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Evidence of Matter-Antimatter Asymmetry

• CMB anisotropy


• Big Bang Nucleosynthesis

• primordial deuterium abundance      ⟺ 

agree with WMAP 

• 4He & 7Li  ⟺  discrepancies


• WMAP + Deuterium Abundance
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Fig. 1.1. The power spectrum anisotropies defined in Eq. 1.2 and 1.3 as a function of
the multiple moment, l. Figure taken from Ref. [2].

(For a review, see, Ref. [8]. See also Scott Dodelson’s lectures.) Agreement
between theory and observation is obtained for a certain range of parameter,
ηB, which is the ratio of the baryon number density, nB, to photon density,
nγ ,

ηBBN

B =
nB

nγ
= (2.6 − 6.2) × 10−10 . (1.1)

The Cosmic Microwave Background (CMB) is not a perfectly isotropic ra-
diation bath. These small temperature anisotropies are usually analyzed by
decomposing the signal into spherical harmonics, in terms of the spherical
polar angles θ and φ on the sky, as

∆T

T
=

∑

l,m

almYlm(θ, φ) , (1.2)

where alm are the expansion coefficients. The CMB power spectrum is
defined by

Cl =
〈
|alm|2

〉
, (1.3)

and it is conventional to plot the quantity l(l + 1)Cl against l. The CMB
measurements indicate that the temperature of the Universe at present is
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Tnow ∼ 3oK. Due to the Bose-Einstein statistics, the number density of the
photon, nγ , scales as T 3. Together, these give a photon number density at
present to be roughly 400/cm3. It is more difficult to count the baryon num-
ber density, because only some fraction of the baryons form stars and other
luminous objects. There are two indirect probes that point to the same
baryon density. The measurement of CMB anisotropies probe the acous-
tic oscillations of the baryon/photon fluid, which happened around photon
last scattering. Fig. 1.1 illustrates how the amount of anisotropies depends
on nB/nγ . The baryon number density, nB ∼ 1/m3, is obtained from the
anisotropic in CMB, which indicates the baryon density ΩB to be 0.044.
Another indirect probe is the Big Bang Nucleosynthesis (BBN), whose pre-
dictions depend on nB/nγ through the processes shown in Fig. 1.2. It is
measured independently from the primordial nucleosynthesis of the light
elements. The value for nB/nγ deduced from primordial Deuterium abun-
dance agrees with that obtained by WMAP [9]. For 4He and 7Li, there are
nevertheless discrepancies which may be due to the under-estimated errors.
Combining WMAP measurement and the Deuterium abundance gives,

nB

nγ
≡ ηB = (6.1 ± 0.3)× 10−10 . (1.4)

Fig. 1.2. Main reactions that determine the primordial abundances of the light elements.
Figure taken from Ref. [2].



Three Sakharov Conditions

• Baryon number can be generated dynamically, if 
• violation of baryon number

• violation of Charge (C) and Charge Parity (CP)

• departure from thermal equilibrium

Matter-Antimatter Asymmetry
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Scientists have discovered that neutrinos have
tiny masses, in contradiction to the theoretical
model that describes neutrino interactions.
Credit: symmetry magazine

The Big Bang produced large amounts of matter
and antimatter (top). When matter and
antimatter annihilated, some tiny asymmetry in
the early universe produced our universe, made
entirely of matter (bottom). Did neutrinos cause
the asymmetry? 
Credit: Hitoshi Murayama
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Why neutrinos?
Particle physics has been very successful in creating the Standard Model, a
theoretical framework that describes many particle physics phenomena. However,
major discoveries such as the evidence for dark matter and the observation of
neutrino mass have shown that the Standard Model is incomplete. These findings
strongly suggest that new physics discoveries beyond the Standard Model await us.

Neutrinos could provide the path to unveiling these hidden physics phenomena. In
particular, physicists hope that neutrinos will shed light on these questions:

Why is the universe as we know it made of matter, with no antimatter present?
What is the origin of this matter-antimatter asymmetry, also known as CP
violation?
Are neutrinos connected to the matter-antimatter asymmetry, and if so, how?
If neutrinos exhibit CP violation, is it related to the CP violation observed in
quark interactions?
Are neutrinos their own antiparticles?
What role did neutrinos play in the evolution of the universe?

