq. (49). Note that Eq. (49) holds
for all four states of the fermion.
The forces on different (anti)particles are sketched in Fig. 5

with top quarks as an example, and with the square bracket in
Eq. (49) assumed to be negative. For all (anti)tops the force is
positive and pushes them toward the symmetric phase. The
spin-dependent term is negative for left-handed (anti)tops
and decreases the force acting on them, while it increases the
force on right-handed (anti)tops. The left-handed tops carry
positiveBL, while the right-handed antitops carry negativeBL.
Therefore, the force changes the distribution of BL in space so
that nBL

becomes nonzero and z dependent.
The baryogenesis process is affected not only by the force

but also by scattering and the wall velocity. In Fig. 5 it is
assumed that these effects lead to nBL

< 0 in the symmetric
phase. Without electroweak sphalerons the total asymmetry
vanishes: nB ¼ nBL

þ nBR
¼ 0. In the symmetric phase

electroweak sphalerons are unsuppressed and diminish
jnBL

j, leading to nB > 0. Since electroweak sphalerons are
not active in the broken phase, this baryon asymmetry is
frozen in after the phase transition is completed.
For a quantitative description the force is inserted into a

Boltzmann equation, together with the collision terms describ-
ing particle scattering. For vanishing wall velocity the plasma
is in local thermal equilibrium. Thus, for small wall velocity
one can make a fluid ansatz, writing the phase-space densities
as local equilibrium distributions with slowly varying chemi-
cal potentials, plus small perturbations δfi, representing
deviations from kinetic equilibrium (Joyce, Prokopec, and
Turok, 1996b). One then takes moments of the Boltzmann
equations, i.e., integrates over momentum with weights 1

and pz=E. The integrals of ðpz=EÞδfi represent corrections
δvi to the local fluid velocity. One obtains a network of
coupled differential equations for δvi and μi. One must also
include the effect of the weak and strong sphalerons. The
slowest interaction involves the weak-sphaleron transitions.
Therefore, the equations for the chemical potentials can be
computed by assuming baryon-number conservation, and
finally the baryon asymmetry is computed from them. The
resulting asymmetry is directly proportional to the weak-
sphaleron rate in the symmetric phase. While most works have
assumed small wall velocity and expanded in vw, baryo-
genesis with large vw ∼ 1 was recently studied (Cline and
Kainulainen, 2020). It was found, contrary to common lore,
that baryogenesis with vw larger than the speed of sound is
possible, and that the generated asymmetry smoothly
decreases with increasing vw.
During the entire process B − L is unchanged because it is

conserved by the sphaleron processes. Therefore, the pro-
duced lepton asymmetry is of the same order of magnitude as
the baryon asymmetry. If a larger lepton asymmetry would be
observed, this would rule out electroweak baryogenesis as the
sole origin of the baryon asymmetry of the Universe.

C. Perturbative models

In the SM the electroweak transition is only a smooth
crossover but simple extensions allow for a strongly first-order
phase transition. The first example to try is the two-Higgs-
doublet model (2HDM), which has been extensively studied
in the literature; for a review and references, see Branco et al.
(2012). Dorsch et al. (2017) thoroughly studied models of
type II where leptons and down-type quarks couple to
the Higgs doublet Φ1, while up-type quarks couple to the
second Higgs doublet Φ2. The corresponding Z2 symmetry is
softly broken by a complex mass term μ2, and the scalar
potential reads

V treeðΦ1;Φ2Þ ¼ −μ21Φ
†
1Φ1 − μ22Φ

†
2Φ2 − 1

2
ðμ2Φ†

1Φ2 þ H:c:Þ

þ λ1
2
ðΦ†

1Φ1Þ2 þ
λ2
2
ðΦ†

2Φ2Þ2

þ λ3ðΦ†
1Φ1ÞðΦ†

2Φ2Þ þ λ4ðΦ†
1Φ2ÞðΦ†

2Φ1Þ
þ 1

2
½λ5ðΦ†

1Φ2Þ2 þ H:c:�: ð50Þ

In addition to μ2 the quartic coupling λ5 can be complex,
which leads to the complex vacuum expectation values

hΦ1i ¼
1ffiffiffi
2

p
�

0

v cosβ

�
; hΦ2i ¼

1ffiffiffi
2

p
�

0

v sinβeiθ

�
: ð51Þ

In addition to the observed Higgs boson h0, the model
contains four heavy Higgs bosons H0, A0, and H�. There
are two field-redefinition-invariant phases that can be
written as

δ1 ¼ arg½ðμ2Þ2λ�5�; δ2 ¼ argðv1v�2μ2λ�5Þ: ð52Þ

A benchmark scenario has been studied withmH0
¼ 200 GeV

and mA0
¼ mH� at around 470 GeV. At the cost of some

FIG. 5. Sketch of the bubble wall (between the dashed lines) in
the rest frame of the wall. More particles are crossing the wall
from right to left. The force on tops with spin in the þz direction
is smaller than the force on antitops with spin in the −z direction.
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tuning the masses can be increased by about 100 GeV. The
quartic couplings are large [jλij ¼ Oð1Þ] but satisfy the
perturbativity bound jλij≲ 2π and tree-level unitarity, as well
as constraints from flavor observables and the LHC. For these
parameters, the phase transition is strongly first order
(vn=Tn ≥ 1), where vn is the jump of the Higgs expectation
value at the bubble nucleation temperature Tn. An interesting
aspect of the model is that, due to the large quartic scalar
couplings, a gravitational wave (GW) signal is predicted that
would be observable at LISA.13

An attractive feature of electroweak baryogenesis models
is also the connection between the CP violation needed
for baryogenesis and low-energy precision measurements.
Particularly stringent are the following upper bounds on the
electron dipole moment (EDM) obtained by the ACME
eperiment (Baron et al., 2014; Andreev et al., 2018):

ACME ð2014Þ∶ jdej < 8.7 × 10−29 e cm;

ACME ð2018Þ∶ jdej < 1.1 × 10−29 e cm: ð53Þ

The ACME bound from 2014 is indicated in Fig. 6 by the blue
line, the lower boundary of the blue region. It is consistent
with all theoretical and phenomenological constraints on the
described model. The uncolored region represents the allowed
parameter region at that time. The ACME bound from 2018
improves this upper bound by a factor of 8.7. This excludes
the parameter space of the model entirely.

For many years electroweak baryogenesis has also been
studied in supersymmetric 2HDM models (MSSM). In this
case the quartic scalar couplings are determined by gauge
couplings. These models are now excluded due to the lower
bounds on superparticle masses obtained at the LHC. These
bounds and further theoretical constraints were described in
detail by Cline (2018), together with a discussion of some
nonsupersymmetric extensions of the standard model.
As an alternative to 2HDM models one can also consider a

Higgs sector with one SUð2Þ-doublet Higgs Φ and an addi-
tional light SM singlet s, which is partially motivated by
composite Higgs models. Electroweak baryogenesis for such a
setup was studied by Espinosa et al. (2012); see also Cline and
Kainulainen (2013), Bian, Wu, and Xie (2019), and Carena,
Liu, andWang (2019). The renormalizable part of the effective
scalar potential reads

V tree ¼ Veven þ Vodd; ð54Þ

with

Veven ¼ −μ2hjΦj2 þ λhjΦj4 − 1
2
μ2ss2 þ 1

4
λss4 þ 1

2
λms2jΦj2;

Vodd ¼ 1
2
μmsjΦj2 þ μ31sþ 1

3
μ3s3: ð55Þ

The SUð2Þ doublet Φ contains the physical Higgs scalar h.
The potential Veven is invariant with respect to the Z2

symmetry

s → −s; ð56Þ

which is softly broken by the potential Vodd. The vacuum
expectation value of H implies mass mixing between s and h.
An appropriate choice of quartic couplings and mass

parameters μi ∼ 100 GeV lead to a strongly first-order phase
transition accompanied by baryogenesis. The required CP
violation is provided by a dimension-5 operator (see Fig. 7)

LtHs ¼
s
f
Φq̄L3ðaþ ibγ5ÞtR þ H:c:; ð57Þ

which couples the top quark to the scalars Φ and s. During the
phase transition both scalars acquire an expectation value and
the profile of s provides the CP-violating top-quark scatter-
ings. The compositeness scale has to be low (f=b ∼ 1 TeV) so
that strongly interacting resonances can be expected in the

FIG. 6. EDM constraints for parameter benchmarks correspond-
ing to different heavy-Higgs-boson masses in the type-II 2HDM.
The dash-dotted line shows the electron EDM (eEDM) bound
before the ACME experiment. The black dashed lines indicate the
minimum CP-violating phase necessary for successful baryo-
genesis, with mH0 ¼ 200 GeV and varying mA0 ¼ mH� . The
green area is excluded by neutron EDM (nEDM) bounds, and the
blue area is excluded by the electron EDM bound from ACME
(2014). From Dorsch et al., 2017.

s

h

t t

t

e e e

FIG. 7. Large contribution to the electron EDM from top loop
and singlet-doublet mixing. From Espinosa et al., 2012.

13There is extensive literature on GWs from first-order phase
transitions that lead to signals in the sensitivity range of LISA
(Caprini et al., 2020).

Dietrich Bödeker and Wilfried Buchmüller: Baryogenesis from the weak scale to the grand …

Rev. Mod. Phys., Vol. 93, No. 3, July–September 2021 035004-12



LHC range. For the light singlet s, a mass is predicted to be
comparable to the Higgs mass.
The mass mixing between h and s also generates an

electron EDM; see Fig. 7. The analysis of Espinosa et al.
(2012) was carried out while assuming the upper bound
(Hudson et al., 2011)

de < 1.05 × 10−27 e cm: ð58Þ

The improvement of this bound by 2 orders of magnitude by the
ACME experiment [Eq. (53)] excludes the model in its original
form. A possible way out is to tune the parameters of the model
such that a two-step phase transition occurs, with s ≠ 0 during
baryogenesis and s ¼ 0 in the zero-temperature vacuum (Kurup
and Perelstein, 2017). At zero temperature the Z2 symmetry is
then unbroken and the contribution to the electron EDM
vanishes. Choosing ms > mh=2, the Higgs-boson decay width
is unchanged and one obtains a “nightmare scenario” that is
difficult to test at the LHC (Curtin, Meade, and Yu, 2014). For
EWBG a new source of CP violation is needed, for instance,
CP violation in a dark sector, which is transferred to the visible
sector via a new light vector boson (Carena, Quirós, and Zhang,
2019). However, such a construction eliminates one of the
main motivations for electroweak baryogenesis: the connection
between CP violation measurable at low energies and the
matter-antimatter asymmetry.
One may wonder whether EWBG can be more easily

realized in models with more scalar fields. An example is
the split next-to-minimal supersymmetric standard model
(sNMSSM) (Demidov, Gorbunov, and Kirpichnikov, 2016),
which contains two Higgs doublets Hu and Hd and an
additional singlet N. The corresponding superpotential reads

W ¼ λNHuHd þ 1
3
kN3 þ μHuHd þ rN: ð59Þ

Scalar quarks and leptons are removed from the low-energy
spectrum but gauginos have electroweak-scale masses. The
dominant role in EWBG is played by the scattering of
charginos. At one-loop order they also lead to an EDM
for the electron. According to the analysis of Demidov,
Gorbunov, and Kirpichnikov (2016), a strongly first-order
phase transition and EWBG are compatible with the ACME
(2014) bound on the electron EDM. Figure 8 shows the
electron EDM as a function of the lightest chargino mass for
two parameter benchmarks. However, as the figure demon-
strates, the stronger ACME (2018) bound again excludes
this model.
The connection between EWBG and electron EDM has also

been analyzed in a setup with the same particle content as the
sNMSSM but without the relations between the Yukawa
couplings implied by supersymmetry (Fuyuto, Hisano, and
Senaha, 2016). As in the singlet-doublet model, a strongly
first-order phase transition is possible, and EWBG is driven by
Higgsino and singlino scatterings with masses mH̃ and mS̃,
respectively. At two-loop order an electron EDM is generated
that depends on the Higgsino masses. In Fig. 9 a region of
successful EWBG is shown along the ðmH̃;mS̃Þ plane for
representative Higgsino couplings. The orange area on the left
is excluded by the ACME (2014) bound, leaving a large range

of viable Higgsino and singlino masses. However, the ACME
(2018) bound again excludes this region. The electron EDM
receives contributions from two graphs that have charged and
neutral gauge bosons in the loop, respectively. Fine-tuning
couplings, the contributions can cancel each other out, which
would eliminate the connection between low-energy CP
violation and EWBG.
The upper bound on the electron EDM placed by the

ACME experiment is an impressive achievement. The experi-
ment uses a heavy polar molecule, thorium monoxide (ThO).
In an external electric field it possesses states whose energies
are particularly sensitive to the electron EDM. Moreover, the

 1e-29

 1e-28

 1e-27

 120  140  160  180  200  220  240

|d
e/

e|

mχ+, GeV

Setup 1
Setup 2

FIG. 8. Electron EDM vs the lightest chargino mass in the split
NMSSM for two parameter sets (setup 1, red dots; setup 2, green
dots). The dotted line denotes the ACME (2014) upper bound
jdej < 8.7 × 10−29 e cm. We have added the dashed line that
indicates the ACME (2018) upper bound jdej < 1.1 × 10−29 e cm.
Adapted from Demidov, Gorbunov, and Kirpichnikov, 2016.

FIG. 9. Contours of ηB=ηobservedB ¼ 1 (solid lines) and 0.1 (dashed
lines) along the ðmH̃;mS̃Þ plane. The orange area is excluded by
the ACME (2014) bound. The orange dashed line corresponds to
the anticipated sensitivity jdej ¼ 1.0 × 10−29 e cm, which essen-
tially agrees with the ACME (2018) bound. From Fuyuto, Hisano,
and Senaha, 2016.
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magnetic moment of these states is small, which makes the
experiment relatively impervious to stray magnetic fields. A
cryogenic beam source provides a high flux of ThO mole-
cules. In 2014 these techniques led to an upper bound on the
electron EDM more than 1 order of magnitude smaller than
the best previous measurements (Baron et al., 2014). Four
years later the upper limit could be further improved by a
factor of 8.7 (Andreev et al., 2018).
Studies of electroweak baryogenesis with two Higgs

doublets began in the early 1990s (McLerran et al., 1991;
Turok and Zadrozny, 1991), followed by other models with
an extended Higgs sector. Over the years the increasing
lower bound on the Higgs mass, and finally the discovery of
a 125 GeV Higgs boson, as well as bounds on the heavier
Higgs-boson masses from flavor observables and the LHC
strongly constrained these models. Much progress was made
in understanding the challenging dynamics of electroweak
baryogenesis, and the possible connection to gravitational
waves in the LISA frequency range was explored. In a
complementary way, upper bounds on dipole moments
played an increasingly important role since generic models
of electroweak baryogenesis connect low-energy CP vio-
lation with the baryon asymmetry of the Universe. As
previously described, it appears that finally these bounds
have become so strong that they essentially exclude all
models of electroweak baryogenesis that can be treated
perturbatively. These developments over 30 years represent
an example of how the interplay of theory and experiment
can guide us in our search for physics beyond the stan-
dard model.

D. Strongly interacting models

Thus far we have considered EWBG in perturbatively
defined renormalizable extensions of the SM. However, it
is also possible that the observed Higgs boson is a light state in
a strongly interacting sector of dynamical electroweak sym-
metry breaking. This would qualitatively change the electro-
weak phase transition as well as EWBG, which can be treated
by means of an effective field theory (Grojean, Servant, and
Wells, 2005). The light Higgs boson could emerge from
the spontaneous breaking of a global symmetry, such as
SOð5Þ → SOð4Þ, together with a dilaton as pseudo-Nambu-
Goldstone boson from broken conformal symmetry in a
strongly coupled hypercolor theory with partial composite-
ness; for a review, see Panico and Wulzer (2016). In such a
framework EWBG was studied by Bruggisser et al. (2018a,
2018b) based on an effective Lagrangian with a minimal set of
couplings and masses (Giudice et al., 2007; Chala et al.,
2017). The analysis is based on the following effective
potential for the Higgs h and the dilaton χ:

Veff ½h; χ� ¼
�
gχ
g⋆

χ

�
4
�
αsin2

�
h
f

�
þ βsin4

�
h
f

��

þ VχðχÞ þ ΔVTðh; χÞ; ð60Þ

where

α½y� ¼ cα
XNf

i¼1

g2⋆
Ncy2i ½χ�
ð4πÞ2 ; yi½χ� ≃ y0;i

�
χ

χ0

�
γi
;

β½y� ¼ cβ
XNf

i¼1

g2⋆
Ncy2i ½χ�
ð4πÞ2

�
y
g⋆

�
pβ

: ð61Þ

The functions yi½χ� connect left- and right-handed fermions,
Nc ¼ 3 is the number of QCD colors, Nf is the number of
quark flavors, γi are anomalous dimensions, f ¼ 0.8 TeV is
the value of the condensate breaking SOð5Þ, g� and gχ are the
couplings of heavy resonances and dilaton, respectively, and
cα and cβ are free parameters. The effective potential has a
discrete shift symmetry h → hþ 2πf reflecting the Goldstone
nature of the Higgs field, and it is invariant with respect to
scale transformations, up to soft breaking terms contained
in Vχ , finite-temperature corrections in ΔVT , and the effect of
nonzero anomalous dimensions γi. The underlying strongly
interacting theory has N hypercolors. The effective couplings
of glueball-like and mesonlike bound states are, respectively,

gχ ¼
4π

N
ðglueball-likeÞ; g� ¼

4πffiffiffiffi
N

p ðmesonlikeÞ: ð62Þ

Heavy resonances have masses m� ¼ g�f. The dilaton can be
glueball-like or mesonlike, depending on the realization of
conformal symmetry. At high temperatures both Higgs and
dilaton expectation values vanish, and the free energy is
determined by the number of hypercolors:

Fjχ¼0 ≃ −
π2N2

8
T4: ð63Þ

Figure 10 shows a sketch of the free energy together with
the zero-temperature dilaton potential.14 Around the critical
temperature

Tc ≃ 2

�
g2⋆

4πgχN

�
1=2

ð2γϵcχÞ1=4f ð64Þ

confinement and symmetry breaking phase transitions take
place that, due to the approximate conformal symmetry, can
be strongly first order. EWBG takes place by the scattering of

FIG. 10. Schematic shape of the free energy as a function of the
dilaton expectation value χ. Red, hot region with gχχ ≲ T; blue,
cold region with gχχ ≳ T. From Bruggisser et al., 2018b.

