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The matter-antimatter asymmetry

The Universe seems to be made of matter



A. Sakharov

Baryon asymmetry of the universe
A. D. Sakharov

P.N. Lebedev Physics Institute, Academy of Sciences of the USSR

Usp. Fiz. Nauk 161,110-120 (May 1991)

(Review paper presented at the A. A. Friedmann Centenary Conference, Leningrad, 22-26 June,
1988)1'

The concept of a nonstationary Universe whose founda-
tion was laid by Friedmann is of a vast scientific and philo-
sophical significance.

Among the problems, whose very formulation was im-
possible in the pre-Friedmann time there is the problem of
baryon asymmetry of the Universe. How can one explain
why there are only baryons in the observable part of the
Universe, and not antibaryons? What determines quantita-
tively the magnitude of the baryonic asymmetry (the latter is
conventionally characterized by the ratio

(BAU) = — ~  √9;

where Ô
‚
 is the mean density of baryons in the Universe, n

Y

is the relic photon density, in the order of magnitude equal to
the density of entropy). The value of BAU is known but
approximately because of: (1) the inaccuracy in the knowl-
edge of the Hubble constant; (2) the value of fi = p/p

ci
 < 1 is

uncertain, we assume that fix 1, although this needs to be
checked; (3) the nature of the hidden mass remains un-
known (most likely, it is mainly of nonbaryonic nature, and
hence is not essential here).

Certainly there should also exist some lepton asymme-
try, although no experimental data about it are available,
since most of the leptons and antileptons exist in the form of
the up to now unobservable relic neutrinos and antineu-
trinos. Within a wide class of theories the relation Ë‚ = Î¸

holds true; however, some scenarios exist wherein nL and Ë‚

have different signs and magnitudes.
Numerous attempts are known to solve the problem of

BAU without abandoning the conservation law of the bar-

yonic number (items 1,2).
1. It is assumed (Alfven [ 1 ] and other authors) that at

an early stage there existed a plasma that was primarily bar-
yonic-neutral (hot Universe with a temperature T^>M

B
)

but later underwent the spatial separation of the baryonic
charges

FIG. l.

However, nobody succeeded in inventing a sufficiently effec-
tive separation mechanism. A shadow of hope is provided by
a hypothesis concerning the role which may be played by the
primordial black holes (Hawking [2], Zel'dovichefa/. [3])

FIG. 2.

If, due to some reasons, the capture of antibaryons is more
intensive, the excess baryonic charge arises outside the black
holes.

2. Another hypothesis admits that the primordial mat-
ter was cold and contained positive baryonic charge (bar-
yons or, more likely quarks). The primary entropy was ei-
ther S = 0, or S~B (S is the entropy, ¬ the number of
baryons in some region of the Universe). It grows in the
irreversible processes in the course of expansion of the Uni-
verse, and the entropy increases to a value ~ 109.

fi=const

grows

FIG. 3.

Hypotheses of this sort are completely ruled out within the
scenarios of an inflationary Universe.

Inflation

5=const,
ng decreasing

FIG. 4.

3. The third approach to the BAU problem abandons

the baryonic charge conservation (S. Weinberg, 1964 [4]; A.
D. Sakharov, 1967 [5]; V. A. Kuz'min, 1970 [6]).

Three basic conditions for cosmological formation of
baryonic asymmetry

I. Absence of baryonic charge conservation.
II. Difference between particles and antiparticles, man-

ifesting itself in the violation of CP-invariance.
III. Nonstationarity. Formation of BA is only possible

under nonstationary conditions in the absence of local ther-
modynamic equilibrium.

Let us discuss these conditions.
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Violation of CP in variance, — asymmetry, and baryon asymmetry of the universe
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Literal translation: Out ofS. Okubo's effect

At high temperature

A fur coat is sewed for the Universe

Shaped for its crooked figure.

The theory of the expanding universe, which presup-
poses a superdense initial state of matter, apparently ex-
cludes the possibility of macroscopic separation of matter
from antimatter; it must therefore be assumed that there are
no antimatter bodies in nature, i.e., the universe is asymmet-
rical with respect to the number of particles and antiparticles
(— asymmetry). In particular, the absence of antibaryons
and the proposed absence of baryonic neutrinos implies a
nonzero baryon charge (baryonic asymmetry). We wish to
point out a possible explanation of — asymmetry in the hot
model of the expanding universe (see Ref. 1) by making use
of effects of CPinvariance violation (see Ref. 2). To explain
baryon asymmetry, we propose in addition an approximate
character for the baryon conservation law.

We assume that the baryon and muon conservation
laws are not absolute and should be unified into a "com-
bined" baryon-muon charge n

c
 = 3n

B
 — n^. We put

forantimuons/^+ and v^ =
0
'Ô^ = — 1, /IK = +1.

formuons/i. and V
M
 = ̂

‡
'.Ô = +1, Ô

Í
 = -I.

for baryons P and TV: Ô
‚
 = +1, Ô

Í
= +3.

for antibaryons P and N: «B = — 1, Ô
Í
 = —3.

This form of notation is connected with the quark concept;
we ascribe to the/?, n, and À quarks n

c
 = + I, and to anti-

quarks, Ë,. = — 1. The theory proposes that under laborato-
ry conditions processes involving violation of Ô

‚
 and Ë‰ play

a negligible role, but they were very important during the
earlier stage of the expansion of the universe.

We assume that the universe is neutral with respect to
the conserved charges (lepton, electric, and combined), but
— asymmetrical during the given instant of its development
(the positive lepton charge is concentrated in the electrons
and the negative lepton charge in the excess of antineutrinos
over the neutrinos; the positive electric charge is concentrat-
ed in the protons and the negative in the electrons; the posi-
tive combined charge is concentrated in the baryons, and the

negative in the excess of fi neutrinos over/z antineutrinos).
According to our hypothesis, the occurrence of — asym-

metry is the consequence of violation of CP in variance in the
nonstationary expansion of the hot universe during the su-
perdense stage, as manifest in the difference between the par-
tial probabilities of the charge-conjugate reactions. This ef-
fect has not yet been observed experimentally, but its
existence is theoretically undisputed (the first concrete ex-
ample, I,

 +
 and 2 _ decay, was pointed out by S. Okubo as

early as 1958) and should, in our opinion, have much cosmo-
logical significance.