Physicists have discovered three types of neutrinos so far: electron neutrinos, muon
neutrinos and tau neutrinos. Although neutrinos are among the most abundant
particles in the universe, they rarely interact with other matter. Hence, they are often
referred to as ghost particles.

"For every electron, for every proton, for every neutron, there are about a billion neutrinos... every second there are 100 trillion neutrinos
from the sun passing through each person," says Fermilab theorist Boris Kayser. "It's the neutrinos and photons, particles that make up light
beams, that are by far the most abundant particles in the universe."

Kayser further explains that a recent theory has developed, which is that the neutrinos may have something very important to do with how
the universe came to be dominated by matter and have no antimatter. "Life is possible only because there is no antimatter around. When
matter and antimatter meet, they annihilate each other."

By generating huge numbers of neutrinos using high-intensity accelerators and by building large detectors that increase the chance of
neutrino observation, physicists can study these mysterious particles and learn more about their role in the universe. The proposed Long-
Baseline Neutrino Experiment will give physicists the chance to push the door wide open to search for physics beyond the Standard Model
and allow them to make exciting discoveries at the Intensity Frontier.

Further reading:
For an excellent introduction to the neutrino physics opportunities presented by the
proposed Deep Underground Science and Engineering Laboratory (DUSEL, no
longer a funded entity), read this chapter in the report Deep Science, published by
the National Science Foundation.

Details on the scientific questions surrounding neutrinos and their properties and
interactions are given in this summary by Boris Kayser and Stephen Parke, members
of the Fermilab theory group.
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Early Universe Universe Now

neutrinos may play an important role in generating 
the matter-antimatter asymmetry  



Baryon Number Asymmetry beyond SM

• Within the SM: 

‣ CP violation in quark sector not sufficient to explain the observed 

matter-antimatter asymmetry of the Universe


• neutrino oscillation ⇒ non-zero neutrino masses 

• neutrino masses open up a new possibility for baryogenesis:


• connect to neutrino properties
• T < MR: out-of-equilibrium decays of N →  ∆L
• sphaleron processes:  ∆L →  ∆B

Leptogenesis

Fukugita, Yanagida, 1986



Reasons to go Beyond the Standard Model

• Observational: 
• neutrino masses 
• cold dark matter

• baryon asymmetry of the Universe


• Theoretical:  
• in the language of the SM, Quantum Field Theory, it is hard to 

describe gravitation

• Aesthetical: the structure of the SM is very peculiar
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Froggatt-Nielsen Mechanism
Flavor, CP, and baryons Fermion masses and the early universe

Froggatt–Nielsen scenarios

+ Popular scenario for addressing flavor hierarchies: Froggatt–Nielsen
scenario

Froggatt and Nielsen [1979]

+ E.g. e�ective Lagrangean for charged lepton masses

L ∏ y
fg

0

1 ÂS
�

2nfg

e
g

R
· „

ú
· ¸

f

L
+ h.c.

O(1)

flavon

nfg = q
(f)

R
≠ q

(g)

L

+ Assume ÂS acquires VEV vS = Á �

Â Hierarchical Yukawa couplings and nontrivial mixing angles

question:

Is that the only role of the flavon ÂS?

Mu–Chun Chen, UC Irvine Beyond 2019, Warsaw 5/ 38
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Baryogenesis through Flavon Decay
Flavor, CP, and baryons Fermion masses and the early universe

Flavons in the early universe

+ Froggatt–Nielsen Lagrangean

L ∏ y
fg

0

3
vS + S

�

4nfg

e
g

R
· „

ú
· ¸

f

L
+ h.c.