14Note that this figure does not give a quantitative description of
the two regions, in particular, the phase transition that connects them.
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quarks at the bubble wall, where the CP violation is enhanced
by varying Yukawa couplings (Bruggisser et al., 2018a). The
model can account for the observed baryon asymmetry and it
predicts a GW signal that will be probed by LISA (Bruggisser
et al., 2018b).
The CP-violating imaginary parts of quark-Yukawa cou-

plings lead to an electron EDM. Hence, the experimental
EDM bounds constrain the viable parameter space of the
model. Figure 11 shows contours of constant imaginary part
for the top quark in the case of a glueball-like dilaton as well
as a mesonlike dilaton. The most stringent bounds from the
ACME experiment read

ACME ð2014Þ∶ Im½δλt�≲ 2 × 10−2;

ACME ð2018Þ∶ Im½δλt�≲ 2 × 10−3: ð65Þ

For a large number of hypercolors, N ¼ 12, corresponding to
resonance masses m� ≳ 3 TeV, a mesonlike (glueball-like)
dilaton has to be heavier than 200 GeV (400 GeV). Both
scenarios can therefore be probed at the LHC. Note that the
effect of the ACME EDM bound on the Higgs sector can be
efficiently described by means of an effective field theory
(Panico, Pomarol, and Riembau, 2019).
The strong constraints from the LHC and the electron EDM

give rise to the question whether EWBG can be decoupled
from low-energy physics. Extending the scalar sector of the
theory, it is indeed possible to break the electroweak sym-
metry at a scale much higher than the Fermi scale (Baldes and
Servant, 2018; Glioti, Rattazzi, and Vecchi, 2019; Meade and
Ramani, 2019). In this way, CP violation in EWBG is
decoupled from low-energy CP violation. On the other hand,
the need to connect the high-scale vacuum expectation value
to the Fermi scale requires additional light scalars that are in
reach of the LHC. Similarly, additional light singlet fermions
can lead to electroweak symmetry nonrestoration at high
temperatures. This can significantly relax the upper bound
from successful baryogenesis on a light dilaton in composite
Higgs models (Matsedonskyi and Servant, 2020).

E. Summary: Electroweak baryogenesis

Electroweak baryogenesis is an appealing idea since it
would allow us to connect the cosmological matter-antimatter
asymmetry with physics at the LHC and, moreover, with
gravitational waves. The electroweak phase-transition and
sphaleron processes are by now well understood. Since in the
standard model the phase transition is a smooth crossover,
extensions such as two-Higgs-doublet models or doublet-
singlet models are needed for electroweak baryogenesis.
Results from the LHC strongly constrain such models.
Moreover, recent stringent upper bounds on the electron
electric dipole moment exclude most of the known models.
This led to the construction of models, where CP violation in
baryogenesis and low-energy CP violation are decoupled, and
the electroweak phase transition takes place at temperatures
well above a TeV. On the other hand, in strongly coupled
composite Higgs models electroweak baryogenesis is still
possible, which is compatible with all constraints from the
LHC and low-energy precision experiments. This underlines
the importance of searching for new heavy resonances and
deviations from SM predictions for Higgs couplings in the
next run of the LHC.

IV. LEPTOGENESIS

In this section we first give an elementary introduction to
the basics of leptogenesis, namely, lepton-number violation
and kinetic equations. We then review thermal leptogenesis
at the GUT scale as well as the weak scale. Sterile-neutrino
oscillations allow leptogenesis even at GeV energies.
Subsequently, we discuss recent progress toward a full
quantum field-theoretical description of leptogenesis. GUT-
scale leptogenesis is closely related to neutrino masses and
mixings and, on the cosmological side, it is connected with
inflation and gravitational waves.

A. Lepton-number violation

The SM contains only left-handed neutrinos, and B − L is a
conserved global symmetry. Hence, in the SM neutrinos are
massless. However, neutrino oscillations show evidence for
nonzero neutrino masses. These can be accounted for by
introducing right-handed neutrinos that can have Yukawa
couplings with left-handed neutrinos. After electroweak
symmetry breaking these couplings lead to B − L conserving
Dirac neutrino mass terms. As SM singlets, right-handed
neutrinos can have Majorana mass terms whose size is not
constrained by the electroweak scale. In the case of three right-
handed neutrinos, the global B − L symmetry can be gauged
such that the Majorana masses result from the spontaneous
breaking of B − L. As in the SM, all masses are then generated
by the spontaneous breaking of local symmetries, which is the
natural picture in theories that unify strong and electroweak
interactions. Since no B − L gauge boson has been observed
thus far, the scale of B − L breaking must be significantly
larger than the electroweak scale. This leads to the seesaw
mechanism (Minkowski, 1977; Gell-Mann, Ramond, and
Slansky, 1979; Ramond, 1979; Yanagida, 1979) as a natural

FIG. 11. Contours of the CP-violating imaginary part of the top-
Yukawa coupling in the ðmχ ; m⋆Þ plane. The dashed lines
correspond to a mesonlike dilaton, and the solid lines correspond
to a glueball-like dilaton. From Bruggisser et al., 2018b.
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explanation of the smallness of the observed neutrino mass
scale, which is a key element of leptogenesis.
We now consider an extension of the standard model with

three right-handed neutrinos, whose masses and couplings are
described by the following Lagrangian (sum over i, j):

L ¼ lLii=DlLi þ eRii=DeRi þ νRii=∂νRi
− ðheijeRjlLiϕ̃þ hνijνRjlLiϕþ 1

2
MijνRjν

c
Ri þ H:c:Þ; ð66Þ

where =D denotes SM covariant derivatives, νcR ¼ Cν̄TR, C is the
charge conjugation matrix, and ϕ̃ ¼ iσ2ϕ�. The vacuum
expectation value of the Higgs field (hϕi ¼ vEW) generates
Dirac mass terms me ¼ hevEW and mD ¼ hνvEW for charged
leptons and neutrinos, respectively. Integrating out the
heavy neutrinos νR, the light-neutrino Majorana mass matrix
becomes

mν ¼ −mD
1

M
mT

D: ð67Þ

The symmetric mass matrix is diagonalized by a unitary
matrix V:

VTmνV ¼

0
B@

m1 0 0

0 m2 0

0 0 m3

1
CA; ð68Þ

where m1, m2, and m3 are the three mass eigenvalues. In the
following we mostly consider the case of normal ordering,
where m1 < m2 < m3. A recent global analysis found for the
largest and smallest splitting (Esteban et al., 2019)

matm ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jm2

3 −m2
1j

q
¼ 49.9� 0.3 meV;

msol ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jm2

2 −m2
1j

q
¼ 8.6� 0.1 meV: ð69Þ

The Majorana mass matrix M can be chosen diagonal such
that the light and heavy Majorana neutrino mass eigenstates
are

ν ≃ VTνL þ νcLV
�; N ≃ νR þ νcR: ð70Þ

In a basis where the charged lepton matrixme and theMajorana
mass matrix M are diagonal, V is the Pontecorvo-Maki-
Nakagawa-Sakata matrix in the leptonic charged current. V
can bewritten asV ¼ Vδdiagð1; eiα; eiβÞ, whereVδ contains the
Dirac CP-violating phase δ and α and β are Majorana phases.
Treating in the Lagrangian (66) the Yukawa coupling hν

and the Majorana massesM as free parameters, nothing can be

said about the values of the light-neutrino masses. Hence, it is
remarkable that the correct order of magnitude is naturally
obtained in GUT models. The running of the SM gauge
couplings points to a unification scale ΛGUT ∼ 1015 GeV. At
this scale the GUT group containing Uð1ÞB−L is spontane-
ously broken and large Majorana masses are generated
(M ∝ vB−L ∼ 1015 GeV). As in the SM, all masses are now
caused by spontaneous symmetry breaking. With Yukawa
couplings in the neutrino sector having a similar pattern as for
quarks and charged leptons, with the largest values being
Oð1Þ, one obtains for the largest light-neutrino mass

m3 ∼
v2EW
vB−L

∼ 0.01 eV; ð71Þ

which is qualitatively consistent with the measured
value matm.
The tree-level decay width of the heavy Majorana neutrino

Ni reads

Γ0
Ni

¼ Γ0ðNi → lϕÞ þ Γ0ðNi → l̄ ϕ̄Þ ¼ 1

8π
ðhν†hνÞiiMi; ð72Þ

and the CP asymmetry in the decay is defined as

εi ¼
ΓðNi → lϕÞ − ΓðNi → l̄ ϕ̄Þ
ΓðNi → lϕÞ þ ΓðNi → l̄ ϕ̄Þ : ð73Þ

We are often interested in the case of hierarchical Majorana
masses M2;3 ≫ M1 ≡M. One can then integrate out N2

and N3, which yields the following effective Lagrangian
for N1 ≡ N:

L ¼ 1
2
N̄i=∂N − hνi1N

TClLiϕ − 1
2
MNTCN

þ 1
2
ηijlTLiϕClLjϕþ H:c:; ð74Þ

where η is the dimension-5 coupling

ηij ¼
X
k¼2;3

hνik
1

Mk
hνTkj : ð75Þ

Using this effective Lagrangian provides the advantage that
vertex- and self-energy contributions to the CP asymmetry in
the heavy-neutrino decay are obtained from a single Feynman
diagram; see Sec. IV.F.
A nonvanishing CP asymmetry in Ni decays arises at one-

loop order. From Fig. 12 one obtains (Flanz, Paschos, and
Sarkar, 1995; Covi, Roulet, and Vissani, 1996)

FIG. 12. Tree-level and one-loop diagrams contributing to heavy-neutrino decays.
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εi ¼ −
1

8π

X
i≠k

Imðhν†hνÞ2ik
ðhν†hνÞii

F

�
M2

k

M2
i

�
: ð76Þ

In the case of hierarchical heavy neutrinos one obtains

F

�
M2

k

M2
i

�
≃ −

3

2

Mi

Mk
; ð77Þ

and the CP asymmetry can be written as

εi ¼ −
3

16π

Mi

v2EWðhν†hνÞii
Imðhν†mνhν�Þii: ð78Þ

For small mass differences, jMi −Mkj ≪ Mi þMk, the CP
asymmetry is dominated by the self-energy contribution15 in
Fig. 12 and enhanced (Covi, Roulet, and Vissani, 1996):

F

�
M2

k

M2
i

�
≃ −

MiMk

M2
k −M2

i
: ð79Þ

Once mass differences become of the order of the decay
widths, one reaches a resonance regime (Covi and Roulet,
1997; Pilaftsis, 1997) where resummations are necessary.
Thus far we have considered the seesaw mechanism with

right-handed neutrinos, often referred to as the type-I seesaw.
Alternatively, light-neutrino masses can result from couplings
to heavy SUð2Þ triplet fields (Mohapatra and Senjanovic,
1980, 1981; Lazarides, Shafi, and Wetterich, 1981; Wetterich,
1981), which is referred to as the type-II seesaw. In this case
the complete light-neutrino mass matrix reads

mν ¼ −mD
1

M
mT

D þmtriplet
ν : ð80Þ

Such matrices are obtained in left-right symmetric extensions
of the standard model; for a review, see Mohapatra and
Smirnov (2006). Furthermore, one can consider the exchange
of heavy SUð2Þ triplet fermions, which is referred to as the
type-III seesaw (Foot et al., 1989).
In addition to the Majorana mass matrix M the charged

lepton mass matrix me ¼ hevEW can be chosen diagonal and
real without loss of generality. The Dirac neutrino mass matrix
mD is then a general complex matrix with nine complex
parameters and therefore nine possible CP-violating phases.
Three of these phases can be absorbed into the lepton doublets
lL, and hence six CP-violating phases remain physical. These
are known as high-energy phases, and the CP asymmetries εi
in Ni decays depend on these phases. The light-neutrino mass
matrix is symmetric, with six complex parameters. As before,
three of the phases can be absorbed into the lepton doublets lL,
so three phases are physical: the Dirac phase δ that is
measured in neutrino oscillations and two Majorana phases
α1;2 that affect the rate for neutrinoless double-β decay

(Bilenky, Hosek, and Petcov, 1980; Schechter and Valle,
1980). There is no direct link between the high-energy and
low-energy CP-violating phases, but interesting connections
exist in particular models (Branco, Gonzalez Felipe, and
Joaquim, 2012).

B. Kinetic equations

Thermal leptogenesis is an intricate nonequilibrium process
in the hot plasma in the early Universe that involves decays,
inverse decays, and scatterings of heavy Majorana neutrinos
N, left-handed leptons l and l̄, complex Higgs scalars ϕ and ϕ̄,
gauge bosons, and quarks. A key role is played by weakly
coupled heavy Majorana neutrinos. In the expanding Universe
they first reach thermal equilibrium and then fall out of
thermal equilibrium, such that CP- and lepton-number-
violating processes lead to a lepton asymmetry and, via
sphaleron processes, also a baryon asymmetry.
The main ingredients of the nonequilibrium process can be

understood by considering a simple set of Boltzmann equa-
tions, neglecting the differences between Bose-Einstein and
Fermi-Dirac distribution functions, as in classical GUT baryo-
genesis (Kolb and Wolfram, 1980; Harvey et al., 1982; Kolb
and Turner, 1990). Relativistic corrections and a full quantum
field-theoretical treatment are discussed in Sec. IV.F. For
simplicity, we restrict ourselves in the following to hierarchi-
cal heavy neutrinos where the lightest one (N) with mass M
dominates leptogenesis. We also sum over lepton flavors in N
decays (one-flavor approximation).
We assume that at high temperatures T ≫ M the heavy

neutrinos are in thermal equilibrium, i.e.,

nN ¼ 3
4
nγ; ð81Þ

where nγ is the photon number density and the factor 3=4
reflects the difference between the Bose and Fermi statistics.
The heavy neutrinos decay at a temperature Td, which is
determined by ΓN ∼HðTdÞ, where ΓN and H are the decay
width and Hubble parameter, respectively. For leptogenesis
one has Td ≲M and the number density nNðTdÞ slightly
exceeds the equilibrium number density. This departure
from thermal equilibrium, together with the CP-violating
partial decay widths [see Eq. (73)], leads to the lepton
asymmetry

nl − nl̄
nγ

¼ ε
nN
nγ

∼
3

4
ε: ð82Þ

More realistically, one has to include inverse decays
lϕ; l̄ ϕ̄ → N in the calculation of the asymmetry. In general,
the time evolution of a system is governed by reaction densities,
i.e., the number of reactions aþ bþ � � � → cþ dþ � � � per
time and volume:

γðaþbþ���→cþdþ���Þ

¼
Z

dΦfaðpaÞfbðpbÞ��� jMðaþbþ���→cþdþ���Þj2;

ð83Þ

15The self-energy part in Fig. 12 is part of the inverse heavy-
neutrino propagator matrix. Unstable particles are defined as poles
in S-matrix elements of stable particles whose residues yield their
couplings. Such a procedure confirms the results of Eqs. (77) and (79)
to leading order in the couplings (Buchmuller and Plumacher, 1998).
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where in first approximationM is a zero-temperature S-matrix
element and

dΦ ¼ d3pa

ð2πÞ32Ea
� � � ð2πÞ4δ4ðpa þ � � � − pc − � � �Þ ð84Þ

is the phase-space volume element. Important thermal and
quantum corrections to Eq. (83) are discussed in Sec. IV.F.
It turns out that in the considered scenario kinetic equilib-

rium is a good approximation. In this case the distribution
functions differ from the corresponding equilibrium distribu-
tion functions only by the normalization:

faðpÞ ¼
na
neqa

feqa ðpÞ; ð85Þ

and reaction densities are proportional to equilibrium reaction
densities,

γðN → lϕÞ ¼ nN
neqN

γeqðN → lϕÞ: ð86Þ

Taking the expansion of the Universe into account, one then
obtains for the change of the heavy-neutrino number density
with time

_nN þ 3HnN ¼ −
nN
neqN

½γeqðN → lϕÞ þ γeqðN → l̄ ϕ̄Þ�

þ γeqðlϕ → NÞ þ γeqðl̄ ϕ̄ → NÞ: ð87Þ

The reaction densities for neutrino decays into CP-conjugate
final states differ by the CP asymmetry ε:

γeqðN → lϕÞ ¼ 1þ ε

2
γN;

γeqðN → l̄ ϕ̄Þ ¼ 1 − ε

2
γN; ð88Þ

and the reaction densities for decays and inverse decays are
related by CPT invariance:

γeqðl̄ ϕ̄ → NÞ ¼ γeqðN → lϕÞ; γeqðlϕ → NÞ ¼ γeqðN → l̄ ϕ̄Þ:
ð89Þ

Together with Eq. (87), Eq. (89) yields the following kinetic
equation for the heavy-neutrino number density:

_nN þ 3HnN ¼ −
�
nN
neqN

− 1

�
γN: ð90Þ

Integrating Eq. (90) yields the time dependence of the
N-number density, which is determined by the expansion
of the Universe and the departure from thermal equilibrium.
The lepton asymmetry is generated by heavy-neutrino

decays and inverse decays as well as 2 → 2 processes (see
Fig. 13) with reaction densities such as

γðlϕ → l̄ ϕ̄Þ ¼
Z

dΦflðp1Þfϕðp2ÞjM̂ðlϕ → l̄ ϕ̄Þj2: ð91Þ

Here M̂ is the matrix element for lϕ → l̄ ϕ̄, from which the
contribution of N as the real intermediate state (RIS) has been
subtracted since this is already accounted for by decays and
inverse decays. Neglecting the effects of Fermi and Bose
statistics the distribution functions can be approximated as

fl;ϕðpÞ ¼
nl;ϕ
neql;ϕ

feql;ϕðpÞ ≃
nl;ϕ
neql;ϕ

e−β½EðpÞ−μl;ϕ�; ð92Þ

where μl and μϕ are the chemical potentials of the lepton and
the Higgs boson, respectively. The change of the lepton-
number density with time is given by

_nl þ 3Hnl ¼
nN
neqN

γeqðN → lϕÞ − nl
neql

γeqðlϕ → NÞ

þ nl̄
neq
l̄

γeqðl̄ ϕ̄ → lϕÞ − nl
neql

γeqðlϕ → l̄ ϕ̄Þ: ð93Þ

The corresponding equation for nl̄ is obtained by interchang-
ing l;ϕ with l̄; ϕ̄. An important property of the decay and
scattering processes in the plasma is the unitarity of the zero-
temperature S matrix

X
i

½jMðlϕ → iÞj2 − jMði → lϕÞj2� ¼ 0: ð94Þ

For i ¼ l0ϕ0; l̄ ϕ̄ with El þ Eϕ ¼ El0 þ Eϕ0 ¼ El̄ þ Eϕ̄, this
implies16

X
lϕ;l̄ ϕ̄

½jMðlϕ → l̄ ϕ̄Þj2 − jMðl̄ ϕ̄ → lϕÞj2� ¼ 0: ð95Þ

Expressing the lepton-number densites in terms of the B − L
number density as17

nl ¼ neql − 1
2
nB−L; nl̄ ¼ neql þ 1

2
nB−L; ð96Þ

one obtains from Eqs. (93) and (95) the following kinetic
equation for the B − L density:

_nB−L þ 3HnB−L ¼ −ε
�
nN
neqN

− 1

�
γN −

1

2

nB−L
neql

γN: ð97Þ

The generation of the B − L asymmetry is driven by the
departure of the heavy neutrinos from equilibrium and the CP
asymmetry ε, and inverse decays also cause a washout of an
existing B − L asymmetry. Note that only the reaction density
for N decays enters into Eq. (97); the reaction density for the
two-to-two process in Eq. (93) drops out.

16This also holds for the RIS subtracted matrix elements.
17Here we follow the usual treatment and ignore sphaleron

processes during the generation of the lepton asymmetry. Sphaleron
effects are then included by relating the final L or B − L asymmetry
to the baryon asymmetry using Eq. (39); see Eq. (104). This amounts
to neglecting “spectator processes” that can be taken into account in a
more complete treatment (Buchmuller and Plumacher, 2001; Nardi,
Nir, Racker, and Roulet, 2006; Garbrecht and Schwaller, 2014).
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An important part of the B − L washout is the ΔL ¼ 2

processes ll → ϕϕ and lϕ → l̄ ϕ̄ with RIS subtracted reaction
densities18

γeqsubðlϕ → l̄ ϕ̄Þ ¼ γΔL¼2;þ þ 1
2
εγN;

γeqsubðl̄ ϕ̄ → lϕÞ ¼ γΔL¼2;þ − 1
2
εγN;

γeqðll → ϕ̄ ϕ̄Þ ¼ γeqðl̄ l̄ → ϕϕÞ ¼ γΔL¼2;t: ð98Þ

When one includes the ΔL ¼ 2washout processes, the kinetic
equation for the B − L asymmetry becomes

_nB−L þ 3HnB−L ¼ −ε
�
nN
neqN

− 1

�
γN −

nB−L
neql

�
1

2
γN þ γΔL¼2

�
;

ð99Þ

where γΔL¼2 ¼ 2γΔL¼2;þ þ 2γΔL¼2;t. Note that the full
Boltzmann equation for the number density nB−L also depends
on the number densities of charged leptons, quarks, and Higgs
boson, which satisfy their own Boltzmann equations. The
corresponding chemical potentials are all coupled by the
sphaleron processes. A discussion of such “spectator proc-
esses” can be found in Sec. IV.F and in Buchmuller and
Plumacher (2001), Nardi, Nir, Racker, and Roulet (2006),
and Garbrecht and Schwaller (2014). They can affect the final
B − L asymmetry by a factor of Oð1Þ.
Early studies of leptogenesis were partly motivated by

trying to find alternatives to electroweak baryogenesis, which
did not seem to produce a large enough asymmetry. Several
extensions of the standard model with hierarchical heavy-
neutrino masses were found that could explain the observed
value of the baryon asymmetry (Langacker, Peccei, and
Yanagida, 1986; Luty, 1992; Gherghetta and Jungman,
1993). At that time models with keV-scale light neutrinos
were still considered. After washout processes were correctly
taken into account, it was realized that for hierarchical
mass matrices inspired by SOð10Þ GUTs neutrino masses
below 1 eV were favored (Buchmuller and Plumacher,
1996). Subsequently, atmospheric neutrino oscillations were

FIG. 13. Decays and inverse decays of heavy neutrinos, ΔL ¼ 2 processes with virtual intermediate heavy neutrinos, and ΔL ¼ 1
scattering processes.

18The RIS subtraction is a delicate issue. The original, widely used
prescription given by Kolb and Wolfram (1980) and Harvey et al.
(1982) turned out to be incorrect, as observed by Giudice et al.
(2004). A detailed discussion was given in Appendix A of
Buchmuller, Di Bari, and Plumacher (2005).
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discovered, which led to a strongly rising interest in
leptogenesis and a large number of interesting models; for
reviews and references, see Mohapatra and Smirnov (2006)
and Altarelli and Feruglio (2010). The minimal seesaw model
for leptogenesis contains two right-handed neutrinos
(Frampton, Glashow, and Yanagida, 2002). This class of
models was recently reviewed by Xing and Zhao (2020).

C. Thermal leptogenesis

1. One-flavor approximation

To understand the nonequilibrium process of thermal
leptogenesis one has to compare the reaction rates per particle
with the Hubble parameter as a function of temperature or,
more conveniently, z ¼ M=T. The decay and washout rates
are obtained by dividing the reaction densities by the relevant
equilibrium number densities:

ΓN ¼ 1

neqN
γN; ΓW ¼ 1

neql

�
1

2
γN þ γΔL¼2

�
: ð100Þ

At low temperatures (z > 1), decays and inverse decays
dominate N production and B − L washout, whereas at high
temperatures (z < 1) 2 → 2 scatterings with rate ΓS are
equally important; see Fig. 13 and Sec. IV.F for details. All
rates have to be evaluated as functions of z by performing a
thermal average over the corresponding matrix elements
(Luty, 1992; Plumacher, 1997; Biondini et al., 2018). They
are compared to the Hubble parameter in the upper panel of
Fig. 14. For z < 1, all processes are out of thermal equilibrium
(ΓD;W;S < H). Around z ∼ 1, the various processes come into
thermal equilibrium. Heavy neutrinos now decay and, since
their number density slightly exceeds the equilibrium number
density, a B − L asymmetry is generated in these decays. As
long as washout processes are in equilibrium, the asymmetry
is partly washed out again. At z > 1, N production is
kinematically suppressed, the washout processes eventually

get out of equilibrium at some zL, and the B − L asymmetry is
frozen in.
In the kinetic equations (90) and (99) the Hubble parameter

appears. It is convenient to separate the time dependence of
the leptogenesis process from the expansion of the Universe.
This can be achieved by considering the ratio of a number
density nX to the entropy density YX ¼ nX=s, or the product
of nX and the comoving volume occupied by one particle,
such as a photon, i.e., NX ¼ 2nX=nγ , at some time before the
onset of leptogenesis. For the standard model in the high-
temperature phase, assuming one relativistic heavy-neutrino
species, one has s ¼ 217π4=½90ζð3Þ�nγ (Kolb and Turner,
1990), and therefore

YXðzÞ ¼
45ζð3Þ
217π4

NXðzÞ; z < 1: ð101Þ

Changing variables and defining the rescaled reaction rates
D ¼ ΓN=Hz and W ¼ ΓW=Hz, the kinetic equations (90)
and (99) take the simple form

dNN

dz
¼ −DðNN − Neq

N Þ;
dNB−L

dz
¼ −εDðNN − NeqÞ −WNB−L: ð102Þ

The maximal B − L asymmetry to which leptogenesis can
lead is determined by the CP asymmetry in N decays out of
equilibrium, as described by Eq. (82). The coupling of the
heavy neutrinos to the thermal bath implies a suppression
of the final asymmetry Nf

B−L ¼ NB−Lðz ≫ 1Þ, which is
expressed in terms of an efficiency factor κ (Barbieri et al.,
2000) as

Nf
B−L ¼ −3

4
εκf ; ð103Þ

where the factor 3=4 is taken from the Fermi statistics. During
the evolution of the Universe the B − L asymmetry in a

FIG. 14. Top panel: decay, scattering, and washout rates normalized to the Hubble parameter at z ¼ 1 compared to the Hubble
parameter HðzÞ. The two branches of ΓW at z ≪ 1 represent approximate upper and lower bounds. Bottom panel: evolution of N1

abundance and B − L asymmetry for both thermal and zero initial abundance. The neutrino parameters are M1 ¼ 1010 GeV,
m̃1 ¼ 10−3 GeV, and m̄ ¼ 0.05 GeV. From Buchmuller, Di Bari, and Plumacher, 2002b.
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comoving volume element remains constant, whereas the
number of photons increases. The measured baryon-to-photon
ratio at recombination is then given by

ηB ¼ nB
nγ

¼ 3

4

cs
f
εκf ≃ ηB ≃ 0.96 × 10−2εκf : ð104Þ

Here cs is the fraction of B − L asymmetry converted into a
baryon asymmetry by sphaleron processes [see Eq. (39)], and
the dilution factor f is the increase of the number of photons in
a comoving volume element. In the standard model with one
heavy neutrino one has cs ¼ 28=79 and f ¼ 2387=86.
In the upper panel of Fig. 14 decay and washout rates are

depicted for a representative choice of neutrino masses. The
lower panel shows solutions of the kinetic equations (102) for
the same mass parameters and two different choices of initial
conditions, namely, thermal and zero initial N abundance. For
thermal initial abundance the number NN always exceeds the
equilibrium value Neq

N , and the asymmetry jNB−Lj continu-
ously increases toward its final value. For zero initial
abundance NN − Neq

N is first negative. It changes sign just
above z ¼ 1, where also jNB−Lj passes through zero. For the
chosen neutrino mass parameters the final B-L asymmetry is
almost independent of the initial condition. The value of the
baryon-to-photon ratio ηB ∼ 0.01Nf

B−L is in agreement with
observations.
The generated B-L asymmetry strongly depends on neu-

trino parameters, and it is noteworthy that for masses and
mixings consistent with neutrino oscillations the observed
baryon-to-photon ratio is naturally obtained. The robustness
of the leptogenesis mechanism is largly due to the fact that for
neutrino masses below 0.1 eV the B-L asymmetry is essen-
tially determined only by decays and inverse decays. The
heavy neutrinos decay at z > 1, such that scattering processes

are unimportant, and for small neutrino masses ΔL ¼ 2

washout processes are suppressed (Buchmuller, Di Bari,
and Plumacher, 2005). Moreover, relativistic corrections are
small. In the case where a summation of the lepton flavors in
the final state is performed, the efficiency factor depends only
on m̃1 and Mm̄2, where the effective light-neutrino mass m̃1

and the absolute neutrino mass scale m̄ are defined as

m̃1 ¼
ðhν†hνÞ11v2EW

M1

; m̄ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þm2
2 þm2

3

q
: ð105Þ

For m̄ ≲ 0.1 eV and M ≲ 1014 GeV, the efficiency factor κf
depends only on m̃1. As the left panel of Fig. 15 illustrates,
there are two regimes, with “weak” and “strong” washout,
corresponding to

m̃1 < m�; m̃1 > m�; ð106Þ

respectively, where m� is the equilibrium neutrino mass:

m� ¼
16π5=2

ffiffiffiffiffi
g�

p

3
ffiffiffi
5

p v2

MP
≃ 1.08 × 10−3 eV: ð107Þ

The ratio m̃1=m� ¼ ΓDðz ¼ ∞Þ=Hðz ¼ 1Þ≡ K was previ-
ously introduced in GUT baryogenesis (Kolb and Wolfram,
1980). In the weak-washout regime κfðm̃1Þ strongly depends
on the initial conditions (thermal versus zero initial abun-
dance) and on the rate for ΔL ¼ 1 scattering processes (the
hatched area in Fig. 15). On the contrary, in the strong-
washout regime the efficiency factor is universal, with an
uncertainty of about 50%:

κf ¼ ð2� 1Þ × 10−2
�
0.01 eV

m̃1

�
1.1�0.1

: ð108Þ

FIG. 15. Left panel: efficiency factor κf as a function of the effective neutrino mass m̃1. The hatched region represents the theoretical
uncertainty due to ΔL ¼ 1 scattering processes, the dashed lines indicate analytical results, and the circled line is a power-law fit. Right
panel: upper and lower bounds on the heavy-neutrino massM1 (the weaker lower bound corresponds to thermal initial conditions). The
dotted line is a lower bound on the initial temperature Ti; the gray triangle is excluded by theoretical consistency and the circled lines
represent analytical results. In both panels the vertical lines indicate the range ðmsol; matmÞ (see the text). From Buchmuller, Di Bari, and
Plumacher, 2005.
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Moreover, the dependence of the final B − L asymmetry on
some other initial B − L asymmetry, independent of lepto-
genesis, is significantly suppressed in the strong-washout
regime. It is noteworthy that the neutrino mass range indicated
by solar and atmospheric neutrinos lies inside the strong-
washout regime where the generated B − L asymmetry is
essentially determined by decays and inverse decays and
therefore largely independent of initial conditions and theo-
retical uncertainties.
In the case of hierarchical heavy neutrinos the maximal CP

asymmetry in N decays reads (Davidson and Ibarra, 2002;
Hamaguchi, Murayama, and Yanagida, 2002)

εmax ¼
3

16π

Mmatm

v2
≃ 10−6

�
M

1010 GeV

�
: ð109Þ

As we know the maximal efficiency factor, Eq. (109) implies a
lower bound on the smallest heavy-neutrino mass M. From
Fig. 15 one reads off κmax ∼ 1 and κmax ∼ 0.1 for thermal and
zero initial abundance, respectively. A baryon-to-photon ratio
ηB ∼ 10−9 then requires a heavy-neutrino mass M ≳ 108 and
109 GeV for the two different initial conditions, respectively.
The precise dependence of the lower bound on m̃1 is shown in
the right panel of Fig. 15.
The ΔL ¼ 2 washout term leads to an upper bound on

heavy-neutrino masses and also to an important upper bound
on the light-neutrino masses (Buchmuller, Di Bari, and
Plumacher, 2002a). An analysis of the solution of the kinetic
equations (102) shows that in the strong-washout regime,
which is defined by m̃1 ≳m�, the B-L asymmetry is produced
close to zBðm̃1Þ ∼ 2m�=m̃1κfðm̃1Þ, and the complete effi-
ciency factor is given by

κ̄fðm̃1; Mm̄2Þ ≃ κfðm̃1Þ exp
�
−
ω

zB

�
M

1010 GeV

��
m̄
eV

�
2
�
;

ð110Þ

where ω ≃ 0.2. For too large values ofM and m̄, the generated
B − L asymmetry is too small relative to observations. A
quantitative analysis yields for M the upper bound shown in
Fig. 15, and for the light-neutrino masses one finds
mi < 0.12 eV. Assuming m̃1 ¼ OðmiÞ, successful leptogen-
esis then implies for the light neutrinos the optimal mass
window

10−3 ≲mi ≲ 0.1 eV: ð111Þ

It is notable that the cosmological bound on the sum of
neutrino masses (Aghanim et al., 2018), which has become
increasingly stringent over the past two decades, is consistent
with this mass window. Note, however, that the upper bound
on the light-neutrino masses holds only in type-I seesaw
models. In type-II models, where a triplet contribution
appears in the neutrino mass matrix as in left-right symmetric
models, the direct connection between neutrino masses and
leptogenesis is lost (Antusch and King, 2004; Hambye and
Senjanovic, 2004).
The maximal CP asymmetry [Eq. (109)], and therefore the

lower bound on the heavy-neutrino mass M1, depends on the

measured value of matm. What can one say without knowing
the result from atmospheric neutrino oscillations? In this case
the Planck mass and the Fermi scale still yield the neutrino
mass scale m� [see Eq. (107)], which determines the nor-
malization of m̃1 in the efficiency factor κf [Eq. (108)]. From
the full efficiency factor [Eq. (110)] one can then determine
the maximal baryon asymmetry as a function of m̃1 and m3,
which is reached at m̃1 ≃ 2 × 10−3 eV, i.e., in the strong-
washout regime (Buchmuller, Di Bari, and Plumacher, 2004).
This leads to the upper and lower bounds m3 ≲ 250 eV and
M1 ≳ 2 × 106 GeV, respectively.
In GUTs with hierarchical heavy right-handed neutrinos

(M1 ≪ M2 ≪ M3 ∼ vB−L ∼ 1015 GeV), a simple estimate
yields the right order of magnitude for the baryon-to-photon
ratio (Buchmuller and Plumacher, 1996, 1999). To understand
this, consider the CP asymmetry ε1 given in Eq. (78), assume
normal ordering, and keep the largest contribution propor-
tional to the light-neutrino mass m3. With hνi1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðhν†hνÞ11

p
∝

δi3 and using Eq. (71), one obtains

ε1 ∼ 0.1
m3M1

v2EW
∼ 0.1

M1

M3

: ð112Þ

For a heavy-neutrino mass hierarchy similar to the hierarchies
in the quark and charged lepton sectors, i.e., M1=M3 ∼
10−5 � � � 10−4, and an efficiency factor κf ∼ 10−2 � � � 10−1,
the baryon-to-photon ratio is given by [see Eq. (104)]

ηB ∼ 10−2ε1κf ∼ 10−10 � � � 10−8; ð113Þ

which is in agreement with observation.
The ΔL ¼ 2 washout terms play a crucial role in

obtaining upper bounds on light- and heavy-neutrino masses.
Correspondingly, a discovery of lepton-number-violating
dilepton events at the LHC could be used to falsify lepto-
genesis since the production cross section of these events is
directly related to a ΔL ¼ 2 washout term that, if large
enough, would erase any baryon asymmetry. This has been
demonstrated in the context of left-right symmetric models
(Frère, Hambye, and Vertongen, 2009), as well as in a model-
independent approach (Deppisch, Harz, and Hirsch, 2014).