We assume that the asymmetry has occurred in an ear-
lier stage of the expansion, in which the particle, energy, and
entropy densities, the Hubble constant, and the tempera-
tures were of the order of unity in gravitational units (in
conventional units the particle and energy densities were
n~ 1098 cm"3 and e~ 10114 erg/cm3).

M. A. Markov (see Ref. 3) proposed that during the
early stages there existed particles with maximum mass of
the order of one gravitational unit (M

0
 = 2 x l O ~ 5 g i n ordi-

nary units), and called them maximons. The presence of
such particles leads unavoidably to strong violation of ther-
modynamic equilibrium. We can visualize that neutral spin-
less maximons (or photons) are produced at t < 0 from con-
tracting matter having an excess of antiquarks, that they
pass "one through the other" at the instant t = 0 when the
density is infinite, and decay with an excess of quarks when
t >0, realizing total CPT symmetry of the universe. All the
phenomena at t < 0 are assumed in this hypothesis to be CPT

reflections of the phenomena at t > 0. We note that in the
cold model CPT reflection is impossible and only T and TP

reflections are kinematically possible. TP reflection was con-
sidered by Milne, and T reflection by the author; according
to modern notions, such a reflection is dynamically impossi-
ble because of violation of TP and T invariance.

We regard maximons as particles whose energy per par-
ticle E/n depends implicitly on the average particle density n.

If we assume that e/n~n ~~
1/3, then e/n is proportional to

the interaction energy of two "neighboring" maximons
(£/n)V/3 (cf. the arguments in Ref. 4). Then £~n2/3 and
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The Standard Model (subtly) complies   

I Baryon Number 

p 6! e+⇡0
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But the symmetry is broken by quantum vacuum effects: anomaly

W W

Rate( 6B) /

(
e�

4⇡
↵W , T < TEW

O(1), T > TEW
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t’Hooft ‘76, Klinkhammer, Manton ’84;  

The SM Lagrangian preserves baryon number symmetry classically  

𝜕𝜇JBµ = 𝜕𝜇JLµ

Only B-L is conserved in the SM !



II CP violation

CP violation in the quark sector:        K-mesons     1964 Cronin-Fitsch
B-mesons    2001 BaBar & Belle
D-mesons 2019  LHCb

LHCb@ LHC

LSM = �1

4
Fµ⌫F

µ⌫

| {z }
CP

p

+ i ̄/D | {z }
CP

p
+  ̄iYij� j| {z }

CP⇥ i↵ Y 6=Y⇤

+Dµ�D
µ�� V (�)

| {z }
CP

p

<latexit sha1_base64="HiCTbkDtNxc+OQuvhXmbzywZofk="></latexit>

The Standard Model (subtly) complies   



II    CP violation

It is a subtle phenomenon that depends on many flavour parameters 

�quarks
CP =
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But the Standard Model fails

• Polynomial in Yu, Yd
• Has an imaginary part
• It is flavour-basis invariant

YB / �CP
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II    CP violation

It is a subtle phenomenon that depends on many flavour parameters 

Im
h
det

⇣
[YuY

†
u , YdY

†
d ]
⌘i

/ J
Y

i<j

(m2
di

�m2
dj
)
Y

i<j

(m2
ui

�m2
uj
)

Jarlskog ‘85

�quarks
CP =
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Three non-degenerate families of up and down quarks that mix are needed for there 
to be CP violation !

But the Standard Model fails

YB / �CP
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But the Standard Model fails

Too small CP violation in quark sector

nb

n�
⇠ �quarks

CP ⇠ 10�20
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Gavela, PH, Orloff, Pene ‘93

New sources of CP violation are needed !



But the Standard Model fails

III   Non-equilibrium

• First order phase transitions  (EW symmetry is restored at high enough T)

It is a smooth crossover in the SM  (too heavy higgs)

Kajantie, Laine, Rummukainen,Shaposhnikov ‘96

V (H) =
1

2
m

2
H
H

2 + �3H
3 + �4H

4
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�SM
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m2

Hp
2v

,�SM

4 =
m2

H

4v2
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But the Standard Model fails

III   Non-equilibrium

• Expansion of the Universe when �(T )  H(T )
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scattering rate < Hubble expansion 

All particles in the SM (even neutrinos) satisfy 

�SM (T ) � H(T ), T � TEW
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The Standard Model+massive n

(1,2)� 1
2

(3,2)� 1
6

(1,1)�1 (3,1)� 2
3

(3,1)� 1
3

✓
⌫e

e

◆

L

✓
ui

di

◆

L

eR ui

R
di

R

✓
⌫µ

µ

◆

L

✓
ci

si

◆

L

µR ci

R
si

R

✓
⌫⌧

⌧

◆

L

✓
ti

bi

◆

L

⌧R ti
R

bi

R

Table 1: Irreducible fermionic representations in the Standard Model: (dSU(3), dSU(2))Y

2 Neutrinos in the Standard Model
The Standard Model (SM) is a gauge theory based on the gauge group SU(3) ⇥ SU(2) ⇥ UY (1). All
elementary particles arrange in irreducible representations of this gauge group. The quantum numbers
of the fermions (dSU(3), dSU(2))Y are listed in table 1.

Under gauge transformations neutrinos transform as doublets of SU(2), they are singlets under
SU(3) and their hypercharge is �1/2. The electric charge, given by Q = T3 + Y , vanishes. They are
therefore the only particles in the SM that carry no conserved charge.

The two most intriguing features of table 1 are its left-right or chiral asymmetry, and the three-fold
repetition of family structures. Neutrinos have been essential in establishing both features.

2.1 Chiral structure of the weak interactions
The left and right entries in table 1 have well defined chirality, negative and positive respectively.
They are two-component spinors or Weyl fermions, that is the smallest irreducible representation of
the Lorentz group representing spin 1/2 particles. Only fields with negative chirality (i.e. eigenvalue of
�5 minus one) carry the SU(2) charge. For free fermions moving at the speed of light (i.e., massless), it
is easy to see that the chiral projectors are equivalent to the projectors on helicity components:

PR,L ⌘ 1 ± �5

2
=

1

2

✓
1 ± s · p

|p|

◆
+ O

⇣mi

E

⌘
, (6)

where the helicity operator ⌃ =
s·p
|p| measures the component of the spin in the direction of the momen-

tum. Therefore for massless fermions only the left-handed states (with the spin pointing in the opposite
direction to the momentum) carry SU(2) charge. This is not inconsistent with Lorentz invariance, since
for a fermion travelling at the speed of light, the helicity is the same in any reference frame. In other
words, the helicity operator commutes with the Hamiltonian for a massless fermion and is thus a good
quantum number.