Â Flavon decays

S æ ¸L + „ + eR and S
ú

æ ¸L + „
ú

+ eR

flavon decays preserve baryon and lepton number
right–handed electrons do not couple to electroweak sphalerons
flavon decays can produce a lepton asymmetry in the left–handed
sector, i.e. n(¸L) , n(¸L)

Mu–Chun Chen, UC Irvine Beyond 2019, Warsaw 6/ 38

M.-C.C, S. Ipek, M. Ratz (2019)



Assumptions and Consequences
Flavor, CP, and baryons Fermion masses and the early universe

Assumptions and consequences

+ Assumptions:
primordial flavon asymmetry (e.g. through A�eck–Dine mechanism)

A�eck and Dine [1985]

flavon–number violating terms suppressed

VS = m2|S|2 +
3

S–number violating terms
suppressed by powers of �

4

flavon decays around electroweak transition, i.e. at T ≥ 100 GeV
+ Consequences:

presence of flavons prevents right–handed electrons from equilibrating
a realistic baryon asymmetry can be produced

Mu–Chun Chen, UC Irvine Beyond 2019, Warsaw 7/ 38



Thermal Corrections to Flavon Potential



Thermal Corrections to Flavon Potential

Flavon will perform coherent oscillates around T=0 
minimum ⇒ energy stored in oscillations 𝜌s ~ a-3  

 c.f. energy density of radiation  𝜌𝛾 ~ a-4 



Flavon Decay and LR (non-)Equilibration
Flavor, CP, and baryons Fermion masses and the early universe

Flavon decays and left–right (non–)equilibration

+ Flavon decay rate dominated by ·s

�S ≥
1

Á

|n· y· |
2

64fi3

m
3

S

�2

+ Evolution of number densities

dflS

dt
+ 3H flS = ≠�S flS

dflrad

dt
+ 4H flrad = �S flS

+ Left–right conversion or right–handed electrons

�LR ƒ 10
≠2

y
2

e
T

Mu–Chun Chen, UC Irvine Beyond 2019, Warsaw 8/ 38

of

2

III. FLAVON ASYMMETRY

Our scenario requires the flavon to have a large asym-
metry when it decays. This means that an asymmetry
must be created and that flavon number must be con-
served during the flavon oscillations. It has been pointed
out in the context of the A✏eck–Dine scenario [8] that
scalar field dynamics in the early universe can exhibit
these features. As explained in [9, Section III.C], in su-
persymmetric theories the mass terms of scalar fields S
preserve S number while interaction terms do not. These
interactions may provide an “initial kick” (in the termi-
nology of [10]) which leads to an angular momentum of
the S field in the complex plane, i.e. an S number asym-
metry. These terms become unimportant later when
the S field performs coherent oscillations, such that the
asymmetry persists until the flavon decays.

A reason for concern might be the origin of the U(1)
symmetry that ensures flavon number conservation. At
first sight, one may conclude that if U(1)FN gets broken
spontaneously, one is left with two options. (i) U(1)FN
is local, in which case the would be Goldstone mode gets
eaten, and one is left with a real scalar and no U(1)S
that allows us to define the S number. (ii) U(1)FN is
global, in which case there is a Goldstone mode, and the
situation is even worse. However, in explicit models the
situation is often richer than that. For instance, in su-
persymmetric scenarios, the scalar fields are complex. In
such models, one starts with more degrees of freedom and
the flavon is a complex linear combination of these fields,
whose mass term preserves a U(1) symmetry. There are
also non supersymmetric examples that have additional
custodial symmetries (see e.g. [11, 12] for recent applica-
tions of these symmetries in dark matter model building).
We will assume that for energy scales far below ⇤ an ap-
proximate U(1)S is preserved by the flavon potential, i.e.

VS = m2
|S|2 +

✓
S number violating terms
suppressed by powers of ⇤

◆
. (5)

IV. FLAVON COSMOLOY

By assumption, the flavon we consider is a weakly cou-
pled scalar field. Hence it can perform coherent oscilla-
tions around the T = 0 minimum of its potential. In
fact, thermal corrections to the potential will push the
flavon away from its expectation value at T = 0 [13].
The energy density stored in these oscillations, ⇢S , only
drops as a�3 whereas the energy density of radiation,
⇢rad, drops as a�4, where a is the scale factor. It is ex-
pected that at a time t⇤, corresponding to a temperature
T⇤, the energy density stored in flavon oscillations starts
dominating over the radiation contribution. We define
this point as

⇢S |T=T⇤ = ⇢rad|T=T⇤ . (6)

The flavon decays to SM leptons with a decay rate

�S ⇠
1

"

|n⌧ y⌧ |2

64⇡3

m3
S

⇤2
. (7)