2. Flavor effects

Thus far we have discussed leptogenesis in the “one-flavor
approximation,” where one sums over lepton flavors in the
final state. This approximation is valid only at high temper-
atures where lepton-Higgs interactions in the thermal plasma
can be neglected. In general, flavor effects can have an
important impact on leptogenesis (Barbieri et al., 2000;
Endoh, Morozumi, and Xiong, 2004; Abada et al., 2006;
Nardi, Nir, Roulet, and Racker, 2006; Blanchet, Di Bari, and
Raffelt, 2007).
We first consider the simplest case where the lightest

heavy neutrino N1 ≡ N couples to the following combination
of lepton flavors given by the Yukawa couplings hνi1 [see
Eq. (74)]:
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jl1i ¼
X

i¼e;μ;τ

C1ijlii; C1i ¼
hνi1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðhν†hνÞ11
p : ð114Þ

As the Universe expands, Hubble parameter and Yukawa rates
decrease as H ∼ T2=MP and ΓY ∼ g2YT, respectively. Hence,
with gτ ∼ 5 × 10−3, left- and right-handed τ neutrinos are in
thermal equilibrium for temperatures below the temperature
Tτ, where

ΓτðTτÞ ∼
g2τ
4π

Tτ ∼ 10−6Tτ ∼HðTτÞ; ð115Þ

which implies Tτ ∼ 1012 GeV. Below Tτ interactions with τ
leptons in the thermal bath destroy the coherence of the
lepton state produced in N decay. Hence, one has to consider
Boltzmann equations for the components parallel and
orthogonal to τ separately. With

pτ ¼ jC1τj2; pτ⊥ ¼ 1 − jC1τj2; hτjτ⊥i ¼ 0; ð116Þ

one obtains

dNN

dz
¼ −DðNN − Neq

N Þ;
dNττ

dz
¼ εττDðNN − NeqÞ − pτWNττ;

dNτ⊥τ⊥

dz
¼ ετ⊥τ⊥DðNN − NeqÞ − pτ⊥WNτ⊥τ⊥ : ð117Þ

For the produced B − L asymmetry these equations yield the
flavor structure

NB−L ∝
�
εττ
pττ

þ ετ⊥τ⊥

pτ⊥τ⊥

�

∝ εττ

�
1

pττ
−

1

1 − pττ

�
: ð118Þ

A complete expression for the B − L asymmetry in the two-
flavor regime was given by Blanchet and Bari (2009). For
temperatures far below Tτ all three lepton flavors have to be
taken into account. Instead of Eqs. (117) one then obtains an
involved system of Boltzmann equations or, depending on the
temperature regime, kinetic equations for the lepton density
matrix (Blanchet et al., 2013).
Flavor effects, together with tuning of the parameters of the

seesaw mass matrix, can be used to lower the leptogenesis
temperature significantly below T ∼ 1010 GeV, which was
considered in the previous section (Blanchet and Bari, 2009).
Recently a detailed study of this type was carried out by
Moffat et al. (2018), who took masses and mixings of all three
light and heavy Majorana neutrinos into account. A code to
solve these Boltzmann equations was published by Granelli
et al. (2020). Two sets of neutrino parameters, fitted to the
measured neutrino parameters and the observed baryon
asymmetry, are shown in Table I. The two sets S2 and S3
correspond to normal hierarchy for the light neutrinos and to a
mild mass hierarchy for heavy neutrinos. Mixing angles and
mass ratios of the light neutrinos are essentially fixed by
observation. In both cases the smallest neutrino mass lies in
the mass window [Eq. (111)], whereas the Dirac phase and
Majorana phases vary significantly. Correspondingly, the
flavor dependence of the B − L asymmetry is different in
the two cases. The dependence on the mixing parameters of
the heavy neutrinos is not listed. An important aspect of the
flavor effects is the mass scale of the heavy neutrinos, which
lies significantly below the lower bound derived in the one-
flavor approximation.

TABLE I. Two sets of neutrino masses and phases consistent with
the observed B − L asymmetry (only 5 out of 14 parameters are
listed). From Moffat et al., 2018.

δð∘Þ m1 (eV) M1 (GeV) M2 (GeV) M3 (GeV)

S2 88.26 0.079 106.5 107 107.5

S3 31.71 0.114 106.5 107.2 107.9

FIG. 16. Evolution of the B-L asymmetry for each lepton flavor as a function of z ¼ M1=T for the two sets of neutrino masses and
phases (left panel: S2; right panel: S3) listed in Table I. From Moffat et al., 2018.
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Compare the evolution of the B − L asymmetry in Fig. 16
to that shown in Fig. 14, where M1, the smallest heavy-
neutrino mass, is 3 orders of magnitude larger than in the
parameter sets S2 and S3. In Fig. 14 the generated asymmetry
before the thermal equilibrium of N1 is about the same as the
final B − L asymmetry, whereas in Fig. 16 there is a difference
of about 1 order of magnitude. The flavor composition of the
B − L asymmetry is significantly different for S2 and S3. Such
a behavior can occur due to cancellations between positive and
negative contributions to the asymmetry around z ≈ 1, as
discussed by Buchmuller, Di Bari, and Plumacher (2005).
Moreover, fine-tuning between tree-level contributions and
one-loop corrections to the light-neutrino mass matrix is
needed. On the whole the total B − L asymmetry is sensitive
to fine-tuning of the parameters, which is the price one pays
for lowering the heavy-neutrino mass scale relative to the
simple one-flavor approximation, thereby allowing for a low
reheating temperature.
An important aspect of the flavor dependence of lepto-

genesis is the effect on upper and lower bounds on light-
neutrino masses. The effect can be significant, but thus far it
has not been possible to obtain a complete picture in a model-
independent way. According to current estimates, it is possible
to relax the upper and lower bounds in Eq. (111) by about 1
order of magnitude, barring fine-tuning (Davidson, Nardi, and
Nir, 2008; Blanchet and Bari, 2012; Dev, Di Bari et al., 2018).
Moreover, spectator effects have to be taken into account
(Buchmuller and Plumacher, 2001; Nardi, Nir, Racker, and
Roulet, 2006; Garbrecht and Schwaller, 2014).
Our discussion of flavor effects has been limited to the case

where leptogenesis is dominated by the lightest heavy
neutrino N1. An alternative is dominance by the next-to-
lightest heavy neutrino N2 (Di Bari, 2005; Vives, 2006). More
possibilities were reviewed by Dev, Di Bari et al. (2018). The
treatment of flavor effects based on Kadanoff-Baym equations
(Beneke et al., 2011) is described in Sec. IV.F.
Continuous and discrete flavor symmetries play an impor-

tant role in restricting lepton masses and mixings, and in this
way they strongly effect leptogenesis. This has been exten-
sively discussed in the literature; comprehensive overviews

were given by Mohapatra and Smirnov (2006) and Altarelli
and Feruglio (2010).

3. Resonant leptogenesis

The standard temperature scale of thermal leptogenesis
(T ≳ 1010 GeV) can be significantly lowered by flavor effects.
A much more dramatic effect occurs when mass differences
between the heavy neutrinos are comparable to the heavy-
neutrino decay widths, a case referred to as resonant
leptogenesis (Pilaftsis and Underwood, 2004). In this case
leptogenesis temperatures of the order of TeV are possible,
which implies the possibility of testing thermal leptogenesis
at high-energy colliders (Pilaftsis and Underwood, 2005).
Such models can be realized in extensions of the standard
model where the quasidegeneracy of the heavy neutrinos is a
consequence of approximate symmetries, as in supersymmet-
ric models, where soft supersymmetry breaking terms can
be much smaller than the heavy-neutrino mass terms; see
D’Ambrosio, Giudice, and Raidal (2003), Grossman et al.
(2003), Chen and Mahanthappa (2004), and Hambye, March-
Russell, and West (2004).
The formalism to treat this resonant regime was developed

in resummed perturbation theory (Pilaftsis and Underwood,
2004), on the basis of Kadanoff-Baym equations (Garny,
Kartavtsev, and Hohenegger, 2013), and using a density
matrix formalism (Bhupal Dev et al., 2015); for a review,
see Dev, Garny et al. (2018). In resummed perturbation theory
one computes the decay rates of heavy neutrinos Nα to leptons
l and the Higgs boson,

Γαl ¼ ΓðNα → lϕÞ; ΓC
αl ¼ ΓðNα → l̄ ϕ̄Þ; ð119Þ

in terms of resummed Yukawa couplings h̄ν
lα (Pilaftsis and

Underwood, 2004). The CP asymmetries are defined as usual:

δαl ≡ Γαl − ΓC
αlP

l¼e;μ;τðΓαl þ ΓC
αlÞ

¼ jh̄ν
lαj2 − jh̄νC

lα j2
ðh̄ν†h̄νÞαα þ ðh̄νC†h̄νCÞαα

: ð120Þ

FIG. 17. Resonant leptogenesis: lepton asymmetry ηL, with L ¼ Lτ, computed in a density matrix formalism for different initial
conditions (solid lines) compared to ηL obtained in a flavor-diagonal approximation (dashed lines). The model parameters are specified
in the table. From Bhupal Dev et al., 2015.
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For quasidegenerate heavy neutrinos the decay rates show
the typical resonant enhancement, and for two heavy
neutrinos one has obtained the result19 (Pilaftsis and
Underwood, 2004)

δαl ≈
Im½ðhν†

αlh
ν
lβÞðhν†hνÞαβ�

ðhν†hνÞααðhν†hνÞββ
×

ðm2
Nα

−m2
Nβ
ÞmNα

Γð0Þ
Nβ

ðm2
Nα

−m2
Nβ
Þ2 þm2

Nα
Γð0Þ2
Nβ

:

ð121Þ

A numerical example is shown in Fig. 17. The lepton
asymmetry is all in the τ flavor. It is notable that the mass of
the three heavy neutrinos can be lowered to mN ¼ 400 GeV.
The price is the extreme fine-tuning of mass differences
ΔM1=mN ¼ ðM1 −mNÞ=mN ∼ 10−5 and ΔM2=mN ¼
ðM2 −M3Þ=mN ∼ 10−9, with mN ¼ ðM2 þM3Þ=2. As in
the case discussed in Sec. IV.C.2 (see Fig. 16), the final
asymmetry jδLj is much smaller than the asymmetry jδLj
before the equilibrium of the heavy neutrinos, indicating the
sensitivity with respect to fine-tuning of the parameters.
Some special parameter region of resonant leptogenesis can

be probed at the LHC (Deppisch, Bhupal Dev, and Pilaftsis,
2015). At zero temperature the four real degrees of freedom
of the complex doublet ϕ become the physical Higgs H and
the longitudinal components of W and Z bosons. The heavy
neutrinos can decay into these bosons and leptons with decay
rates related to Eq. (119):

Γαl ¼ ΓðNα → l−lL þWþÞ þ ΓðNα → νlL þ Z;HÞ: ð122Þ

To obtain a sufficiently large cross section for heavy-neutrino
pair production it is necessary to extend the standard model by
an additional Uð1Þ gauge group and a corresponding Z0 gauge
boson. The produced heavy neutrinos then decay into l�LW

∓
or νLZ;H. This leads to interesting like-sign (lþlþ) and
opposite-sign (lþl−) dilepton events; see Fig. 18. The decay
amplitude is proportional to the light- and heavy-neutrino
mixing jVlN j ∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mν=mN

p ¼ Oð10−6Þ. Hence, the lifetime of
the decaying heavy neutrino N is long. This leads to displaced
vertices in the detector with a displacement length in the range
LLHC ∼ 1 mm � � � 1 m, which is within reach of the LHC
detectors; see Fig. 18. Complementary with Z0 models, TeV-
scale left-right symmetric models with quasidegenerate heavy
neutrinos can also be probed at the LHC (Bhupal Dev,
Mohapatra, and Zhang, 2019). Moreover, TeV-scale lepto-
genesis can be realized in left-right symmetric models with a
B-L breaking phase transition (Cline et al., 2002; Sahu and
Yajnik, 2005).

D. Sterile-neutrino oscillations

Thermal leptogenesis with out-of-equilibrium decays of
heavy Majorana sterile neutrinos can work down to masses
around the electroweak scale once the CP asymmetries in their
decays are resonantly enhanced. Leptogenesis with even lighter
sterile neutrinos that have masses OðGeVÞ is possible via
CP-violating oscillations among sterile neutrinos (Akhmedov,
Rubakov, and Smirnov, 1998). In this scenario the neutrino
Yukawa couplings are so small that at least one sterile-neutrino
flavor never reaches thermal equilibrium before sphaleron
freeze-out. Recently it was demonstrated that the regimes of
resonant leptogenesis and leptogenesis through oscillations are
in fact connected and allow for a unified description (Klarić,
Shaposhnikov, and Timiryasov, 2020).
The time evolution is described by kinetic equations for the

matrix of sterile-neutrino phase-space densities ρN (Sigl and

FIG. 18. Left panel: heavy-neutrino pair production and decay in an extension of the standard model with an additional Z0 boson. Right
panel: contours in the plane of neutrino mixing jVlN j and neutrino mass mN . The dashed red lines correspond to different branching
ratios BRðμ → eγÞ, and the blue lines correspond to two distances between displaced vertices at the LHC. From Deppisch, Bhupal Dev,
and Pilaftsis, 2015.

19The calculation of the CP asymmetry in the resonance regime is
subtle. For a thorough discussion see Anisimov, Broncano, and
Plumacher (2006), Garny, Kartavtsev, and Hohenegger (2013), and
Brdar et al. (2019).
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Raffelt, 1993), often referred to as the density matrix, and the
chemical potentials μα for B=3 − Lα (Asaka, Blanchet, and
Shaposhnikov, 2005; Canetti, Drewes, and Shaposhnikov,
2013; Canetti et al., 2013). Without Hubble expansion
they read

i
dρN
dt

¼ ½H; ρN � −
i
2
fΓN; ρN − ρeqg þ i

2
μαΓ̃α

N; ð123Þ

i
dρN̄
dt

¼½H�; ρN̄ � −
i
2
fΓ�

N; ρN̄ − ρeqg − i
2
μαΓ̃α�

N ; ð124Þ

and

i
dμα
dt

¼ −iΓα
Lμα þ itr½Γ̃α

LðρN − ρeqÞ� − itr½Γ̃α�
L ðρN̄ − ρeqÞ�:

ð125Þ

The SM particles are assumed to be in kinetic equilibrium. ρeq

is the equilibrium density matrix, ρN and ρN̄ correspond to
“particles” and “antiparticles” defined in terms of the Ni
helicities, H is the dispersive part of the finite-temperature
effective Hamiltonian, ΓN , Γα