The discrete symmetry under CPT (charge conjugation, parity, and time reversal), which is a basic
building block of any Lorentz invariant and unitary quantum field theory (QFT), requires that for any
left-handed particle, there exists a right-handed antiparticle, with opposite charge, but the right-handed
particle state may not exist. A Weyl fermion field represents therefore a particle of negative helicity and
an antiparticle with positive one.

Parity however transforms left and right fields into each other, thus the left-handedness of the weak
interactions implies that parity is maximally broken in the SM. The breaking is nowhere more obvious

4

(1,1)0
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An extension of the SM table is mandatory

LSM � ⌫̄LiYijH⌫Rj + ⌫̄RiMij⌫
c
Rj
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Seesaw
Limit

Light neutrinos (n)

Heavy Neutral Leptons (N)

The Standard Model+massive n
M≠ 0 <->  6 Majorana neutrinos (3 light, 3 heavy)

mlight ⇠ Y
v2

M
Y T
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Fixing the light neutrino masses leaves us with a degeneracy  

M ⇠ Y 2
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We can think of the heavy states as neutrino mass mediators



The Standard Model+massive n
New opportunities for baryogenesis!

Ø CP violation in the lepton sector potentially larger if M ≠ 0: new invariants

Ø Heavy neutrino states might exit early/never reach thermal equilibrium at T>TEW

Im
�
Tr[Y †YM†MM⇤(Y †Y )⇤M ]
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�Ni(T )  H(T ), T � TEW
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(Scattering rate < Hubble expansion rate)

Branco et al; Jenkins, Manohar;Wang, Yu Zhou… 



The Standard Model+massive n

eV keV MeV GeV TeV MPlanck
MN

Robust prediction: generation of a baryon asymmetry via leptogenesis for a wide
range of M

Excluded by cosmology eg. BBN

Fukugita, Yanagida; …Abada et al;..Pilaftsis…; Ahkmedov,Rubakov, Smirnov; Asaka, Shaposhnikov…



The Standard Model+massive n

eV keV MeV GeV TeV MPlanck
MN

Fukugita, Yanagida; Abada et al;..Pilaftsis…; Ahkmedov,Rubakov, Smirnov; Asaka, Shaposhnikov…

Robust prediction: generation of a baryon asymmetry via leptogenesis for a wide
range of M

Excluded by cosmology eg. BBN

@EW scale leptogenesis
via neutrino oscillations



The Standard Model+massive n

eV keV MeV GeV TeV MPlanck
MN

Robust prediction: generation of a baryon asymmetry via leptogenesis for a wide
range of M

Excluded by cosmology eg. BBN

@EW scale leptogenesis
via neutrino oscillations

@leptogenesis from
out-of-equilibrium decay

Hierarchy problem

Fukugita, Yanagida; Abada et al;..Pilaftsis…; Ahkmedov,Rubakov, Smirnov; Asaka, Shaposhnikov…
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Light neutrino mixing
(~PMNS)

HNL mixing

Heavy Neutral Leptons

Naïve seesaw scaling: 
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Hadron colliders
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@Laboratory (fixed target, colliders) and cosmic rays  

(Uhl)↵1
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Heavy Neutral Leptons



FCC

Heavy Neutral Leptons

Most of the accessible region is quite far from the seesaw limit …

Within naive see-saw scaling   

Larger mixings can be achieved via an approximate Lepton Number symmetry!  

                                              


U2 ∼ mν

M
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See-Saw Limit

Future experimental sensitivity  
               SHiP & FCC-ee

ΔM = 2μ

U2 ≃ y2 v2

M2

mν = f (y′ /y, μ /Λ)
y′ ≪ y, μ ≪ Λ

M = (0 Λ
Λ 0) + diag(μ)

Y = (y, 0) + (0, y′ )

Wyler, Wolfenstein ’83; Mohapatra, Valle ’86 

Prerequisite II
Displaced vertex searches

n masses 
not explained 

|U |2 � ml

M
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Strongly mixed HNL that explain neutrino masses iff approximate global symmetry 
U(1)L

L(N1)= +1,  L(N2) = -1

Degenerate heavy neutrinos, massless light neutrinos, no CP violation…

Wyler, Wolfenstein; Mohapatra, Valle; Branco, Grimus, Lavoura, Malinsky, Romao;Kersten, Smirnov;
Abada et al; Gavela et al….many others

Heavy Neutral Leptons
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Minimal Model two neutrinos:



Wyler, Wolfenstein; Mohapatra, Valle; Branco, Grimus, Lavoura, Malinsky, Romao;Kersten, Smirnov;
Abada et al; Gavela et al….many others

Heavy Neutral Leptons
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Expansion parameters

Strongly mixed HNL that explain neutrino masses iff approximate global symmetry 
U(1)L

Neutrino masses: HNL Mixing: 

(m⌫)↵� / v2

⇤
(y↵y

0
� + y�y

0
↵ � y↵y�

µ2

⇤
)
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U2 ⇠ y2v2

2M2
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Quantification of the asymmetry via quantum Boltzmann equation  

Leptogenesis via oscillations

9

       
       

·ρ = − i[H, ρ] − 1
2 {Γa, ρ} + 1

2 {Γp, ρeq − ρ}

Quantum  
density matrix

CP violating 
oscillations  H ∝ ΔM2

ij /k0

Thermalization 
efficiency  Γa,p ∝ YY†

Estimated equilibration rate at EWPT  
Γ ∝ U2 M2

v2 TEW ≲ H = T2
EW /M*p

Γ > H

Non thermal equilibration?

BUT approximate LN symmetry and flavour effects can lead to other slow modes

� / Tr[Y †Y ]T
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is required�(TEW)  H(TEW)
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Overdamped: �M ⌧ M
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A first relevant scale in the problem is the one related to the vacuum oscillation rate,

which is not a thermalization rate, but it is the scale at which CP asymmetries build up:

�osc(T ) /
M2

2
� M2

1

T
, (2.8)

where Mi are the mass eigenvalues of the heavy states above the EW phase transition.