Most of the decay products thermalize with the radia-
tion and contribute to the radiation density. However,
as we will show below, the right handed electrons might
not come into chemical equilibrium before the sphalerons
have switched o↵.
The evolution of the relevant energy densities is given

by

d⇢S
dt

+ 3H ⇢S = ��S ⇢S , (8a)

d⇢rad
dt

+ 4H ⇢rad = �S ⇢S , (8b)

where the Hubble rate is determined by the Friedmann
equation

H2 =
8⇡

3M2
Pl

(⇢S + ⇢rad) , (9)

with MPl ' 1.2⇥ 1019 GeV being the Planck mass.
We solve this set of equations numerically and show a

benchmark scenario in Figure 1. Analytical approxima-
tions for the two energy densities can be given at a time
t before the flavon decays, t⇤ < t < ⌧ ⇠ ��1

S , as

⇢S(t) '
M2

Pl

6⇡t2
e��S t , (10a)

⇢rad(t) '
M2

Plt
2/3
⇤

6⇡ t8/3
+

�S M2
Pl

10⇡ t
. (10b)

The first term in ⇢rad is the initial radiation energy den-
sity and the second term is generated from flavon decays.
This second term starts taking over ⇢rad long before ��1

S .
We will show in the next section that BAU can be pro-

duced via flavon decays for �S ⇠ O(10�13
�10�17 GeV).

Thus, using Equation (7) we will require the flavon mass
to be

mS

TeV
⇠

✓
⇤

109 GeV

◆ 2
3
✓

�S

10�15 GeV

◆ 1
3

, (11)

such that ⇤ is below the Planck scale.

V. GENERATION AND NON–EQUILIBRATION
OF RIGHT–HANDED ELECTRONS

Among other leptons, flavon decays into right handed

electrons with a branching fraction of Be ⇠

⇣
ne ye

n⌧ y⌧

⌘2
⇠

7.5 ⇥ 10�7. Through its decays, the flavon asym-
metry will get partially converted into an asymme-
try in right handed electrons. Like in leptogenesis [4],
this asymmetry is turned into a baryon asymmetry by

other decay products thermalized with 
radiation ⇒ contribute to radiation density

(2 → 2 scattering with Higgs)
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tion and contribute to the radiation density. However,
as we will show below, the right handed electrons might
not come into chemical equilibrium before the sphalerons
have switched o↵.
The evolution of the relevant energy densities is given

by
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with MPl ' 1.2⇥ 1019 GeV being the Planck mass.
We solve this set of equations numerically and show a

benchmark scenario in Figure 1. Analytical approxima-
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The first term in ⇢rad is the initial radiation energy den-
sity and the second term is generated from flavon decays.
This second term starts taking over ⇢rad long before ��1
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We will show in the next section that BAU can be pro-

duced via flavon decays for �S ⇠ O(10�13
�10�17 GeV).
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Our scenario requires the flavon to have a large asym-
metry when it decays. This means that an asymmetry
must be created and that flavon number must be con-
served during the flavon oscillations. It has been pointed
out in the context of the A✏eck–Dine scenario [8] that
scalar field dynamics in the early universe can exhibit
these features. As explained in [9, Section III.C], in su-
persymmetric theories the mass terms of scalar fields S
preserve S number while interaction terms do not. These
interactions may provide an “initial kick” (in the termi-
nology of [10]) which leads to an angular momentum of
the S field in the complex plane, i.e. an S number asym-
metry. These terms become unimportant later when
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A reason for concern might be the origin of the U(1)
symmetry that ensures flavon number conservation. At
first sight, one may conclude that if U(1)FN gets broken
spontaneously, one is left with two options. (i) U(1)FN
is local, in which case the would be Goldstone mode gets
eaten, and one is left with a real scalar and no U(1)S
that allows us to define the S number. (ii) U(1)FN is
global, in which case there is a Goldstone mode, and the
situation is even worse. However, in explicit models the
situation is often richer than that. For instance, in su-
persymmetric scenarios, the scalar fields are complex. In
such models, one starts with more degrees of freedom and
the flavon is a complex linear combination of these fields,
whose mass term preserves a U(1) symmetry. There are
also non supersymmetric examples that have additional
custodial symmetries (see e.g. [11, 12] for recent applica-
tions of these symmetries in dark matter model building).
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Radiation Dominate: 
LR equilibration @ 105 GeV