L, and Γ̃α
L are rates accounting

for various scattering processes (see Sec. IV.F), and α ¼ e, μ,
and τ labels the lepton flavor. The equations describe thermal
sterile-neutrino production, oscillations, freeze-out, and
decay and were refined and extended by Hernández et al.
(2015, 2016), Ghiglieri and Laine (2017), and Bodeker and
Schröder (2020). Above the sphaleron freeze-out temperature
TEW ∼ 130 GeV, a lepton asymmetry, partially concerted to a
baryon asymmetry, is generated in CP-violating oscillations
of the sterile neutrinos that are thermally produced but do not
all equilibrate. With decreasing temperature the oscillations
become increasingly rapid. Eventually the off-diagonal ele-
ments of the density matrix effectively vanish in the mass
basis, and the oscillations come to an end. Below TEW the
baryon asymmetry is frozen, while the lepton number con-
tinues to evolve.
A much studied scenario is an extension of the SM by

three sterile neutrinos in which the two heavier ones (N2;3)
can generate the baryon asymmetry, and the lightest (N1)
is available as a dark matter candidate (the neutrino mini-
mal standard model). It is noteworthy that such a mini-
mal extension might account for neutrino oscillations, baryo-
genesis, and dark matter (Asaka, Blanchet, and Shaposhnikov,
2005; Asaka and Shaposhnikov, 2005). The observed baryon
asymmetry requires lepton chemical potentials μα=T ∼ 10−10

at T ∼ TEW. Below TEW, the sphaleron processes are ineffec-
tive, so a change of the lepton chemical potential no longer
affects the baryon asymmetry. Eventually, N2 and N3 decay
and thereby increase the lepton asymmetry. Now large lepton
chemical potentials are needed to generate, resonantly ampli-
fied, the observed amount of dark matter: μα=T ≳ 8 × 10−6 at
T ∼ 100 MeV. The lightest sterile neutrino N1 provides dark
matter. It has a mass in the range 1 < M1 ≲ 50 keV and small
mixings, 10−13 ≲ sin2ð2θα1Þ ≲ 10−7, such that the decay rate
is small and continues to survive. Various constraints are
shown in Fig. 19. Moreover, the scenario predicts that the

lightest neutrino mass effectively vanishes (m1 ≃ 0). This
scenario requires a high mass degeneracy of the heavier sterile
neutrinos (Canetti, Drewes, and Shaposhnikov, 2013; Canetti
et al., 2013)

jM2 −M3j=jM2 þM3j ∼ 10−11: ð126Þ

It is an interesting possibility that the predicted mono-
chromatic x-ray line produced by N1 dark matter decays
corresponds to an unidentified observed x-ray line at around
3.5 keV (Boyarsky et al., 2014; Bulbul et al., 2014). This
identification has been challenged by blank-sky observations
(Dessert, Rodd, and Safdi, 2020) but is still under discussion
(Boyarsky et al., 2020).
The extreme fine-tuning of the masses in Eq. (126) is no

longer needed if one does not require the generation of lepton
asymmetry for the resonant production ofN1. When processes
connecting active and sterile neutrinos with different helicities
are taken into account one finds that a 10% splitting is
sufficient (Antusch et al., 2018).
Models with 3 GeV–scale sterile neutrinos (Drewes and

Garbrecht, 2013), none of which contribute to the dark matter,
have a rich phenomenology. Depending on the parameters,
there can be resonant enhancement due to medium effects. In
this case only Oð1Þ tunings for sterile-neutrino masses and
mixings are required (Abada et al., 2019). Some results of a
parameter scan are shown in a mixing-mass plane for sterile
neutrinos in Fig. 20, where Uαi ≡ θαi ¼ ðmDM−1

M Þαi. There
successful leptogenesis is possible with sterile-neutrino

FIG. 19. Constraints on mass and mixing for N1 making up all
of dark matter. The colored regions are excluded. A lepton
asymmetry affects the proton-to-neutron ratio during big bang
nucleosynthesis (BBN), which gives rise to an upper limit on the
lepton asymmetry. The BBN limit given by the solid black line
holds if all of the input lepton asymmetry is only in the muon
flavor. The dashed line corresponds to the BBN limit if the lepton
asymmetry is split equally among all three flavors. Large mixing
angles are excluded because too much dark matter would be
produced, or because x rays from the decay N1 → νγ would have
already been detected. Additional constraints (not shown) come
from structure formation (Schneider, 2016). From Bodeker and
Klaus, 2020.
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masses in the range 0.1–50 GeV.20 It is encouraging that
mixings and masses with successful leptogenesis can be
probed through a number of ongoing experiments. Further
possibilities to test GeV-scale leptogenesis were discussed by
Chun et al. (2018).

E. Leptogenesis: A piece of a puzzle

In its original version leptogenesis was based on a GUT-
scale seesaw mechanism with hierarchical heavy Majorana
neutrinos. Since their masses are far above collider energies
one may wonder whether GUT-scale leptogenesis is at all
experimentally testable. In the following we therefore illus-
trate with a few examples some current hints and conceivable
future evidence for leptogenesis at the GUT scale. Both long-
baseline neutrino-oscillation experiments and cosmology can
be expected to play an important role.
It is instructive to compare possible tests for leptogenesis and

GUTs. Hints for grand unification are the fact that quarks and
leptons form complete representations of SUð5Þ, the simplest
simple group containing the standard model gauge group.
Moreover, the gauge couplings of strong and electroweak
interactions unify at a large energy scale (GUT scale), approx-
imately without supersymmetry and more precisely with
supersymmetry. A generic prediction of GUTs is proton decay.
Relations between Yukawa couplings are model dependent.
Together with proton decay branching ratios they contain
important information about the theory at the GUT scale.
In a similar way there are qualitative and quantitative hints

for GUT-scale leptogenesis; see Table II. Interactions in GUTs

change baryon and lepton number and the spontaneous
breaking of B − L can generate large Majorana masses for
right-handed neutrinos, the basis of leptogenesis. If Yukawa
couplings in the neutrino sector are similar to Yukawa
coupling for quarks and charged leptons, the seesaw for-
mula (67) automatically yields the right order of magnitude
of the neutrino mass scale in terms of the Fermi scale
vEW ∼ 100 GeV and the GUT scale vGUT ∼ 1015 GeV:

m3 ∼
v2EW
vGUT

∼ 10−2 eV: ð127Þ

A generic prediction of leptogenesis is that light neutrinos are
Majorana fermions, which can be probed in neutrinoless
double -β decay. Moreover, GUTs connect Yukawa matrices
in the neutrino sector with those in the charged lepton and
quark sectors. Depending on the GUT model, this leads to
predictions for neutrino masses and mixings and to relations
among the phases that yield the CP violation necessary for
leptogenesis.
As an example, consider the following pattern of Dirac

neutrino and charged lepton mass matrices that can be
obtained in the context of a Froggatt-Nielsen (FN) Uð1Þ-
flavor symmetry (Irges, Lavignac, and Ramond, 1998; Sato
and Yanagida, 1998):

mν ∼
v2EWsin

2β

vB−L
η2a

0
B@

η2 η η

η 1 1

η 1 1

1
CA; ð128Þ

me ∼ vEW cos βηa

0
B@

η3 η2 η

η2 η 1

η2 η 1

1
CA: ð129Þ

The model has two Higgs doublets Hu and Hd, which
replace ϕ and ϕ̃ in Eq. (66), respectively, and
vEW ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hHui2 þ hHdi2

p
. The vacuum expectation value

vB−L ∼ vGUT breaks B − L, and tan β ¼ hHui=hHdi. η ¼
1=

ffiffiffiffiffiffiffiffi
300

p
is the hierarchy parameter of the FN model, and a

and aþ 1 are the FN charges of the 5�-plets in an SUð5Þ GUT
model (Buchmuller and Yanagida, 1999).mν is determined by
the seesaw formula (67), where the FN charges of the right-
handed neutrinos drop out. Oð1Þ factors in the mass matrices
remain unspecified in a FN model.

FIG. 20. Mixing U2
μi of heavy neutrinos Ni with leptons lμ as a

function of the heavy-neutrino mass Mi. The gray region is
excluded by direct searches of heavy neutral leptons, and the
lines show the expected sensitivities for the ongoing T2K, NA62,
Belle II, LHCb, ATLAS, and CMS experiments. The parameter
f.t. measures the amount of fine-tuning for Yukawa couplings
needed for successful leptogenesis. From Abada et al., 2019.

TABLE II. Comparison between qualitative and quantitative as-
pects of GUTs and leptogenesis, respectively.

Grand unification GUT-scale leptogenesis

Fermion representations of SM Connection between B and L in
GUTs

Gauge coupling unification
(large GUT scale)

Small neutrino masses (GUT-scale
seesaw)

Proton decay Majorana neutrinos
Relations between Yukawa

couplings
Relation between B and L

asymmetries
Proton decay branching ratios Neutrino masses and mixings

20For larger masses the sterile neutrinos would be nonrelativistic at
TEW, in which case the computational method of Abada et al. (2019)
does not apply.

Dietrich Bödeker and Wilfried Buchmüller: Baryogenesis from the weak scale to the grand …

Rev. Mod. Phys., Vol. 93, No. 3, July–September 2021 035004-27



To find out whether a certain pattern of mass matrices can
describe the measured data, it is instructive to treat Oð1Þ
parameters as random numbers and to perform a statistical
analysis (Hall, Murayama, and Weiner, 2000; Sato and
Yanagida, 2000; Vissani, 2001). A detailed study taking the
two measured neutrino mass-squared differences and two
mixing angles as input was performed by Buchmuller,
Domcke, and Schmitz (2012a). The parameter scan leads to
a prediction for the “most likely” values of the third mixing
angle and for phases of the light-neutrino mass matrix.
Choosing tan β ∈ ½1; 60� with sin β ∈ ½1= ffiffiffi

2
p

; 1Þ, the param-
eter a ∈ ½0; 1� is determined from the normalization of me.
The effective B − L breaking scale v̄B−L ¼ vB−L=sin2βη2a is
determined by the normalization of mν and peaks at v̄B−L ¼
1 × 1015 GeV, i.e., close to the GUT scale. The most
interesting quantities for leptogenesis are the effective light-
neutrino mass m̃1 [see Eq. (105)], the CP asymmetry ε1 [see
Eq. (76)], and the absolute neutrino mass scale m̄
[see Eq. (105)] or, equivalently, m1. The statistical analysis
(see Fig. 21) implies normal hierarchy with the neutrino
masses

m1¼2.2þ1.7
−1.4 ×10−3 eV; m̃1¼4.0þ3.1

−2.0 ×10−2 eV; ð130Þ

and the CP asymmetry

ε1
εmax

¼ 0.25þ0.28
−0.18 ; ð131Þ

where the maximal CP asymmetry εmax is given in Eq. (109).
Note that the values for m1 and m̃1 lie inside the neutrino
mass window [Eq. (111)]. From Eqs. (104), (108), (130),
and (131) one obtains a lower bound on the mass of N1

(M1= sin2 β ≳ 3 × 1011 GeV) that is in accord with Fig. 15.
Hence, an SUð5Þ GUT model that successfully describes the
light-neutrino masses also naturally explains the observed
matter-antimatter asymmetry.
Neutrinoless double-beta decay is sensitive to the effective

mass mee, for which one obtains mee ¼ 1.5þ0.9
−0.8 × 10−3 eV.

Cosmological observations measure the sum of neutrino
masses, which is predicted to be mtot ¼ 6.0þ0.3

−0.3 × 10−2 eV.
Similar statistical analyses have been carried out by several
groups; see Altarelli et al. (2012) and Lu and Murayama
(2014). If the condition detðmνÞ ¼ 0 is imposed on the

light-neutrino mass matrix, the statistical analysis is also
sensitive on the leptonic Dirac phase δ (Kaneta, Tanimoto,
and Yanagida, 2017).
An important ingredient of leptogenesis is the CP-violating

phases in the neutrino mass matrices (Branco, Gonzalez
Felipe, and Joaquim, 2012; Hagedorn et al., 2018). Three
low-energy phases appear in the light-neutrino mass matrix,
the Dirac phase δ and the two Majorana phases α and β; see
Eq. (70). At present there is evidence for the Dirac neutrino
phase δ ≈ 3π=2 (Abe et al., 2020), and the observation of
neutrinoless double-beta decay would constrain the Majorana
phases α and β. In the one-flavor approximation, phases
beyond the measurable low-energy phases are needed to
obtain a nonvanishing CP asymmetry ε1. It is therefore
interesting that flavor effects can yield a nonzero CP asym-
metry even for vanishing high-energy phases (Nardi, Nir,
Roulet, and Racker, 2006; Blanchet and Bari, 2007; Branco,
Gonzalez Felipe, and Joaquim, 2007; Pascoli, Petcov, and
Riotto, 2007). This effect was studied in the two-flavor regime
109 < M1 < 1012 GeV by Branco, Gonzalez Felipe, and
Joaquim (2007) under the assumption that CP violation arises
solely from the left-handed neutrino sector. Successful
leptogenesis is obtained for 1010 < M1 < 1012 GeV and
m1 < 0.1 eV (see Fig. 22, left panel), and a relation between
the Dirac phase and one Majorana phase can be read off from
the right panel of Fig. 22. In some GUT models leptonic CP
violation can indeed be restricted to the left-handed lepton
sector. For instance, in the previously described SUð5Þ model
this is achieved by choosing the Yukawa couplings hν in
the manner described by Branco, Gonzalez Felipe, and
Joaquim (2007). Note that this does not affect CP violation
in the quark sector.
The absolute neutrino mass scale plays an important role

for washout processes. In the one-flavor approximation it
was shown that the generated lepton asymmetry becomes
rather insensitive to an initial lepton asymmetry of different
origin for light-neutrino masses in the strong-washout regime
(mi ≳ 10−3 eV) (Buchmuller, Di Bari, and Plumacher, 2003).
However, this lower bound on neutrino masses is sensitive to
flavor processes. In a range of parameter space where the
asymmetry generation is dominated by N2 and washout
processes by N1, respectively, this was analyzed by Di
Bari, King, and Fiorentin (2014). Some results of a parameter
scan are shown for the (m1,mee) plane in Fig. 23. Large initial
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FIG. 21. Relative frequency for the leptogenesis parameters (left panel) m̃1 and (right panel) ε1. The solid lines denote the position of
the median and the dashed lines are the boundaries of the 68% confidence region. From Buchmuller, Domcke, and Schmitz, 2012a.
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asymmetries, Ni
B−L ¼ 0.1ðredÞ; 0.01ðgreenÞ; 0.001ðblueÞ, can

be erased for m1 ≳ 10 meV. This has to be compared with
cosmological bounds on mtot. A combined analysis of CMB
and Lyman-alpha data yields the upper bound mtot < 0.12 eV
(Palanque-Delabrouille et al., 2015), which is consistent21

with recent Planck data combined with lensing and baryon
acoustic oscillation (BAO) data (Aghanim et al., 2018). A
measurement of a total neutrino massmtot ∼ 100 meV with an

uncertainty of ∼10 meV is challenging, but it would have a
strong impact on our understanding of leptogenesis.
The connection between leptogenesis and GUT models

has been studied in many explicit models. For examples and
references, see Mohapatra and Smirnov (2006) and Altarelli
and Feruglio (2010).

F. Toward a theory of leptogenesis

The description of a nonequilibrium process on the basis
of thermal field theory, and without any ad hoc assumptions,
is a highly nontrivial problem, even for simpler condensed-
matter systems. Owing to favorable circumstances that are
described later, over the years this goal has essentially been
reached for leptogenesis. Hence, this process can be expected
to be of general interest in statistical physics, independent of
cosmology.
Thermal leptogenesis takes place in an expanding

universe with decreasing temperature. Traditionally it
has been treated using a set of Boltzmann equations
containing S-matrix elements that assume scattering in
vacuum rather than in a hot plasma. Quantum interference
plays a key role in generating the asymmetry, and it is
important to understand whether and how this is affected
by the presence of the plasma. Furthermore, the role of
gauge interactions has long been unclear, and it turned out
that their role can be quite important. As in most of
Secs. IV.B and IV.C we consider hierarchical heavy
neutrinos in the following, and the relevant Yukawa
couplings hν are therefore small.
Leptogenesis is relatively simple compared to electroweak

baryogenesis for the following reasons.
(1) It is homogeneous.
(2) Few degrees of freedom are involved. Therefore, most

degrees of freedom are in thermal equilibrium.
(3) The neutrino Yukawa couplings are small. Therefore,

there is at least one good set of expansion para-
meters, which allows for well controlled perturbative
approximations.
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FIG. 22. Left panel: region of successful flavored leptogenesis in the (m1,M1) plane for zero and thermal initial N1 abundance. Right
panel: correlation between Dirac phase and Majorana phase yielding maximal baryon asymmetry (normal hierarchy). From Branco,
Gonzalez Felipe, and Joaquim, 2007.

FIG. 23. Scatterplot in the (m1,mee) plane where the washout
of large initial asymmetries is required: Ni

B−L ¼ 0.1ðredÞ;
0.01ðgreenÞ; 0.001ðblueÞ; the vertical lines indicate the values
of m1 in the three cases, beyond which 99% of the scatter points
are found. From Di Bari, King, and Fiorentin, 2014.

21Note, however, that based on CMB, BAO, lensing, and galaxy
counts, evidence for a nonvanishing total neutrino mass has been
claimed: mtot ¼ 0.320� 0.081 eV (Battye and Moss, 2014). This
result is in tension with leptogenesis.

Dietrich Bödeker and Wilfried Buchmüller: Baryogenesis from the weak scale to the grand …

Rev. Mod. Phys., Vol. 93, No. 3, July–September 2021 035004-29



Given the model, the values of the parameters, and the initial
condition, one can then systematically compute the produced
asymmetry in a controlled perturbative expansion.