Secondly, we have the scattering, decay or inverse decay rates. At temperatures such

that T � Mi, the HNLs can be assumed relativistic in the corresponding processes. In

this case the interaction rate with flavour ↵ is given by:

�↵(T ) / ✏↵�(T ), � / Tr[Y Y †]T, ✏↵ ⌘
(Y Y †)↵↵
Tr[Y Y †]

. (2.9)

A flavour hierarchy in the Yukawa couplings can result in a hierarchy in the corresponding

interaction rates.

There are, however, slow modes that do not thermalize with this rate, owing to the

approximate zero mode of Y †Y , related to the approximate LN symmetry. The thermal-

ization rate of this mode involves oscillations and is of the form

�slow

osc / Posc�  � , (2.10)

where Posc can be thought of as an oscillation probability which is Posc ! 1 when �osc � �,

while Posc ! 0 when �osc ⌧ � (oscillations are damped). Note that this rate may be

suppressed even in strong washout, i.e. when � � Hu, as long as the mass di↵erence,

|M2 � M1|, is su�ciently small.

When Mi/T corrections are included in the rates, there is an additional slow mode,

related to LN. The corresponding slow rate is (we assume M  TEW ):

�slow

M /

✓
Mi

T

◆
2

�  � . (2.11)

When both slow rates become large compared to Hu, and no significantly flavour e↵ects are

present, full thermalization is achieved. If this happens before TEW, the baryon asymmetry

is exponentially suppressed.

A large fraction of the parameter space of the model, compatible with the light neutrino

masses, satisfies

�osc(TEW), �(TEW) � Hu(TEW) . (2.12)

This regime is also the most interesting one, as regards testability prospects, since it corre-

sponds to large mixing of the HNLs. In particular most of the accessible parameter space

for future experiments corresponds to the strong washout regime �(TEW) � Hu(TEW).

2.1.2 Washout regimes

Di↵erent regimes can be identified depending on the relative strength of the rates that

remain below Hu at TEW . In Fig. 1 we show the di↵erent regimes on the plane mixing of

the HNL, U2
⌘

P
↵

|⇥↵1|
2

'
P

↵
|⇥↵2|

2, versus their mass, M1 ' M2, with light neutrino

masses properly accounted for (see sec. 3), and for two fixed values of the degeneracy

|M2 � M1|/M1.
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oscillations are damped by the faster interactions in the plasma and

Posc / ✏2 . (2.16)

As a result the slow thermalization rate of eq. (2.10) is suppressed as

�slow

osc = ✏2� . (2.17)

In strong washout, � � Hu, the overdamped regime is defined by the condition

�slow

osc (TEW) < Hu(TEW) , (2.18)

which implies a lower limit on the mixing, as is shown in Fig. 1.

• Weak lepton number violating (wLNV) regime

When M/T terms are not negligible but still

�slow

M (TEW) < Hu(TEW) , (2.19)

the asymmetry can survive even when all other rates are larger than Hu. This

condition implies an upper limit in the mixing, although significantly less restrictive

for small masses than the flavoured weak washout, as shown in Fig. 1. It is important

to stress that this regime is not relevant if M/T corrections are neglected: there

is e↵ectively an exact lepton number symmetry in this case and no asymmetry is

generated in the slow mode direction.

In the unshaded regions of Fig. 1 the Sakharov conditions are not fulfilled at TEW, and

therefore the asymmetry is exponentially suppressed. Only exponential fine-tunning could

reproduce the baryon asymmetry.

Within the shaded regions the generation of the asymmetry is most important at Tosc

defined as:

�osc(Tosc) = Hu(Tosc) , (2.20)

that is when the oscillation rate is the same as the Hubble expansion rate. As we will see the

asymmetry generated depends on the relative strength of �osc and � at this temperature.

The dashed line on the Fig. 1 separates two regions:

• Intermediate region (above dashed line)

�osc(Tosc) ⌧ �(Tosc) . (2.21)

• Fast oscillation region (below dashed line):

�osc(Tosc) � �(Tosc) . (2.22)

– 7 –

Figure 1. Boundaries of washout regimes and regions described in the text on the plane |U |
2

versus M for two choices of �M/M .

• Weak washout

Defined by the condition

�↵(TEW ) < �(TEW ) < Hu(TEW ) . (2.13)

The thermalization rates of all modes are slow compared to the Hubble rate, so an

asymmetry can survive at TEW. The condition of eq. (2.13) can be translated on

the plane |U2
| versus Mi, leading to an upper bound on the mixing, as shown in

Fig. 1. Unfortunately, this regime is beyond reach of future experiments such as

FCC [53–55] and could be reached only in the lowest mass region at SHiP [56, 57],

where constraints from BBN are significant. An analytical approximate solution for

the baryon asymmetry in this regime (including the connection to the observable

parameters) was presented in [30, 32].

• Flavoured weak washout

When there is a hierarchy in ✏↵, eq. (2.9), we might have

�↵(TEW) < Hu(TEW) < �(TEW) , (2.14)

for some ↵ = e, µ, ⌧ . The flavour ↵ remains the reservoir of the baryon asymmetry.

In Fig. 1, we show the band corresponding to eq. (2.14). This regime reaches up to

two order magnitude larger couplings than in the weak washout.

When �↵(TEW) � Hu(TEW) for all ↵, the asymmetry can only survive if any of the

slow modes, in eqs. (2.10) and/or (2.11), remain in weak washout. Depending on which

one of them does we can distinguish two additional regimes:

• Overdamped regime

When

✏ ⌘
�osc

�
⌧ 1 , (2.15)

– 6 –

Highly-degenerate regime
Shaded regions have slow thermalizing modes
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Flavoured: y↵ ⌧ y�
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wLNV: M ⌧ T
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A first relevant scale in the problem is the one related to the vacuum oscillation rate,

which is not a thermalization rate, but it is the scale at which CP asymmetries build up:

�osc(T ) /
M2

2
� M2

1

T
, (2.8)

where Mi are the mass eigenvalues of the heavy states above the EW phase transition.

Secondly, we have the scattering, decay or inverse decay rates. At temperatures such

that T � Mi, the HNLs can be assumed relativistic in the corresponding processes. In

this case the interaction rate with flavour ↵ is given by:

�↵(T ) / ✏↵�(T ), � / Tr[Y Y †]T, ✏↵ ⌘
(Y Y †)↵↵
Tr[Y Y †]

. (2.9)

A flavour hierarchy in the Yukawa couplings can result in a hierarchy in the corresponding

interaction rates.