Flavon Dominate: 
delayed LR equilibration after 

Sphelarons shutoff



Flavor, CP, and baryons Fermion masses and the early universe

Baryogenesis from flavon decays
Chen, Ipek, and Ratz [2019]

+ Right–handed electrons are not equilibrated because the presence of
the flavon speeds up the expansion of the universe

�LR . H(w/ flavon)

Â A flavon asymmetry translates into an asymmetry in an asymmetry
in right–handed electrons, which is balanced by the opposite
asymetry in left–handed leptons

cf. Dirac leptogenesis Dick, Lindner, Ratz, and Wright [2000]

+ A left–handed asymmetry gets converted to a baryon asymmetry by
the electroweak sphalerons

Kuzmin, Rubakov, and Shaposhnikov [1985]

Mu–Chun Chen, UC Irvine Beyond 2019, Warsaw 11/ 38

Flavon Decay and LR (non-)Equilibration
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Small       : 

 delaying equilibration 
⇕ 

smaller number of 
flavons decay

- eR asymmetry produced by flavon decay

- LR equilibration washout  asymmetry

- smaller decay rate → later LR equilibration
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ms ↑ ⇒ 𝜂 ↓ (dilution due to 

entropy production)

Primordial flavon 
asymmetry 𝜂s = 1
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Our scenario requires the flavon to have a large asym-
metry when it decays. This means that an asymmetry
must be created and that flavon number must be con-
served during the flavon oscillations. It has been pointed
out in the context of the A✏eck–Dine scenario [8] that
scalar field dynamics in the early universe can exhibit
these features. As explained in [9, Section III.C], in su-
persymmetric theories the mass terms of scalar fields S
preserve S number while interaction terms do not. These
interactions may provide an “initial kick” (in the termi-
nology of [10]) which leads to an angular momentum of
the S field in the complex plane, i.e. an S number asym-
metry. These terms become unimportant later when
the S field performs coherent oscillations, such that the
asymmetry persists until the flavon decays.

A reason for concern might be the origin of the U(1)
symmetry that ensures flavon number conservation. At
first sight, one may conclude that if U(1)FN gets broken
spontaneously, one is left with two options. (i) U(1)FN
is local, in which case the would be Goldstone mode gets
eaten, and one is left with a real scalar and no U(1)S
that allows us to define the S number. (ii) U(1)FN is
global, in which case there is a Goldstone mode, and the
situation is even worse. However, in explicit models the
situation is often richer than that. For instance, in su-
persymmetric scenarios, the scalar fields are complex. In
such models, one starts with more degrees of freedom and
the flavon is a complex linear combination of these fields,
whose mass term preserves a U(1) symmetry. There are
also non supersymmetric examples that have additional
custodial symmetries (see e.g. [11, 12] for recent applica-
tions of these symmetries in dark matter model building).
We will assume that for energy scales far below ⇤ an ap-
proximate U(1)S is preserved by the flavon potential, i.e.

VS = m2
|S|2 +

✓
S number violating terms
suppressed by powers of ⇤

◆
. (5)

IV. FLAVON COSMOLOY

By assumption, the flavon we consider is a weakly cou-
pled scalar field. Hence it can perform coherent oscilla-
tions around the T = 0 minimum of its potential. In
fact, thermal corrections to the potential will push the
flavon away from its expectation value at T = 0 [13].
The energy density stored in these oscillations, ⇢S , only
drops as a�3 whereas the energy density of radiation,
⇢rad, drops as a�4, where a is the scale factor. It is ex-
pected that at a time t⇤, corresponding to a temperature
T⇤, the energy density stored in flavon oscillations starts
dominating over the radiation contribution. We define
this point as

⇢S |T=T⇤ = ⇢rad|T=T⇤ . (6)