1. Effective kinetic equations

In the limit of vanishing neutrino Yukawa couplings hν

some key quantities, such as B − L and the phase-space
density of sterile neutrinos, are covariantly conserved. Since
hν are small, these quantities change slowly. On the other
hand, many SM interactions, the so-called spectator processes,
are fast, leading to a hierarchy of timescales. Furthermore, the
bulk of the degrees of freedom of the system participates in the
spectator processes, giving rise to a well-defined temperature.
The time evolution of the slowly changing quantities is

determined by classical equations. When their values are
sufficiently close to their equilibrium values, the equations
are linear. Since the time evolution is slow, only first-time
derivatives appear.22 The coefficients in the equations depend
only on the temperature and can be written in terms of real-
time correlation functions evaluated at finite temperature, so
all medium effects are included. For weak coupling these
coefficients can be systematically calculated in perturbation
theory.
For an illustration, consider the simple case in which, by the

time the baryon asymmetry is produced, the temperature is
much smaller than the mass of the lightest sterile neutrino
N ≡ N1. The sterile neutrinos are then nonrelativistic, and
their motion can be neglected. Furthermore, assume that
Mi ≫ M1 for the other sterile neutrinos so that their density
can be neglected. Finally, assume that the temperature is so
high that none of the charged lepton Yukawa interactions are
fast. The only slow quantities are then the density of the
lightest sterile neutrino nN and B − L, and the nonequilibrium
system is described by the following effective kinetic equa-
tions (Bodeker and Wörmann, 2014):

_nN þ 3HnN ¼ −ΓNðnN − neqN Þ þ ΓN;B−LnB−L; ð132Þ

_nB−L þ 3HnB−L ¼ ΓB−L;NðnN − neqN Þ − ΓB−LnB−L; ð133Þ

while the rest of the degrees of freedom are determined by the
temperature T. The coefficients Γi depend only on T. Note
that Eqs. (132) and (133) have the same form as Eqs. (90)
and (99). However, to arrive at Eqs. (132) and (133), no
Boltzmann equation or S matrix was used: the only ingredient
was the separation of timescales. Correspondingly, Eqs. (132)
and (133) are valid to all orders in the SM coupling, and the
coefficients include the effect of all possible processes.
When describing the simplest possible case, Eqs. (132)

and (133) already display the general structure of all kinetic
equations describing leptogenesis. In general, the sterile
neutrinos must be described by phase-space densities, depend-
ing not only on time but also on momentum. This is because

relativistic effects can be important, and because the rates that
change the momenta of sterile neutrinos are parametrically of
the same size as for the change of number densities, so that
one cannot always assume kinetic equilibrium. Another
generalization is that the densities turn into flavor-space
matrices of densities, and that the spin of the sterile neutrinos
has to be accounted for as well.
The rate coefficients can be computed as follows. Even in

thermal equilibrium, physical quantities fluctuate around their
equilibrium values, and the fluctuations of slowly varying
variables are described by the same kinetic equations as the
deviations from equilibrium.23 Therefore, one can compute
unequal time correlation functions of slow variables using the
effective kinetic equations. By matching the result to the same
correlation function computed in quantum field theory at
frequencies Γi ≪ ω ≪ ωspec, one can relate Γi to correlation
functions of SM operators evaluated at finite temperature
(Bodeker and Laine, 2014).24 The most important correlation
function that one encounters is the two-point spectral function
of the operator to which the sterile neutrinos couple in
[see Eq. (66)]

ρ̃iðpÞ≡ 1

3

Z
d4x eip·xhfðϕ†liÞðxÞ; ðl̄iϕÞð0Þgi; ð134Þ

where the expectation value is taken in an equilibrium
ensemble of standard model fields only. For example, the
ΔL ¼ 1 washout rate in the one-flavor regime can be written
as (Bodeker and Laine, 2014)

ΓB−L ¼ jhνj2WΞ−1; ð135Þ

with

W ¼ −
Z

d3p
ð2πÞ3

f0FðE1Þ
2E1

trf=p½ρ̃ðpÞ þ ρ̃ð−pÞ�g; ð136Þ

where p0 ¼ E1. Furthermore,

Ξ≡ 1

TV
hðB − LÞ2i ð137Þ

is the B − L susceptibility. Its value depends on which
reactions are fast, i.e., which spectator processes are active.
At high temperatures (T ≫ 1013 GeV), where only SM gauge
interactions and the top-Yukawa interactions are fast, the
leading-order susceptibility is Ξ ¼ T2=4. Equation (135)
illustrates the general structure of the rates that consist of a
spectral function, which is a real-time-dependent quantity, and
an inverse susceptibility, which is determined using equilib-
rium thermodynamics. It can be compared to Eq. (100). When
SM interactions are neglected, W is proportional to the rate
γN . Furthermore, Ξ is then proportional to

R
d3pfFð1 − fFÞ,

22A restriction to first order in derivatives is the first approximation
in an expansion in derivatives. The corresponding expansion param-
eter is the ratio Γ=ωspec, where Γ is a typical rate at which the slow
variables are changing. Such corrections may be important in
leptogenesis through oscillations (Abada et al., 2019).

23The only difference is that the equations for the fluctuations
contain a noise term representing the fluctuations of the fast
variables; see Sec. 118 of Ref. (Landau and Lifshitz (1980).

24The condition ω ≫ Γi ensures that one does not need to resum
neutrino Yukawa interactions.
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where fF is the Fermi distribution function. If we approximate
this using Boltzmann statistics, Ξ is proportional to neql .
The rate ΓN in Eq. (132) contains the same spectral

function as ΓB−L (Bodeker, Sangel, and Wörmann, 2016;
Laine and Schroder, 2012). In fact, for leptogenesis
through sterile-neutrino oscillations all coefficients in the
kinetic equations can be written in terms of the spectral
function in Eq. (134) (Ghiglieri and Laine, 2017; Bodeker
and Schröder, 2020).
When computing the rates Γi in perturbation theory, one has

to distinguish among several temperature regimes. The non-
relativistic case T ≪ M1 is relevant mostly for thermal
leptogenesis in the strong-washout regime, while leptogenesis
through oscillations proceeds entirely in the ultrarelativistic
regime T ≳M1=g, where g denotes a combination of electro-
weak gauge and top-Yukawa coupling.
When T ≲M1, at leading order in the couplings the rates

are determined by decays and inverse decays. In addition to
these ΔL ¼ 1 processes, for the washout rate ΓB−L one has to
take into account the ΔL ¼ 2 processes, even though these are
OðhνÞ4 and thus appear to be highly suppressed. Nevertheless,
they play a crucial role at late times when T ≪ MN1

:
The ΔL ¼ 1 rates are then Boltzmann suppressed with
expð−MN=TÞ, while the ΔL ¼ 2 rates are only power
suppressed, so they eventually dominate at low T, which
causes the kink of ΓW in Fig. 14 (top panel). Since it plays a
role only at T ≪ M1, it can be obtained by integrating out
the sterile neutrinos. Instead of from Eq. (135) it follows
from the two-point function of the Weinberg operator
containing two Higgs and two lepton fields in Eq. (74)
(Sangel, 2016).
For T ≳M1 Eq. (132) is replaced by an equation for the

phase-space density with a momentum-dependent ΓN
25:

_fN þ 3Hp ·
∂fN
∂p ¼ −ΓNðpÞðfN − feqN Þ þ � � � . ð138Þ

On the other hand, the asymmetry is still described by a space
density because it is carried by SM particles that are kept in
kinetic equilibrium by the fast gauge interactions:

_nB−L þ 3HnB−L ¼
Z

d3p
ð2πÞ3 ΓB−L;NðpÞðfN − feqN Þ þ � � � :

ð139Þ

In the ultrarelativistic regime plasma effects have a pro-
found influence on the rates, and gauge interactions are
dominant. While at T ≲M1 the 2 → 2 scatterings are higher
order, the inverse decays are phase space suppressed when
T ≫ M1. Without taking into account thermal masses, the
2 → 2 scatterings would be dominant, as can be seen in
Fig. 14 (top panel). However, when the thermal masses of the
SM particles are included, both types of processes contribute

at leading order.26 The resulting production rate at vanishing
density ðdnN=dtÞnN¼0 ¼ 2ð2πÞ−3 R d3pΓNðpÞfeqN is shown in
Fig. 24 (dotted line). At high temperatures the rate is due to
Higgs decays that are made possible by the large thermal
Higgs mass. For a small sterile-neutrino mass this could be the
main source of the baryon asymmetry (Hambye and Teresi,
2016). Additional multiple interactions mediated by soft
gauge bosons turn out to be of crucial importance and
have to be resummed [Landau-Pomeranchuk-Migdal (LPM)
resummation; see Fig. 25], giving rise to the full curve in
Fig. 24 (Anisimov, Besak, and Bodeker, 2011).27 The same
results in the limit T ≫ M1 are shown in Fig. 26, together with
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FIG. 24. Number of produced Majorana neutrino per unit
time and unit volume as a function of the temperature for
MN ¼ 107 GeV. The dotted curve is the result with thermal
masses included but without any soft gauge interactions. The full
line includes an arbitray number of soft gauge interactions, as
illustrated in Fig. 25. From Anisimov, Besak, and Bodeker, 2011.

FIG. 25. Self-energy diagram with soft gauge bosons for
Majorana neutrino N, whose imaginary part contributes up to
leading order to the N-production rate. From Anisimov, Besak,
and Bodeker, 2011.

25Equations (123)–(125) are obtained using the simplifying
assumption that the sterile neutrinos are in kinetic equlibrium, even
though they interact only through their slow Yukawa interaction.
The full momentum dependence was treated by Asaka, Eijima, and
Ishida (2012).

26Except for scalar particles, thermal masses are not uniquely
defined. The ones that are relevant here are the so-called asymptotic
masses, which are valid for momenta of order T.

27Note that after the summation of soft gauge bosons spurious
gaps disappear that are caused by kinematical thresholds due to
thermal masses. Such gaps are present in the treatment of thermal
corrections given by Giudice et al. (2004).
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the 2 → 2 scattering rates. The LPM-resummed inverse
decays and the 2 → 2 scattering rates give similar contribu-
tions, with the latter dominating at higher temperatures. The
contributions involving gauge bosons increase the total rate by
almost an order of magnitude compared to the top-quark
scattering shown in Fig. 14.
Since all rates for leptogenesis can be written in terms of

finite-temperature correlation functions, one can systemati-
cally compute higher orders of SM corrections, of which there
are two types. The first are corrections to the susceptibilities,
which are related to the chemical potentials and the asym-
metry densities. These are relatively simple to compute
because they are thermodynamic quantities involving no time
dependence. The corrections to the susceptibilities already
start at the order of g and are less than 30% (Bodeker and
Laine, 2014; Bodeker and Sangel, 2015). The occurrence of
odd powers of the coupling is typical for infrared effects in
thermal field theory, and in this case they are due to soft Higgs
exchange. The second type are corrections to spectral func-
tions as in Eq. (134) that are of the order of g2. These are more
difficult to compute since they are real-time correlation
functions. For the nonrelativistic limit where Eqs. (132)
and (133) hold, all rates have been computed at the order
of g2 in a high-temperature expansion, i.e., ΓN (Salvio,
Lodone, and Strumia, 2011; Laine and Schroder, 2012) and
the washout rate (Bodeker and Laine, 2014). The most
interesting one ΓB−L;N , which is responsible for the asym-
metry, is also the most difficult to calculate. It is related to the
three-point function of the operators appearing in Eq. (134)
(Bodeker and Sangel, 2017) rather than the two-point func-
tion. In the region where the high-temperature expansion is
applicable, the corrections are a few percent. The next-to-
leading-order (NLO) production rate was computed in the

relativistic regime T ∼M1 by Laine (2013), and to the
washout rate by Bodeker and Laine (2014); see Fig. 27.
In the strong-washout regime [see Eq. (106)] the relativistic

corrections and the radiative corrections to ΓN affect the
produced baryon asymmetry at the level of a few percent
(Bodeker and Wörmann, 2014). The corrections to the
ΔL ¼ 1 washout rate ΓB−L, to the asymmetry rate ΓB−L;N ,
and to the ΔL ¼ 2 washout rate (Sangel, 2016) were not
included in this analysis, but they are of similar size as the
corrections to ΓN and are not expected to lead to larger
corrections to the produced asymmetry.

2. Kadanoff-Baym equations

Leptogenesis involves quantum interferences in a crucial
manner, so the standard approach by means of classi-
cal Boltzmann equations may appear problematic. Using
the Schwinger-Keldysh, or closed-time-path, formalism
(Schwinger, 1961; Keldysh, 1964), a full quantum field-
theoretical treatment of leptogenesis can be based on
Green’s functions (Buchmuller and Fredenhagen, 2000). In
the Schwinger-Keldysh formalism one considers Green’s
functions Δ on a complex time contour starting at some
initial time ti; see Fig. 28. They satisfy the following
Schwinger-Dyson equations with self-energies ΠC:

ð□1 þm2ÞΔCðx1; x2Þ

þ
Z
C
d4x0ΠCðx1; x0ÞΔCðx0; x2Þ ¼ −iδCðx1 − x2Þ: ð140Þ

It is convenient to consider two particular correlation func-
tions, the spectral functions Δ−, which contain information
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about the system, and the statistical propagators Δþ, which
depend on the initial state at time ti:

Δþðx1; x2Þ ¼ 1
2
hfΦðx1Þ;Φðx2Þgi;

Δ−ðx1; x2Þ ¼ ih½Φðx1Þ;Φðx2Þ�i: ð141Þ

These correlation functions satisfy the following Kadanoff-
Baym equations (Baym and Kadanoff, 1961; Berges, 2004):

□1;qΔ−
q ðt1; t2Þ ¼ −

Z
t1

t2

dt0Π−
q ðt1; t0ÞΔ−

q ðt0; t2Þ;

□1;qΔþ
q ðt1; t2Þ ¼ −

Z
t1

ti

dt0Π−
q ðt1; t0ÞΔþ

q ðt0; t2Þ

þ
Z

t2

ti

dt0Πþ
q ðt1; t0ÞΔ−

q ðt0; t2Þ; ð142Þ

where we have assumed spatial homogeneity and □1;q ¼
∂2
t1 þm2 þ q2 is the d’Alembert operator for a momentum

mode q.
For leptogenesis one has to consider two Green’s functions:

S�Lijðx; x0Þ for the lepton doublets, where i and j denote lepton
flavors, and G�ðx; x0Þ for the heavy Majorana neutrino. The
lepton current is given by

jμijðxÞ ¼ −tr½γμSþLijðx; xÞ�jx0→x: ð143Þ

The nonequilibrium leptogenesis process is a transition from
some initial state to a final state with nonzero chemical
potential in thermal equilibrium. To compare results from
Boltzmann equations and Kadanoff-Baym equations, a sim-
plified case was considered by Anisimov et al. (2010), who
focused on the CP-violating source term for the asymmetry
and ignored washout terms and Hubble expansion. This
corresponds to evaluating the initial lepton asymmetry, gen-
erated until the heavy neutrino reaches thermal equilibrium,
starting from zero initial abundance. Since we consider a

spatially homogeneous system, it is convenient to perform a
Fourier expansion. For a momentum mode k diagonal
elements of the charge density matrix can be interpreted as
differences of phase-space distribution functions for leptons
and antileptons:

Lkiiðt; tÞ ¼ −tr½γ0SþLkijðt; tÞ�
¼ fliðt; kÞ − fl̄iðt; kÞ: ð144Þ

Note that, contrary to a system in thermal equilibrium, the
distribution functions are time dependent.
The calculation of the asymmetry starts from a Green’s

function for the heavy neutrino that interpolates between a
free Green’s function and an equilibrium Green’s function
(Anisimov et al., 2009). The lepton asymmetry is then
obtained from the two-loop diagram (Anisimov et al.,
2011) in the left panel of Fig. 29. In this calculation the
effect of soft gauge-boson exchange turns out to be of crucial
importance. For the production of heavy neutrinos they were
already included by Anisimov, Besak, and Bodeker (2011);
see Figs. 25 and 24. For the CP asymmetry their effect was
estimated by introducing phenomenological thermal widths
by Anisimov et al. (2011). Recently the summation over soft
gauge bosons was also completed for the CP asymmetry
(Depta et al., 2020). The strategy for calculating the lepton
asymmetry is illustrated in Fig. 29. Integrating over lepton
momenta corresponds to closing the external lepton line,
and summation of the gauge-boson interactions leads to the
double-blob diagram. The corresponding expression for the
lepton asymmetry has been evaluated using a combination of
analytical and numerical techniques. The result takes the form

nL;iiðtÞ ¼
Z

d3k
ð2πÞ3 Lkiiðt; tÞ

≃ −εiiFðTÞ
1

ΓN
ð1 − e−ΓNtÞ; ð145Þ

where the momentum dependence of the thermal N-decay
width has been neglected and FðTÞ is given as a complicated
momentum integral. The results for Boltzmann equations and
Kadanoff-Baym equations with thermal widths have the same
form, with different functions FðTÞ (Anisimov et al., 2011).
The generated asymmetries are compared in Fig. 30 for the
different cases. For t < Γ−1

N ∼ 1 GeV−1, there is a difference in
shape with respect to the numerical solution for the full
Kadanoff-Baym equations. This is a consequence of the

FIG. 28. Path in the complex time plane for nonequilibrium
Green’s functions.

FIG. 29. Transformation of the lepton self-energy diagram to a “double-blob” diagram amenable to resummation. From Depta et al.,
2020.
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approximation ΓNðpÞ ≃ ΓN . The generated final lepton asym-
metries differ by factors of Oð1Þ.
At first sight, the simple time dependence of the asymme-

try (145) may appear to be surprising. However, it is easily
understood as a consequence of the effective kinetic equa-
tions (132) and (133) for distribution functions. For constant
temperature, the equation for nN has the solution nNðtÞ ≃
neqN ½1 − expð−ΓNtÞ� (Anisimov et al., 2010) and, if we neglect
washout effects, the solution for nB−L simply inherits this time
dependence. Viewed in this way, solving the Kadanoff-Baym
equations appears to be a way to calculate coefficients in
effective kinetic equations.
The Kadanoff-Baym equations have also been used to

obtain effective equations of motion. This way corrections to
the CP-violating parameter were obtained (Garny et al., 2009,
2010) and the leading-order asymmetry rate in the relativistic
regime T ∼M1 was computed (Beneke et al., 2010). When
lepton Yukawa interaction rates are a similar size as the
Hubble parameter, these also have to be included in the
network of kinetic equations, and the lepton asymmetries are
described by matrices in flavor space that can account for the
unflavored as well as the fully flavored regime (Beneke et al.,
2011). The case of resonant leptogenesis was considered by
De Simone and Riotto (2007) and an approximate analytical
solution was given by Garny, Kartavtsev, and Hohenegger
(2013). Leptogenesis through oscillations (Sec. IV.D) was
treated by Drewes and Garbrecht (2013).