There are, however, slow modes that do not thermalize with this rate, owing to the

approximate zero mode of Y †Y , related to the approximate LN symmetry. The thermal-

ization rate of this mode involves oscillations and is of the form

�slow

osc / Posc�  � , (2.10)

where Posc can be thought of as an oscillation probability which is Posc ! 1 when �osc � �,

while Posc ! 0 when �osc ⌧ � (oscillations are damped). Note that this rate may be

suppressed even in strong washout, i.e. when � � Hu, as long as the mass di↵erence,

|M2 � M1|, is su�ciently small.

When Mi/T corrections are included in the rates, there is an additional slow mode,

related to LN. The corresponding slow rate is (we assume M  TEW ):

�slow

M /

✓
Mi

T

◆
2

�  � . (2.11)

When both slow rates become large compared to Hu, and no significantly flavour e↵ects are

present, full thermalization is achieved. If this happens before TEW, the baryon asymmetry

is exponentially suppressed.

A large fraction of the parameter space of the model, compatible with the light neutrino

masses, satisfies

�osc(TEW), �(TEW) � Hu(TEW) . (2.12)

This regime is also the most interesting one, as regards testability prospects, since it corre-

sponds to large mixing of the HNLs. In particular most of the accessible parameter space

for future experiments corresponds to the strong washout regime �(TEW) � Hu(TEW).

2.1.2 Washout regimes

Di↵erent regimes can be identified depending on the relative strength of the rates that

remain below Hu at TEW . In Fig. 1 we show the di↵erent regimes on the plane mixing of

the HNL, U2
⌘

P
↵

|⇥↵1|
2

'
P

↵
|⇥↵2|

2, versus their mass, M1 ' M2, with light neutrino

masses properly accounted for (see sec. 3), and for two fixed values of the degeneracy

|M2 � M1|/M1.
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Not-so-degenerate regime

�↵ / (Y Y †)↵↵T
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(CP violation primer)

Any CP violating observable requires the interference of at least two amplitudes 
that differ in CP-even or CP-odd phases

�CP ⇠ |A1e
i�1ei�1 +A2e

i�2ei�2 |2 � |A1e
i�1e�i�1 +A2e

i�2e�i�2 |2

<latexit sha1_base64="8KoMsQlt8QX0Ojko1SnnlywAN/k="></latexit>

Vanishes if |�2 � �1| = 0 or |�2 � �1| = 0

<latexit sha1_base64="JvWjxp7Tj5LPSUnwgFYunDXlS8Y="></latexit>

In the context of ARS leptogenesis:

��
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Oscillations/space-time phases



Leptogenesis via oscillations
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The Standard Model+massive n

Quantum kinetic equations describe the evolution of the N density matrix and 
the B/3-La chemical potentials

• Fermi-Dirac or Bose-Einstein statistics is kept throughout

• Collision terms include 2 $ 2 scatterings at tree level with top quarks and gauge

bosons, as well as 1 $ 2 scatterings including the resummation of scatterings medi-

ated by soft gauge bosons as obtained in refs. [16–18]

• Leptonic chemical potentials are kept in all collision terms to linear order

• Include spectator processes

As usual we assume that all the spectator particles are in kinetic equilibrium. On the other

hand, we neglect the e↵ects of the top quark and Higgs chemical potentials. These e↵ects

are expected to be smaller than the e↵ect of thermal masses in 2 $ 2 processes that we

are neglecting. Note that, in contrast with the e↵ects of the lepton chemical potential, the

former do not bring in any new flavour structure.

The starting point to derive the equations is the Ra↵elt-Sigl formalism [20], where the

sterile neutrino density satisfies the equation:

d⇢N (k)

dt
= �i[H, ⇢N (k)] �

1

2
{�a

N , ⇢N} +
1

2

�
�p

N
, 1 � ⇢N

 
, (2.6)

where

H ⌘
M2

2k0
+ VN (k), VN (k) ⌘

T 2

8k0
Y †Y, (2.7)

and �a

N
(k) and �p

N
(k) are the annihilation and production rates of the sterile neutrinos.

The result can be written as

�p

Nij
= Y †

i↵
⇢F

✓
k0

T
� µ↵

◆
�N (k, µ↵)Y↵j ,

�a

Nij = Y †
i↵

✓
1 � ⇢F

✓
k0

T
� µ↵

◆◆
�N (k, µ↵)Y↵j , (2.8)

where ⇢F (y) = (exp y+1)�1 is the Fermi-Dirac distribution and µ↵ is the leptonic chemical

potential normalised by the temperature. �N contain the contributions from all 2 ! 2

processes that produce an N :

Q̄t ! l̄N ; tl ! QN ; Q̄l ! t̄N ; Wl ! �̄N ; l� ! WN ; W� ! l̄N, (2.9)

and 1 $ 2 processes: � ! l̄N including resummed soft-gauge interactions. All these

contributions have been computed for vanishing leptonic chemical potential in [10, 17, 18].

We have followed their methods including the e↵ects of a lepton chemical potential to linear

order.

Defining

�N (k, µ↵) ' �(0)
N

(k) + �(2)
N

(k)µ↵, (2.10)

and

�(1)
N

⌘ �(2)
N

�
⇢0
F

⇢F
�(0)
N

, (2.11)
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Oscillations Scattering

⇢̄N (H ! H
⇤)
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Stiff non-linear system with several relevant time scales: hard to explore 
parameter space !

Raffelt-Sigl

dµB/3�L↵

dt
= f(⇢N , ⇢N̄ , µB/3�L↵

)
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Numerical code available on GitHub 

Check out [2207.01651] for more details 

Bonus

14

Stephan Sandner

Antusch et al.; Abada et al. ; Drewes et al.; Ghiglieri, Laine; PH et al ;Klaric et al.