The flavon decays to SM leptons with a decay rate
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Most of the decay products thermalize with the radia-
tion and contribute to the radiation density. However,
as we will show below, the right handed electrons might
not come into chemical equilibrium before the sphalerons
have switched o↵.
The evolution of the relevant energy densities is given

by

d⇢S
dt

+ 3H ⇢S = ��S ⇢S , (8a)

d⇢rad
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+ 4H ⇢rad = �S ⇢S , (8b)

where the Hubble rate is determined by the Friedmann
equation
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(⇢S + ⇢rad) , (9)

with MPl ' 1.2⇥ 1019 GeV being the Planck mass.
We solve this set of equations numerically and show a
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The first term in ⇢rad is the initial radiation energy den-
sity and the second term is generated from flavon decays.
This second term starts taking over ⇢rad long before ��1

S .
We will show in the next section that BAU can be pro-

duced via flavon decays for �S ⇠ O(10�13
�10�17 GeV).

Thus, using Equation (7) we will require the flavon mass
to be
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such that ⇤ is below the Planck scale.

V. GENERATION AND NON–EQUILIBRATION
OF RIGHT–HANDED ELECTRONS

Among other leptons, flavon decays into right handed
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try in right handed electrons. Like in leptogenesis [4],
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O(TeV) flavon mass can produce 
successful BAU:  𝝠 ~ O(109) GeV




Baryogenesis through Flavon Decay
Flavor, CP, and baryons Fermion masses and the early universe

Baryogenesis from flavon decays
Chen, Ipek, and Ratz [2019]

+ Decays of a flavon, which is introduced in order to explain fermion
mass hierarchies, can explain the observed baryon asymmetry if:

there is a primordial flavon asymmetry
flavon number is approximately conserved
the flavon decays around T ≥ 100 GeV

+ The observed smallness of the electron Yukawa coupling is
instrumental for that scenario

Mu–Chun Chen, UC Irvine Beyond 2019, Warsaw 14/ 38

Flavon decay too early (Td ≫ Tew): right-handed electron equilibrate  
⇒ no baryon asymmetry generated

Flavon decay too late (Td ≪ Tew): sphalerons not active 

⇒ no baryon asymmetry generated

Allowed parameter space: ms ~ O(TeV),  𝜞s ~ (10-16 - 10-13) GeV



Outlook



Summary

• Baryogenesis through Flavon Decay: 
• Flavons: ingredient exists already in flavor models a la Froggatt-Nielsen

• Flavons in early Universe: 


• decay produces left-right asymmetry in lepton sector

• sphalerons convert left-handed part of the asymmetry


• dominate Universe before the EW scale

• increasing Hubble rate

• preventing right-handed electron equilibration


• can work for both Dirac and Majorana neutrinos (c.f. Dirac leptogenesis) 

• possible gravity wave background


�28

F. d’Eramo, K. Schmitz (2019)
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Dirac Leptogenesis

• Leptogenesis possible when neutrinos are Dirac particles

• small Dirac mass through suppressed Yukawa coupling

• Characteristics of Sphaleron effects:

• only left-handed fields couple to sphalerons
• sphalerons change (B+L) but not (B-L)

• sphaleron effects in equilibrium for T > Tew

• If L stored in RH fermions can survive below EW phase transition, 
net lepton number can be generated even with L=0 initially

• for SM quarks and leptons: rapid left-right equilibration through 
large Yukawa

• LH:   (B+L)   ←   RH: (B+L)

Dick, Lindner, Ratz, Wright, 2000; 
Murayama, Pierce, 2002; ...

no net asymmetry 
if B = L = 0 initially



Dirac Leptogenesis

• LR equilibration for neutrinos:

• neutrino Yukawa coupling 
• rate for conversion

• for LR conversion not to be in equilibrium 

• Thus LR equilibration can occur at much later time
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30 M.-C. Chen

1.2.2. Dirac Leptogenesis

In the standard leptogenesis discussed in the previous section, neutrinos
acquire their masses through the seesaw mechanism. The decays of the
heavy right-handed neutrinos produce a non-zero lepton number asymme-
try, ∆L ̸= 0. The electroweak sphaleron effects then convert ∆L partially
into ∆B. This standard scenario relies crucially on the violation of lepton
number, which is due to the presence of the heavy Majorana masses for the
right-handed neutrinos.