G. Leptogenesis, inflation, and gravitational waves

Some evidence for GUT-scale leptogenesis may be
obtained via the constraints that GUTs impose on neutrino
masses and mixings and that influence the size of the lepton
asymmetry. Similarly, leptogenesis is part of the early cos-
mological evolution and thereby related to the other two main

puzzles in cosmology: dark matter and inflation. To work out
these connections quantitatively is important for obtaining a
coherent and convincing picture of the early Universe.
In this respect it is interesting that, complementary to

thermal leptogenesis, nonthermal leptogenesis can be respon-
sible for the baryon asymmetry of the Universe. Here the
thermal production of heavy neutrinos is replaced by some
nonthermal production, such as inflaton decays (Lazarides
and Shafi, 1991; Asaka et al., 1999, 2000; Hahn-Woernle and
Plumacher, 2009). In supersymmetric theories the reheating
temperature is bounded from above by the requirement to
avoid overproduction of gravitinos. If the gravitino is the
lightest superparticle (LSP), it can be stable and can form dark
matter. Otherwise, LSP dark matter can be produced in
gravitino decays (Gherghetta, Giudice, and Wells, 1999).
An interesting possibility is that GUT-scale leptogenesis

might be probed by GWs. GWs from inflation can have a
characteristic kink in their spectrum indicating the change
from an early matter dominated phase to the radiation
dominated phase and in this way allow for a measurement
of the reheating temperature (Nakayama et al., 2008a, 2008b)
that is related to the energy scale of nonthermal leptogenesis.
In general, however, the GW signal from inflation is too small
to be observed anytime soon. In the following we describe
another possibility, GWs from cosmic strings produced in a
Uð1ÞB−L phase transition after inflation (Buchmuller et al.,
2013b). In supersymmetric models leptogenesis is naturally
linked to F-term hybrid inflation (Copeland et al., 1994;
Dvali, Shafi, and Schaefer, 1994) if one demands spontaneous
breaking of B − L. The amplitude of the CMB power
spectrum then requires the B − L breaking scale to be of
the order of the GUT scale. This leads to a large stochastic
gravitational wave background that can be probed by ground-
based interferometers.
A cosmic-string network can form after the spontaneous

breaking of a Uð1Þ symmetry (Hindmarsh, 2011), and the
resulting GW spectrum has been evaluated for Abelian Higgs
strings (Figueroa, Hindmarsh, and Urrestilla, 2013; Figueroa
et al., 2020) as well as Nambu-Goto strings (Damour and
Vilenkin, 2001; Siemens, Mandic, and Creighton, 2007;
Kuroyanagi et al., 2012). If the product of this Uð1Þ group
and the SM gauge group results from the spontaneous
breaking of a GUT group, the theory contains magnetic
monopoles in addition to strings (Vilenkin, 1982; Martin
and Vilenkin, 1997; Leblond, Shlaer, and Siemens, 2009), and
the string network becomes unstable. Recently it was pointed
out that GWs from a metastable network of cosmic strings are
a generic prediction of the seesaw mechanism (Dror et al.,
2020). Moreover, it has been shown that, for Uð1ÞB−L
breaking combined with hybrid inflation, a GW signal is
predicted that evades the bounds from pulsar timing
array (PTA) experiments but will be probed by ongoing
and future observations of LIGO-Virgo and KAGRA
(Buchmuller et al., 2020).
The decay of a false vacuum of unbroken B − L is a natural

mechanism to generate the initial conditions of the hot early
Universe (Buchmuller, Domcke, and Schmitz, 2012c). The
false-vacuum phase yields hybrid inflation and ends in
tachyonic preheating (Felder et al., 2001); see Fig. 31 (left
panel). After tachyonic preheating the evolution can be

FIG. 30. Comparison of the Kadanoff-Baym computation in-
cluding LPM-resummed gauge interactions (full), without com-
puting gauge interactions but instead parametrizing them with
thermal widths (KB), with Boltzmann equation containing
(inverse) sterile-neutrino decays using classical statistics (B)
and quantum statistics (QB). The mass of the lightest heavy
neutrino is 1010 GeV, the temperature is constant at 1011 GeV.
This corresponds to the previously discussed ultrarelativistic
regime T ≳M=g. From Depta et al., 2020.
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described using a system of Boltzmann equations. Decays of
the B − L breaking Higgs field and thermal processes produce
an abundance of heavy (s)neutrinos whose decays generate the
entropy of the hot early Universe, the baryon asymmetry via
leptogenesis, and dark matter in the form of the lightest
superparticle (Ellis et al., 1984); see Fig. 31 (right panel).
We now consider an extension of the supersymmetric

standard model (MSSM) with three right-handed neutrinos
that realizes spontaneous Uð1ÞB−L breaking in the simplest
possible way by using three SM-singlet chiral superfields Φ,
S1, and S2:

W ¼ WMSSM þ hνij5
�
i n

c
jHu þ

1ffiffiffi
2

p hni n
c
i n

c
i S1

þ λΦ
�
v2B−L
2

− S1S2

�
þW0: ð146Þ

In unitary gauge, S1;2 ¼ S=
ffiffiffi
2

p
corresponds to the physical

B − L Higgs field, Φ plays the role of the inflaton, and the
constant W0 is tuned to obtain vanishing vacuum energy; nci
contain the charge conjugates of the right-handed neutrinos,
the SM leptons belong to the SUð5Þ multiplets 5� ¼ ðdc;lÞ
and 10 ¼ ðq; uc; ecÞ, and the two Higgs doublets are part of
the 5- and 5�-plets Hu and Hd, respectively. Quark and lepton
Yukawa couplings are described in the usual way by WMSSM.
The flavor structure is chosen according to Buchmuller and
Yanagida (1999) and was already described in Sec. IV.E.
The B − L breaking part of W is precisely the super-

potential of F-term hybrid inflation (FHI). It was widely
believed that FHI could not account for the correct scalar
spectral index of the CMB power spectrum but the analyses
given by Bastero-Gil, King, and Shafi (2007), Nakayama,
Takahashi, and Yanagida (2010), Rehman, Shafi, and
Wickman (2010), and Buchmuller et al. (2014) showed that
FHI is viable once the effect of supersymmetry (SUSY)
breaking on the inflaton potential is taken into account.
The parameter range consistent with leptogenesis, inflation,

and neutralino dark matter (DM), produced in gravitino
decays, was analyzed by Buchmuller et al. (2020). The result
is shown in Fig. 32. For given values of m̃1 and the gravitino
mass m3=2, successful hybrid inflation selects a point in the
vB−L-Trh plane. The gray shading in Fig. 32 indicates
the region where leptogenesis falls short of explaining the
observed baryon asymmetry. Gravitino masses of Oð1ÞTeV
or larger point to a neutralino LSP that is produced thermally

FIG. 31. Left panel: hybrid inflation. The time evolution of the inflaton field Φ leads to a tachyonic mass of the waterfall field S that
triggers a rapid transition to a phase with spontaneously broken B − L symmetry. Right panel: comoving number densities of the
particles of the B − L Higgs sector (S), the thermal and nonthermal (s)neutrinos ðNth

1 ; N
nt
1 Þ, the MSSM radiation (R), the gravitinos ðG̃Þ,

and the B − L asymmetry. Values were obtained by solving the Boltzmann equations for vB−L ¼ 5 × 1015 GeV,M1 ¼ 5.4 × 1010 GeV,
and m̃1 ¼ 4.0 × 10−2 eV. From Buchmuller et al., 2013a.

FIG. 32. Viable parameter space (green) for hybrid inflation,
leptogenesis, neutralino DM, and big bang nucleosynthesis.
Hybrid inflation and the dynamics of reheating correlate the
parameters vB−L, Trh, m3=2, and m̃1 (black curves). Successful
leptogenesis occurs outside the gray-shaded region. Neutralino
DM is viable in the green region, corresponding to a Higgsino
(wino) with mass 100 ≤ mLSP=GeV ≤ 1060 (2680). From
Buchmuller et al., 2020.
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as well as nonthermally in gravitino decays (Buchmuller,
Domcke, and Schmitz, 2012b). Gravitinos are in turn gen-
erated in decays of the B − L Higgs field as well as from the
thermal bath; for a discussion and references, see Jeong and
Takahashi (2013). Taking into account the fact that gravitinos
must decay early enough to preserve big bang nucleosynthesis
(Kawasaki et al., 2018), as well as the LEP bound on
charginos mLSP ≳ 100 GeV (Tanabashi et al., 2018), a
Higgsino or wino LSP can account for the observed DM
relic density in the green-shaded region of Fig. 32. It is highly
nontrivial that neutralino DM and leptogenesis can be suc-
cessfully realized in the same parameter region. In summary,
the viable parameter region of the described model is given by
vB−L≃ð3.0−5.8Þ×1015 GeV and m3=2≃10TeV−10PeV.
The considered flavor model corresponds to an embedding

of GSM × Uð1ÞB−L in the gauge group SUð5Þ × Uð1ÞB−L with
the final unbroken group GSM × Z2. This leads to the
production of stable cosmic strings in the Uð1ÞB−L phase
transition (Dror et al., 2020). However, the model can also be
embedded in SOð10Þ (Asaka, 2003). In this case, the final
unbroken group is GSM, and there can be no stable strings
(Dror et al., 2020). Cosmic strings can then decay via the
Schwinger production of monopole-antimonopole pairs, lead-
ing to a metastable cosmic-string network. The decay rate per
string unit length is given by (Monin and Voloshin, 2008,
2010; Leblond, Shlaer, and Siemens, 2009)

Γd ¼
μ

2π
exp ð−πκÞ; ð147Þ

with κ ¼ m2=μ denoting the ratio between the monopole mass
m ∼ vGUT and the cosmic-string tension μ ∼ v2B−L. For appro-
priate values of vB−L < vGUT, the cosmic strings are suffi-
ciently long lived to give interesting signatures but decay
before emitting low-frequency GWs that are strongly con-
strained by PTA experiments.
The network of cosmic strings formed during the B − L

phase-transition acts as a source of GWs. Modeling the
evolution and GW emission of a cosmic-string network is a
challenging task, resulting in several competing models in the
literature; see Auclair et al. (2020) and references therein for a
comprehensive review. Moreover, for metastable strings, the
GW production from fast-moving monopoles requires further
investigation (Vilenkin, 1982; Leblond, Shlaer, and Siemens,
2009). The analysis of Buchmuller et al. (2020) was based
on the Blanco-Pillado–Olum–Shlaer model (Blanco-Pillado,
Olum, and Shlaer, 2014), and for the first time the GW
spectrum was calculated for a metastable string network. The
GW spectrum reads

ΩGWðfÞ ¼ ∂ρGWðfÞ=ρc∂ ln f; ð148Þ

where ρGW and ρc are GW energy density and critical energy
density, respectively. The spectrum is characterized by the
following plateau (Auclair et al., 2020):

Ωplateau
GW ≃ 8.04Ωr

�
Gμ
Γ

�
1=2

; ð149Þ

where Γ ≃ 50 parametrizes the cosmic-string decay rate into
GWs and Ωr is the energy density in radiation relative to the
critical energy density. The GW spectrum has a turnover point
at the frequency28

f� ≃ 3.0 × 1014 Hz e−πκ=4
�
10−7

Gμ

�
1=2

: ð150Þ

Figure 33 shows the GW spectrum obtained by a numerical
evaluation as well as the analytical estimate

ΩGWðfÞ ¼ Ωplateau
GW min ½ðf=f�Þ3=2; 1�: ð151Þ

The shaded regions indicate the power-law-integrated sensi-
tivity curves of current and planned experiments (Thrane and
Romano, 2013). For Gμ ¼ 2 × 10−7, the constraint from the
European Pulsar Timing Array (Shannon et al., 2015) enfor-
ces

ffiffiffi
κ

p ≲ 8. In the case of a mild hierarchy between the GUT
and B-L scales (m=vB−L ≳ 6), primordial GWs will be probed
by LIGO-Virgo (Abbott et al., 2019) and KAGRA (Akutsu
et al., 2019) in the near future.
The general framework behind the described model (infla-

tion ending in a GUT-scale phase transition in combination
with leptogenesis and dark matter in a SUSY extension of
the SM) provides a testable framework for the physics of the
early Universe. A characteristic feature of this framework is a
stochastic background of gravitational waves emitted by
metastable cosmic strings.
Probing leptogenesis with gravitational waves is an inter-

esting possibility and theoretical work on this subject is just

FIG. 33. GW spectrum for Gμ ¼ 2 × 10−7. Different values offfiffiffi
κ

p
are indicated in different colors; the blue curve corresponds

to a cosmic-string network surviving until today. The dot-
dashed lines depict an analytical estimate. The lighter gray-
shaded areas indicate the sensitivities of (planned) experiments
SKA (Smits et al., 2009), LISA (Amaro-Seoane et al., 2017),
LIGO (Abbott et al., 2019), and ET (Maggiore et al., 2020).
The crosses within the SKA band indicate constraints by the
IPTA (Verbiest et al., 2016). From Buchmuller et al., 2020.

28The precise value of the turnover point depends on the definition.
A larger frequency f� was obtained by Gouttenoire, Servant, and
Simakachorn (2020).
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beginning. For recent work, see Blasi, Brdar, and Schmitz
(2020) and King et al. (2020).

H. Summary: Leptogenesis

Thermal leptogenesis is now well understood. It is closely
related to neutrino masses, and simple estimates based on
GUT models yield the right order of magnitude for the
observed matter-antimatter asymmetry. In the one-flavor
approximation successful leptogenesis leads to a preferred
mass window for the light neutrinos that is consistent with the
cosmological upper bound on the sum of neutrino masses, and
to a lower bound on the heavy Majorana neutrino masses.
Taking flavor effects into account, the qualitative picture
remains valid, but quantitatively the neutrino mass bounds
are relaxed. For quasidegenerate heavy neutrinos the temper-
ature scale of leptogenesis can be lowered to the weak scale.
CP-violating oscillations of sterile neutrinos can lead to
successful leptogenesis even for GeV neutrino masses.
Significant progress has been made toward a full descrip-

tion of leptogenesis on the basis of thermal field theory. This
has been possible because leptogenesis is a homogeneous
process that involves only a few dynamical degrees of freedom
with small couplings to a large thermal bath. Effective kinetic
equations have been derived, which take the form of ordinary
Boltzmann equations whose kernels can be systematically
calculated in terms of spectral functions of SM correlation
functions. Relativistic and off-shell effects are included in
Kadanoff-Baym equations that have also been used to
calculate the generated lepton asymmetry. In the field-
theoretical treatment, interactions with gauge bosons of the
thermal bath turn out to be crucial and have to be resummed.
Using these techniques, for the first time an estimate of
the theoretical error of traditional calculations based on
Boltzmann equations has been obtained; it turns out to be
about 50%.
An interesting new development is the possibility of

probing high-scale leptogenesis with gravitational waves.
This includes the seesaw mechanism and a high scale of
B − L breaking. Theoretical work on this interesting topic is
just beginning, and it is conceivable that a stochastic gravi-
tational wave background from B − L breaking will soon be
observed by LIGO-Virgo and KAGRA.

V. OTHER MODELS

In this section we mention some alternative proposals for
baryogenesis that could not be described in detail earlier in
the review, with an emphasis on the possible effects of light
pseudoscalar particles.
An interesting idea is “spontaneous baryogenesis” (Cohen

and Kaplan, 1987, 1988), where an arrow of time is singled
out not by a departure from thermal equilibrium but rather by
the motion of a light pseudo Goldstone boson of a sponta-
neously broken approximate global Uð1ÞB baryon symmetry.
Baryon-number-violating interactions can be in thermal equi-
librium, and the observed baryon asymmetry can be generated
for a sufficiently large Uð1ÞB breaking scale. A related
mechanism makes use of axion oscillations in the presence
of rapid lepton-number-violating processes in the thermal

plasma, which can be provided by the exchange of heavy
Majorana neutrinos at high reheating temperatures (Kusenko,
Schmitz, and Yanagida, 2015). Recently it was pointed out
that spontaneous baryogenesis is a rather general phenomenon
in the presence of axionlike particles, and that their coupling
to gluons is already enough to generate a baryon asymmetry
(Domcke et al., 2020).
Baryogenesis is also possible in a cold electroweak phase

transition (Tranberg and Smit, 2003). A sudden change of the
Higgs mass term at zero temperature leads to a spinodal
instability of the Higgs field, and during the subsequent
tachyonic preheating a nonzero Chern-Simons number can
be generated, with a corresponding baryon asymmetry. A cold
electroweak transition can occur once the Higgs field is
coupled to a dilaton, which can lead to a delayed electroweak
phase transition at the QCD scale (Servant, 2014). The CP
violation needed for baryogenesis can then be provided by a
displaced axion field, whose relaxation after the QCD phase
transition subsequently solves the strong CP problem. An
axion, solving the strong CP problem and providing dark
matter, can also be combined with the spontaneous breaking
of lepton number, leptogenesis, and Higgs inflation in a
nonsupersymmetric extension of the standard model
(Ballesteros et al., 2017). The Affleck-Dine mechanism of
baryogenesis can be realized without supersymmetry by
means of a complex Nambu-Goldstone boson carrying a
baryon number, which can occur for a spontaneously broken
appropriate global symmetry (Harigaya, 2019). The role of the
Affleck-Dine field can also be played by a charged Peccei-
Quinn field containing the QCD axion as a phase (Co and
Harigaya, 2020). Moreover, baryogenesis is possible at the
weak scale, at temperatures below the electroweak transition,
where sphaleron processes are not in thermal equilibrium. The
baryon asymmetry is generated in decays of a singlet scalar
field coupled to higher-dimensional B-violating operators.
The mechanism can be probed by neutron-antineutron oscil-
lations and the neutron EDM (Babu, Mohapatra, and Nasri,
2006). At even lower temperatures of around 10 MeV the
baryon asymmetry can be explained by B-meson oscillations
in an extension of the standard model with exotic B-meson
decays (Elor, Escudero, and Nelson, 2019; Nelson and
Xiao, 2019).
In string compactifications one expects moduli fields in

the effective low-energy theory, whose mass depends on the
mechanism and energy scale of supersymmetry breaking. If
they are sufficiently heavy, they can reheat the Universe to a
temperature of the order of 100 MeV, so nucleosynthesis is not
affected. In their decays they can generate the matter-
antimatter asymmetry as well as cold dark matter as
Higgsinos or winos. Since matter and dark matter have the
same origin, the similarity of their energy densities can be
explained (Kitano, Murayama, and Ratz, 2008).
To date the curvature of space-time has played no role in the

considered models of baryogenesis. However, the Ricci scalar
of a gravitational background can play the role of the axion in
spontaneous baryogenesis, and its coupling to the baryon-
number current can be the source of a baryon asymmetry,
which is referred to as gravitational baryogenesis (Davoudiasl
et al., 2004). Alternatively, gravitational waves from inflation
can lead to leptogenesis via the gravitational anomaly of the
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lepton current (Alexander, Peskin, and Sheikh-Jabbari, 2006).
Moreover, in the standard model with heavy right-handed
neutrinos and CP-violating couplings, which was considered
for thermal leptogenesis in Sec. IV.C, loop corrections lead to
a low-energy effective action where the gravitational field
couples to the current of left-handed neutrinos, such that
neutrinos and antineutrinos propagate differently in space-
time (McDonald and Shore, 2015). In quantitative analyses it
has been demonstrated that this effect can indeed account for
the observed baryon asymmetry (McDonald and Shore, 2020;
Samanta and Datta, 2020).