Our latest refinements: inclusion of full M/T corrections to the scattering rates, v(T) 
close to TEW   

Many numerical studies before



State-of-the-art kinetic equations

We work in the basis where M = diag(M1, M2), with M2 > M1 > 0. We define the

normalized heavy neutrino density matrices for the two helicities:

rN =
⇢N
⇢F

, r
N̄

=
⇢
N̄

⇢F
, (4.1)

where ⇢F (z) = (exp z + 1)�1 with z = k/T is the Fermi-Dirac distribution. The evolution

of these matrices as a function of the scale factor x = a = T�1 is dictated by the equations:

xHu

drN
dx

= �i[hHi, rN ] �
h�(0)

N
i

2
{Y †Y, rN � 1} � x2

hs(0)

N
i

2
{MY TY ⇤M, rN � 1}

+ h�(1)

N
iY †µY � x2

hs(1)

N
iMY TµY ⇤M

�
h�(2)

N
i

2

�
Y †µY, rN

 
+ x2

hs(2)

N
i

2
{MY TµY ⇤M, rN} ,

xHu

dr
N̄

dx
= �i[hH⇤

i, r
N̄

] �
h�(0)

N
i

2
{Y TY ⇤, r

N̄
� 1} � x2

hs(0)

N
i

2
{MY †Y M, r

N̄
� 1}

� h�(1)

N
iY TµY ⇤ + x2

hs(1)

N
iMY †µY M

+
h�(2)

N
i

2

�
Y TµY ⇤, r

N̄

 
� x2

hs(2)

N
i

2
{MY †µY M, r

N̄
} ,

xHu

dµB/3�L↵

dx
=

R
k
⇢FR

k
⇢0
F

"
h�(0)

N
i

2
(Y rNY †

� Y ⇤r
N̄

Y T ) � x2
hs(0)

N
i

2
(Y ⇤MrNMY T

� Y Mr
N̄

MY †)

� µ↵

⇣
h�(1)

N
iY Y † + x2

hs(1)

N
iY M2Y †

⌘
+

h�(2)

N
i

2
µ↵(Y rNY † + Y ⇤r

N̄
Y T )

+ x2
hs(2)

N
i

2
µ↵

⇣
Y Mr

N̄
MY † + Y ⇤MrNMY T

⌘#

↵↵

, (4.2)

where Hu(T ) is the Hubble parameter of eq. (2.6) and ⇢0
F

= d⇢F /dz. In these equations,

the matrix µ ⌘ diag(µ↵) and µ↵ is the lepton chemical potential in flavour ↵. µB/3�L↵
is

related to the approximately conserved charge densities as:

nB/3�L↵
⌘ �2µB/3�L↵

Z

k

⇢0
F =

1

6
µB/3�L↵

T 3 . (4.3)

The relation between the two is

µ↵ = �

X

�

C↵�µB/3�L�
, (4.4)

where the matrix C is given by [40]

C = �
1

711

0

B@
257 20 20

20 257 20

20 20 257

1

CA . (4.5)

The Hamiltonian term is given by

H ⌘
M2

2k0

+ VN (k), VN (k) ⌘
T 2

8k0

Y †Y . (4.6)
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Towards an analytical understanding

• Identify the different non-thermal regimes and their characteristic time-scales

• Set up a perturbative approximation of the equations exploiting y’<<y, µ<<L

• Identify the CP invariants that control the parameter dependences of YB

• Write the CP invariants in terms of observable parameters: find bounds
and correlations implied by the matter-antimatter asymmetry

PH, Lopez-Pavon, Rius, Sandner, arxiv: 2207.01651

I0 = Im
⇣
Tr[Y †YM†MY †YlY

†
l Y ]

⌘
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I1 = Im
�
Tr[Y †YM†MM⇤(Y †Y )⇤M ]

�
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Figure 7. Comparison of the asymptotic analytical result (black dashed) to i) the numerical
result with the same settings (blue) and ii) the full non-linear numerical solution (red) in the four
scenarios (a)-(d) as described in the main text. In the top left we show the scenario (a), in the top
right the scenario (b), in the bottom left the scenario (c) and in the bottom right the scenario (d).
The vertical dashed lines indicate projection times used for the analytical derivation.

of parameters allow us to exemplify the di↵erent regimes that are relevant in di↵erent

regions of the parameter space, namely

(a) Overdamped regime with weak LNV as given by eq. (4.51),

(b) Overdamped regime with strong LNV as given by eq. (4.52),

(c) Intermediate regime with slow flavour ↵ and strong LNV as given by eq. (4.56),

(d) Fast oscillation regime with slow flavour ↵ and strong LNV as given by eq. (4.58).

Our results are shown in Fig. 7. The comparison of the analytical result, indicated by the

dashed line, with the numerical solution obtained in the same approximations used in the

analytical analysis, shown in blue, is very good in all cases. The exact numerical result

(red) including non-linear terms, the C matrix of eq. (4.5) and temperature dependent

rates di↵er within a factor of two at most with the analytical estimate. This is mainly due

to the di↵erence in the rates considered.

6.2 Parameter scan of testable baryogenesis

We have performed a numerical scan of the parameter space compatible with successful

baryogenesis for HNL masses in the range 0.1  M  100 GeV. In this range, the best
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Analytical vs numerical solution in overdamped regime

4.3.1 Overdamped regime

The overdamped regime is defined by the condition

⇤ov(xEW)  1 , (4.48)

where ⇤ov is defined in eq. (4.33). This condition can be satisfied in the region of interest

for su�ciently small �M/M , as shown in Fig. 1.

There are LNC and LNV contributions to the asymmetry. The former is O(y0
↵) and

can be obtained from the adiabatic solution in eq. (4.22) and eq. (4.26), which is a good

approximation at all times. When M/T terms are included in the rates, there are addi-

tional O(y0
↵(M/T )2) contributions to the asymmetry. These LNV contribuions depend on

whether the rate ⇤M (xEW) is smaller or larger than one. The former case (⇤M (xEW) < 1)

corresponds to the weak LNV regime (wLNV), while the latter (⇤M (xEW) > 1) is the

strong LNV regime (sLNV). Let us denote by xov

M
as the time at which ⇤M (xov

M
) = 1.

Using eq. (4.37), we find
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. (4.49)

Within the wLNV regime, i.e. xov

M
� 1, we get
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that can be written in terms of the CP invariants
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When xov

M
 1, the asymmetry stops growing at xov

M
and a quasi-stationary solution is

found , as long as ⇤ov(x)  1. The asymmetry can be obtained by the projection method,

that is projecting the wLNV solution at xov

M
on the slow mode direction. The result is

 
X

↵

µB/3�L↵

!
ov�sLNV

' �
24

5

s2

0
(xov

M
)5

6�0s0 + �0s1 + �1s0

�2

0

�2

0
+ 4!2

cHM⇤
P

T 5

EW

�ov

LNV . (4.52)

Note that only the LNV invariant appears in the sLNV regime: the LNC contributions

do not generate any asymmetry in the direction of the slow mode in this regime as it is

connected to LN.