It was pointed out [31] that leptogenesis can be implemented even in the
case when neutrinos are Dirac fermions which acquire small masses through
highly suppressed Yukawa couplings without violating lepton number. The
realization of this depends critically on the following three characteristics
of the sphaleron effects: (i) only the left-handed particles couple to the
sphalerons; (ii) the sphalerons change (B + L) but not (B − L); (iii) the
sphaleron effects are in equilibrium for T ! TEW .

As the sphelarons couple only to the left-handed fermions, one may
speculate that as long as the lepton number stored in the right-handed
fermions can survive below the electroweak phase transition, a net lepton
number may be generated even with L = 0 initially. The Yukawa couplings
of the SM quarks and leptons to the Higgs boson lead to rapid left-right
equilibration so that as the sphaleron effects deplete the left-handed (B+L),
the right-handed (B + L) is converted to fill the void and therefore it is
also depleted. So with B = L = 0 initially, no baryon asymmetry can
be generated for the SM quarks and leptons. For the neutrinos, on the
other hand, the left-right equilibration can occur at a much longer time
scale compared to the electroweak epoch when the sphaleron washout is in
effect. The left-right conversion for the neutrinos involves the Dirac Yukawa
couplings, λℓLHνR, where λ is the Yukawa coupling constant, and the rate
for these conversion processes scales as,

ΓLR ∼ λ2T . (1.116)

For the left-right conversion not to be in equilibrium at temperatures above
some critical temperature Teq, requires that

ΓLR " H , for T > Teq , (1.117)

where the Hubble constant scales as,

H ∼
T 2

MPl

. (1.118)
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of the sphaleron effects: (i) only the left-handed particles couple to the
sphalerons; (ii) the sphalerons change (B + L) but not (B − L); (iii) the
sphaleron effects are in equilibrium for T ! TEW .

As the sphelarons couple only to the left-handed fermions, one may
speculate that as long as the lepton number stored in the right-handed
fermions can survive below the electroweak phase transition, a net lepton
number may be generated even with L = 0 initially. The Yukawa couplings
of the SM quarks and leptons to the Higgs boson lead to rapid left-right
equilibration so that as the sphaleron effects deplete the left-handed (B+L),
the right-handed (B + L) is converted to fill the void and therefore it is
also depleted. So with B = L = 0 initially, no baryon asymmetry can
be generated for the SM quarks and leptons. For the neutrinos, on the
other hand, the left-right equilibration can occur at a much longer time
scale compared to the electroweak epoch when the sphaleron washout is in
effect. The left-right conversion for the neutrinos involves the Dirac Yukawa
couplings, λℓLHνR, where λ is the Yukawa coupling constant, and the rate
for these conversion processes scales as,

ΓLR ∼ λ2T . (1.116)

For the left-right conversion not to be in equilibrium at temperatures above
some critical temperature Teq, requires that

ΓLR " H , for T > Teq , (1.117)

where the Hubble constant scales as,

H ∼
T 2

MPl

. (1.118)
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Fig. 1.12. With sufficiently small Yukawa couplings, the left-right equilibration occurs
at a much later time, well below the electroweak phase transition temperature. It is
therefore possible to generate a non-zero baryon number even if B = L = 0 initially. For
the SM particles, as shown in the insert for comparison, the left-right equilibration takes
place completely before or during the sphaleron processes. Thus no net baryon number
can be generated if B − L = 0 initially. Figure taken from Ref [31].

Hence the left-right equilibration can occur at a much later time, T !

Teq ≪ TEW , provided,

λ2 !
Teq

MPl

≪
TEW

MPl

. (1.119)

With MPl ∼ 1019 GeV and TEW ∼ 102 GeV, this condition then translates
into

λ < 10−(8∼9) . (1.120)

Thus for neutrino Dirac masses mD < 10 keV, which is consistent with all
experimental observations, the left-right equilibration does not occur until
the temperature of the Universe drops to much below the temperature of
the electroweak phase transition, and the lepton number stored in the right-
handed neutrinos can then survive the wash-out due to the sphalerons [31].

Once we accept this, the Dirac leptogenesis then works as follows. Sup-
pose that some processes initially produce a negative lepton number (∆LL),
which is stored in the left-handed neutrinos, and a positive lepton number
(∆LR), which is stored in the right-handed neutrinos. Because sphalerons
only couple to the left-handed particles, part of the negative lepton number
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