VI. SUMMARY AND OUTLOOK

The current paradigm of the early Universe includes
inflation at an early stage. Hence, the observed matter-
antimatter asymmetry cannot be imposed as an initial con-
dition, but it has to be dynamically generated after inflation.
This makes baryogenesis an unavoidable topic. Moreover,
50 years after Sakharov’s paper, baryogenesis has also become
an interesting story that is connected to all developments of
physics beyond the standard model during the past 40 years,
including grand unification, dynamical electroweak symmetry
breaking, low-energy supersymmetry, and neutrino masses.
The first important step in the theory of baryogenesis was

made in the context of SUð5Þ GUT models that naturally
provide heavy particles, leptoquarks, whose CP-violating
delayed decays can lead to a baryon asymmetry. This process
was quantitatively understood based on Boltzmann equations.
In these detailed studies it also became clear that leptoquarks
are not ideal agents of baryogenesis, since they have SM gauge
interactions that tend to keep them in thermal equilibrium.
The second important step was the discovery of the non-

perturbative connection between baryon number and lepton
number in the SM and the associated, unsuppressed sphaleron
processes at high temperatures. This implied that Bþ L is in
equilibrium above the electroweak phase transition, which
ruled out baryogenesis in SUð5Þ GUT models. However, an
interesting new possibility emerged, electroweak baryogene-
sis, which opened the possibility of generating the baryon
asymmetry during a strongly first-order electroweak phase
transition. In principle, the presence of all necessary ingre-
dients already in the SM is an appealing feature, yet the
electroweak transition turned out to simply be a smooth
crossover, so the necessary departure from thermal equilib-
rium could not be realized. This is different in extensions of
the SM with additional Higgs doublets or singlets, where a
strongly first-order phase transition is possible. Such models
have been extensively studied for more than 30 years, without
and with supersymmetry. In view of the results from the LHC
and due to stringent upper bounds on the electric dipole
moment of the electron, today EWBG appears to be unlikely
in weakly coupled Higgs models. On the other hand, EWBG
is still viable in composite Higgs models of electroweak
symmetry breaking. This emphasizes the importance of
searching at the LHC for new resonances with TeV masses
and strong interactions of the light Higgs boson.
Sphaleron processes have also led to leptogenesis as a new

mechanism of baryogenesis. Contrary to leptoquarks, right-
handed neutrinos are ideal agents of baryogenesis since they

do not have SM gauge interactions. Their CP-violating decays
lead to a B − L asymmetry that is not washed out. Right-
handed neutrinos are predicted by grand unified theories with
gauge groups larger than SUð5Þ such as SOð10Þ. In GUT
models the pattern of Yukawa couplings in the neutrino sector is
similar to quark and charged lepton Yukawa couplings. It is
noteworthy that, withB − L broken at the GUT scale, this leads
automatically to the right order of magnitude for neutrino
masses and the baryon asymmetry. However, this success of
leptogenesis is not model independent. If right-handed neutrino
masses and neutrino Yukawa couplings are rescaled, successful
leptogenesis is also possible at much lower scales, down to GeV
energies. The corresponding sterile neutrinos can be directly
searched for at LHC, by the NA62 experiment, at Belle II, and
at T2K. On the contrary, tests of GUT-scale leptogenesis will
remain indirect. The determination of the absolute neutrino
mass scale and CP-violating phases in the neutrino sector are
particularly important. An interesting new possibility is to
probe the seesaw mechanism and B − L breaking at the GUT
scale by primordial gravitational waves.
Two open questions in particle physics will be crucial for

the further development of the theory of baryogenesis: First,
the discovery of a strongly interacting Higgs sector would
open up new possibilities for electroweak baryogenesis.
Second, the discovery of supersymmetry would renew interest
in Affleck-Dine baryogenesis and strongly constrain lepto-
genesis via the properties of the gravitino. However, there
can always be surprises. The discovery of GeV sterile
neutrinos or axions could significantly change our current
view of baryogenesis.
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Lavignac, Peter Millington, and Daniele Teresi, 2018, “Flavor
effects in leptogenesis,” Int. J. Mod. Phys. A 33, 1842001.

Di Bari, Pasquale, 2005, “Seesaw geometry and leptogenesis,” Nucl.
Phys. B727, 318–354.

Di Bari, Pasquale, Sophie King, and Michele Re Fiorentin, 2014,
“Strong thermal leptogenesis and the absolute neutrino mass scale,”
J. Cosmol. Astropart. Phys. 03, 050.

Dick, Karin, Manfred Lindner, Michael Ratz, and David Wright,
2000, “Leptogenesis with Dirac Neutrinos,” Phys. Rev. Lett. 84,
4039–4042.

Dimopoulos, Savas, and Leonard Susskind, 1978, “On the baryon
number of the Universe,” Phys. Rev. D 18, 4500–4509.

Dine, Michael, and Alexander Kusenko, 2003, “Origin of the matter-
antimatter asymmetry,” Rev. Mod. Phys. 76, 1.

Domcke, Valerie, Yohei Ema, Kyohei Mukaida, and Masaki Yamada,
2020, “Spontaneous baryogenesis from axions with generic cou-
plings,” J. High Energy Phys. 08, 096.

D’Onofrio, Michela, and Kari Rummukainen, 2016, “Standard
model cross-over on the lattice,” Phys. Rev. D 93, 025003.

D’Onofrio, Michela, Kari Rummukainen, and Anders Tranberg,
2014, “Sphaleron Rate in the Minimal Standard Model,” Phys.
Rev. Lett. 113, 141602.

Dorsch, G. C., S. J. Huber, T. Konstandin, and J. M. No, 2017,
“A second Higgs doublet in the early Universe: Baryogenesis and
gravitational waves,” J. Cosmol. Astropart. Phys. 05, 052.

Drewes, Marco, and Björn Garbrecht, 2013, “Leptogenesis from a
GeV seesaw without mass degeneracy,” J. High Energy Phys. 03,
096.

Dror, Jeff A., Takashi Hiramatsu, Kazunori Kohri, Hitoshi
Murayama, and Graham White, 2020, “Testing the Seesaw Mecha-
nism and Leptogenesis with Gravitational Waves,” Phys. Rev. Lett.
124, 041804.

Dvali, G. R., Q. Shafi, and Robert K. Schaefer, 1994, “Large Scale
Structure and Supersymmetric Inflation without Fine Tuning,”
Phys. Rev. Lett. 73, 1886–1889.

Ellis, John R., J. S. Hagelin, Dimitri V. Nanopoulos, Keith A. Olive,
and M. Srednicki, 1984, “Supersymmetric relics from the big
bang,” Nucl. Phys. B238, 453–476.

Elor, Gilly, Miguel Escudero, and Ann Nelson, 2019, “Baryogenesis
and dark matter from B mesons,” Phys. Rev. D 99, 035031.

Endoh, Tomohiro, Takuya Morozumi, and Zhao-hua Xiong, 2004,
“Primordial lepton family asymmetries in seesaw model,”Prog.
Theor. Phys. 111, 123–149.

Espinosa, Jose R., Ben Gripaios, Thomas Konstandin, and Francesco
Riva, 2012, “Electroweak baryogenesis in non-minimal composite
Higgs models,” J. Cosmol. Astropart. Phys. 01, 012.

Esteban, Ivan, M. C. Gonzalez-Garcia, Alvaro Hernandez-Cabezudo,
Michele Maltoni, and Thomas Schwetz, 2019, “Global analysis of
three-flavour neutrino oscillations: Synergies and tensions in the
determination of θ23, δCP, and the mass ordering,” J. High Energy
Phys. 01, 106.

Felder, Gary N., Juan Garcia-Bellido, Patrick B. Greene, Lev
Kofman, Andrei D. Linde, and Igor Tkachev, 2001, “Dynamics
of Symmetry Breaking and Tachyonic Preheating,” Phys. Rev. Lett.
87, 011601.

Fields, Brian D., Keith A. Olive, Tsung-Han Yeh, and Charles
Young, 2020, “Big-bang nucleosynthesis after Planck,” J. Cosmol.
Astropart. Phys. 03, 010.

Figueroa, Daniel G, Mark Hindmarsh, and Jon Urrestilla, 2013,
“Exact Scale-Invariant Background of Gravitational Waves from
Cosmic Defects,” Phys. Rev. Lett. 110, 101302.

Figueroa, Daniel G., Mark Hindmarsh, Joanes Lizarraga, and Jon
Urrestilla, 2020, “Irreducible background of gravitational waves
from a cosmic defect network: Update and comparison of numeri-
cal techniques,” arXiv:2007.03337.

Flanz, Marion, Emmanuel A. Paschos, and Utpal Sarkar, 1995,
“Baryogenesis from a lepton asymmetric universe,” Phys. Lett. B
345, 248–252.

Foot, Robert, H. Lew, X. G. He, and Girish C. Joshi, 1989,
“Seesaw neutrino masses induced by a triplet of leptons,” Z. Phys.
C 44, 441.

Frampton, P. H., S. L. Glashow, and T. Yanagida, 2002, “Cosmological
sign of neutrino CP violation,” Phys. Lett. B 548, 119–121.

Frère, Jean-Marie, Thomas Hambye, and Gilles Vertongen, 2009, “Is
leptogenesis falsifiable at LHC?,” J. High Energy Phys. 01, 051.

Fromme, Lars, and Stephan J. Huber, 2007, “Top transport in
electroweak baryogenesis,” J. High Energy Phys. 03, 049.

Fukugita, M., and T. Yanagida, 1986, “Baryogenesis without grand
unification,” Phys. Lett. B 174, 45–47.

Fuyuto, Kaori, Junji Hisano, and Eibun Senaha, 2016, “Toward
verification of electroweak baryogenesis by electric dipole mo-
ments,” Phys. Lett. B 755, 491–497.

Gamow, G., 1946, “Expanding Universe and the origin of elements,”
Phys. Rev. 70, 572–573.

Garbrecht, Björn, and Pedro Schwaller, 2014, “Spectator effects
during leptogenesis in the strong washout regime,” J. Cosmol.
Astropart. Phys. 10, 012.

Garny, M., A. Hohenegger, A. Kartavtsev, and M. Lindner, 2009,
“Systematic approach to leptogenesis in nonequilibrium QFT:
Vertex contribution to the CP-violating parameter,” Phys. Rev.
D 80, 125027.

Garny, M., A. Hohenegger, A. Kartavtsev, and M. Lindner, 2010,
“Systematic approach to leptogenesis in nonequilibrium QFT:
Self-energy contribution to the CP-violating parameter,” Phys.
Rev. D 81, 085027.

Garny, Mathias, Alexander Kartavtsev, and Andreas Hohenegger,
2013, “Leptogenesis from first principles in the resonant regime,”
Ann. Phys. (Amsterdam) 328, 26–63.

Gell-Mann, Murray, Pierre Ramond, and Richard Slansky, 1979,
“Complex spinors and unified theories,” Conf. Proc. C 790927,
315–321 [arXiv:1306.4669].

Gherghetta, Tony, Gian F. Giudice, and James D. Wells, 1999,
“Phenomenological consequences of supersymmetry with anomaly
induced masses,” Nucl. Phys. B559, 27–47.

Gherghetta, Tony, and Gerard Jungman, 1993, “Cosmological
consequences of spontaneous lepton number violation in SOð10Þ
grand unification,” Phys. Rev. D 48, 1546–1554.

Ghiglieri, J., and M. Laine, 2017, “GeV-scale hot sterile neutrino
oscillations: A derivation of evolution equations,” J. High Energy
Phys. 05, 132.

Giudice, G. F., C. Grojean, A. Pomarol, and R. Rattazzi, 2007, “The
strongly-interacting light Higgs,” J. High Energy Phys. 06, 045.

Giudice, G. F., A. Notari, M. Raidal, A. Riotto, and A. Strumia, 2004,
“Towards a complete theory of thermal leptogenesis in the SM and
MSSM,” Nucl. Phys. B685, 89–149.

Glioti, Alfredo, Riccardo Rattazzi, and Luca Vecchi, 2019, “Electro-
weak baryogenesis above the electroweak scale,” J. High Energy
Phys. 04, 027.

Dietrich Bödeker and Wilfried Buchmüller: Baryogenesis from the weak scale to the grand …

Rev. Mod. Phys., Vol. 93, No. 3, July–September 2021 035004-42

https://doi.org/10.1126/science.aaw3772
https://doi.org/10.1126/science.aaw3772
https://doi.org/10.1142/S0217751X18420034
https://doi.org/10.1142/S0217751X18420010
https://doi.org/10.1016/j.nuclphysb.2005.08.032
https://doi.org/10.1016/j.nuclphysb.2005.08.032
https://doi.org/10.1088/1475-7516/2014/03/050
https://doi.org/10.1103/PhysRevLett.84.4039
https://doi.org/10.1103/PhysRevLett.84.4039
https://doi.org/10.1103/PhysRevD.18.4500
https://doi.org/10.1103/RevModPhys.76.1
https://doi.org/10.1007/JHEP08(2020)096
https://doi.org/10.1103/PhysRevD.93.025003
https://doi.org/10.1103/PhysRevLett.113.141602
https://doi.org/10.1103/PhysRevLett.113.141602
https://doi.org/10.1088/1475-7516/2017/05/052
https://doi.org/10.1007/JHEP03(2013)096
https://doi.org/10.1007/JHEP03(2013)096
https://doi.org/10.1103/PhysRevLett.124.041804
https://doi.org/10.1103/PhysRevLett.124.041804
https://doi.org/10.1103/PhysRevLett.73.1886
https://doi.org/10.1016/0550-3213(84)90461-9
https://doi.org/10.1103/PhysRevD.99.035031
https://doi.org/10.1143/PTP.111.123
https://doi.org/10.1143/PTP.111.123
https://doi.org/10.1088/1475-7516/2012/01/012
https://doi.org/10.1007/JHEP01(2019)106
https://doi.org/10.1007/JHEP01(2019)106
https://doi.org/10.1103/PhysRevLett.87.011601
https://doi.org/10.1103/PhysRevLett.87.011601
https://doi.org/10.1088/1475-7516/2020/03/010
https://doi.org/10.1088/1475-7516/2020/03/010
https://doi.org/10.1103/PhysRevLett.110.101302
https://arXiv.org/abs/2007.03337
https://doi.org/10.1016/0370-2693(94)01555-Q
https://doi.org/10.1016/0370-2693(94)01555-Q
https://doi.org/10.1007/BF01415558
https://doi.org/10.1007/BF01415558
https://doi.org/10.1016/S0370-2693(02)02853-8
https://doi.org/10.1088/1126-6708/2009/01/051
https://doi.org/10.1088/1126-6708/2007/03/049
https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1016/j.physletb.2016.02.053
https://doi.org/10.1103/PhysRev.70.572.2
https://doi.org/10.1088/1475-7516/2014/10/012
https://doi.org/10.1088/1475-7516/2014/10/012
https://doi.org/10.1103/PhysRevD.80.125027
https://doi.org/10.1103/PhysRevD.80.125027
https://doi.org/10.1103/PhysRevD.81.085027
https://doi.org/10.1103/PhysRevD.81.085027
https://doi.org/10.1016/j.aop.2012.10.007
https://arXiv.org/abs/1306.4669
https://doi.org/10.1016/S0550-3213(99)00429-0
https://doi.org/10.1103/PhysRevD.48.1546
https://doi.org/10.1007/JHEP05(2017)132
https://doi.org/10.1007/JHEP05(2017)132
https://doi.org/10.1088/1126-6708/2007/06/045
https://doi.org/10.1016/j.nuclphysb.2004.02.019
https://doi.org/10.1007/JHEP04(2019)027
https://doi.org/10.1007/JHEP04(2019)027
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