4.3.2 Intermediate regime

In the intermediate regime, ✏(xosc) ⌧ 1, but at some point, x0, before the EW phase tran-

sition, the slow oscillation modes thermalize roughly when ⇤ov(x0) = 1, which according
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Overdamped regime

The asymmetry in the overdamped regime is expected to be proportional to the full

invariant up to a normalization:
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Again, the extra normalization factor is introduced to match the analytical result to be

shown in sec. 4.3.

Flavoured weak washout

The asymmetry is that obtained in flavour ↵ and the expected invariant is thus given

by:
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for the intermediate regime, where we introduce the same normalization factor as in the

previous case, eq. (2.33).

In the fast oscillation region we expect:
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where the antisymmetric function gM (Mi, Mj) will be determined after matching to the

analytical solution.

3 CP invariants versus neutrino masses

Let us first show the expressions for the CP invariants presented in the previous section

considering the parameterization given in eq. (2.4), and expanding in the small symmetry

breaking parameters y0
�

and µ2.
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Note that X

↵

�↵ = Im (Tr [h HMh ]) = 0 , (2.27)

because the matrix in the trace is hermitian and therefore its trace is real.

At the temperatures we are interested in, the plasma can distinguish the charged lepton

flavours. The lepton CP asymmetry generated in the neutral lepton sector in flavour ↵ is

proportional to the basic quantity �↵, and the net lepton asymmetry is given by a weighted

combination of �↵, with di↵erent weights in di↵erent regimes.

Overdamped regime

Since �↵ / �M ⇠ �osc, and the coherent oscillation is cut o↵ by ��1
↵ we expect

�ov

LNC /

X
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. (2.28)

Including an extra invariant normalization to match the analytical result in sec. 4.3, the

full flavour-dependence of the asymmetry in this regime will be proportional to:
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Flavoured weak washout

There must be a weakly coupled flavour, ↵, for the asymmetry to survive. In the

intermediate region, eq. (2.21), the net asymmetry is simply the one obtained in flavour ↵:

�int(↵)

LNC
= �↵ . (2.30)

In the fast oscillation region, eq. (2.22), the invariant that controls the production of

asymmetry is not simply proportional to �osc since this rate is large. A more general

dependence on the masses is expected, but in any case it should be of the form
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where g(Mi, Mj) is an antisymmetric function of the two arguments. The precise form of

this function will be fixed after matching to the analytical solution.

2.2.2 LNV invariants

When M/T corrections to the rates cannot be neglected, additional invariants become

relevant, that are sensitive to the Majorana character of the HNLs.

The simplest non-vanishing invariant of this type is given by

I1 = Im {Tr [h HMM⇤h⇤M ]} =
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Note that it does not involve the charged lepton Yukawa.
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Figure 7. Comparison of the asymptotic analytical result (black dashed) to i) the numerical
result with the same settings (blue) and ii) the full non-linear numerical solution (red) in the four
scenarios (a)-(d) as described in the main text. In the top left we show the scenario (a), in the top
right the scenario (b), in the bottom left the scenario (c) and in the bottom right the scenario (d).
The vertical dashed lines indicate projection times used for the analytical derivation.

of parameters allow us to exemplify the di↵erent regimes that are relevant in di↵erent

regions of the parameter space, namely

(a) Overdamped regime with weak LNV as given by eq. (4.51),

(b) Overdamped regime with strong LNV as given by eq. (4.52),

(c) Intermediate regime with slow flavour ↵ and strong LNV as given by eq. (4.56),

(d) Fast oscillation regime with slow flavour ↵ and strong LNV as given by eq. (4.58).

Our results are shown in Fig. 7. The comparison of the analytical result, indicated by the

dashed line, with the numerical solution obtained in the same approximations used in the

analytical analysis, shown in blue, is very good in all cases. The exact numerical result

(red) including non-linear terms, the C matrix of eq. (4.5) and temperature dependent

rates di↵er within a factor of two at most with the analytical estimate. This is mainly due

to the di↵erence in the rates considered.

6.2 Parameter scan of testable baryogenesis

We have performed a numerical scan of the parameter space compatible with successful

baryogenesis for HNL masses in the range 0.1  M  100 GeV. In this range, the best
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Connecting to observables 
For Inverted Ordering: 
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↵��↵.

This is expected since in the minimal model with two HNLs there are only three physical

phases: the Majorana and Dirac phases included in the PMNS matrix and another phase

associated to the HNL sector. Recall that in the symmetric limit (y0
↵ = µ2 = 0) there is

no CP violation (see also appendix A).

On the other hand, the CP invariants can be related to the physical neutrino masses

and other observable HNL parameters. Using eq. (2.5), the light neutrino mass constraint
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where U = U(✓12, ✓13, ✓23, �, �) is the PMNS matrix1 describing the light neutrino mixing

observed in neutrino oscillation experiments, and m is the diagonal matrix of the light

neutrino masses. The Yukawa couplings can then be written as a function of the PMNS

and neutrino mass parameters [50]. The expressions di↵er in the normal and inverted
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Note that besides the phases in the PMNS matrix, there is an additional phase, ✓, associated

to the HNL sector, that will play a major role in the baryon asymmetry.
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1
We use the parameterization of the PDG [62].

2
In this parameterization m3 < 0 (m2 < 0) for NH (IH) [50]. This negative sign can be reabsorbed with

a redefinition of the Majorana phase included in the PMNS matrix U .
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All the CP invariants depend on the “high scale” phase ✓ and, remarkably, �osc

LNV
and

�ov

LNV
only depend on this phase. Indeed, it can be easily checked that this is a general

result, satisfied to all orders in the expansion. All the other invariants are also functions

of the PMNS CP phases � (Majorana) and � (Dirac). Even if this dependence can be

subleading (as it is always the case for � due to the suppression in ✓13), the corrections

may be relevant for values of the parameters that suppress the leading order.

Our results can be mapped to the Casas-Ibarra parameterization following the pre-

scription given in appendix B.

4 Baryon asymmetry: kinetic equations and analytical approximations

4.1 Kinetic equations

The quantum kinetic equations that describe the generation of the baryon asymmetry have

been studied in detail before (see for instance [14] for the complete derivation of the kinetic

equations). We use the same equations as derived in [32], but adding the LNV corrections

to the rates that have been computed in [14]. We have checked that they are equivalent

to those in [14], but neglecting the hypercharge chemical potential, which is a small e↵ect.
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All the CP invariants depend on the “high scale” phase ✓ and, remarkably, �osc

LNV
and

�ov

LNV
only depend on this phase. Indeed, it can be easily checked that this is a general

result, satisfied to all orders in the expansion. All the other invariants are also functions

of the PMNS CP phases � (Majorana) and � (Dirac). Even if this dependence can be

subleading (as it is always the case for � due to the suppression in ✓13), the corrections

may be relevant for values of the parameters that suppress the leading order.

Our results can be mapped to the Casas-Ibarra parameterization following the pre-

scription given in appendix B.

4 Baryon asymmetry: kinetic equations and analytical approximations

4.1 Kinetic equations

The quantum kinetic equations that describe the generation of the baryon asymmetry have

been studied in detail before (see for instance [14] for the complete derivation of the kinetic

equations). We use the same equations as derived in [32], but adding the LNV corrections

to the rates that have been computed in [14]. We have checked that they are equivalent

to those in [14], but neglecting the hypercharge chemical potential, which is a small e↵ect.

We consider only the momentum-averaged approximation.
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only depend on this phase. Indeed, it can be easily checked that this is a general

result, satisfied to all orders in the expansion. All the other invariants are also functions

of the PMNS CP phases � (Majorana) and � (Dirac). Even if this dependence can be

subleading (as it is always the case for � due to the suppression in ✓13), the corrections

may be relevant for values of the parameters that suppress the leading order.

Our results can be mapped to the Casas-Ibarra parameterization following the pre-

scription given in appendix B.

4 Baryon asymmetry: kinetic equations and analytical approximations

4.1 Kinetic equations

The quantum kinetic equations that describe the generation of the baryon asymmetry have

been studied in detail before (see for instance [14] for the complete derivation of the kinetic

equations). We use the same equations as derived in [32], but adding the LNV corrections

to the rates that have been computed in [14]. We have checked that they are equivalent

to those in [14], but neglecting the hypercharge chemical potential, which is a small e↵ect.

We consider only the momentum-averaged approximation.
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Upper bound on the HNL mixingAdiabatic perturbation around slow oscillation mode => Analytical solution of BAU 

=> Leptogenesis is possible for mixings far larger than naively expected! 
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Upper bound on the HNL mixing

Numerical scan within the sensitivity region of SHIP and FCCee

°0.5 0.0 0.5 1.0 1.5 2.0
log10(M1/GeV)

°12

°10

°8

°6

°4

lo
g

1
0
(|

U
2
|)

IHDirect Searches in |U2
e |

BBN

See-Saw Limit



Implications for HNL mixings

In the not-so-degenerate case YB constrains significantly flavour ratios because flavour 
effects are necessary

Constrained by n masses

�M

M
= 10�2
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Implications for PMNS CP violation

In the not-so-degenerate case strong correlations with UPMNS CP phases because flavour 
effects are necessary
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Figure 15. Points from the scan at �M/M = 10�2 for NH (left) and IH (right). The black dashed
lines enclose the regions where ✏e  0.01 (NH), and ✏e  0.05 (IH), while the dashed blue lines
enclose the region ✏µ  0.03 and the green ones that corresponding to ✏⌧  0.03.

ings or the PMNS phases when �M/M is su�ciently large.

7.2 Neutrinoless double-beta decay

The amplitude for this process depends on the combination of neutrino parameters m�� ,

that gets contributions from the light and heavy neutrino sectors

m�� =

������

X

i=light

U2

eimi +
X

I=heavy
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eIMIM (MI) /M (0)

������
, (7.1)

where M (Mi) are the Nuclear Matrix Elements (NME) as a function of the mass of

the neutrino mediating the process, as defined in [71]. In order to illustrate the main

dependence of m�� on the neutrino parameters, using eq. (3.11) together with eqs. (3.6)-

(3.8) and (A.11), the following approximated expression8 can be derived [32, 71–73] for the

symmetry protected scenario considered here:
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8
The approximation implies a scaling of the NMEs as M (MI) / 1/M2

I . For MI . 3 GeV the deviation

with respect to the nuclear computation [71] is larger than 1%.
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Figure 15. Points from the scan at �M/M = 10�2 for NH (left) and IH (right). The black dashed
lines enclose the regions where ✏e  0.01 (NH), and ✏e  0.05 (IH), while the dashed blue lines
enclose the region ✏µ  0.03 and the green ones that corresponding to ✏⌧  0.03.

ings or the PMNS phases when �M/M is su�ciently large.

7.2 Neutrinoless double-beta decay

The amplitude for this process depends on the combination of neutrino parameters m�� ,

that gets contributions from the light and heavy neutrino sectors
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where M (Mi) are the Nuclear Matrix Elements (NME) as a function of the mass of

the neutrino mediating the process, as defined in [71]. In order to illustrate the main

dependence of m�� on the neutrino parameters, using eq. (3.11) together with eqs. (3.6)-

(3.8) and (A.11), the following approximated expression8 can be derived [32, 71–73] for the

symmetry protected scenario considered here:

Normal Hierarchy

mNH

��
=

����
q

�m2
atm

⇣
c2

12c
2

13r � e�2i(�+�)s2

13

⌘

� 2ei✓U2�Mf(A)

✓
0.9GeV

M

◆
2 ⇣

rs2

12 + 2
p

rs12s13e
�i(�+�) + s2

13e
�2i(�+�)

⌘����� . (7.2)

8
The approximation implies a scaling of the NMEs as M (MI) / 1/M2

I . For MI . 3 GeV the deviation

with respect to the nuclear computation [71] is larger than 1%.
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• HNL effects on the amplitude within SHIP: no trivial dependence on phases

• Flavour effects needed for YB constrain the light contribution within FCC
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Conclusions

• Neutrino mass models robustly predict a matter-antimatter asymmetry even
at accesible scales

• Searches for the neutrino mass mediators (HNLs) could provide essential info
about CP violation, the non-thermal condition and YB

• We have identified the CP invariants involved in low-scale leptogenesis

• CP invariants allow connecting YB to other observables: neutrino masses, CP
violation in neutrino oscillations, bb0n and HNL masses and mixings

• Methods developed can be applied to more complex scenarios: understanding
how YB constrains the more complex parameter space


