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Our Universe is charge-asymmetric: it contains no antimatter in amounts comparable to
matter. This fact provides cosmological evidence for the nonconservation of baryon number
as well as for C and CP breaking. We review the problem of the matter-antimatter asym-
metry of the Universe and the ideas proposed for its solution motivated by the discoveries
in neutrino physics.
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§1. Introduction

The laws of nature, as we know them today, are only slightly asymmetric with
respect to matter and antimatter. Indeed, the CP violation, found in the K0-K̄0

system, is tiny, δK ∼ 10−3.1) On the contrary, the observed Universe is extremely
matter-antimatter-asymmetric: the Earth, Moon, Sun, planets, our galaxy, including
ourselves, all consist of matter.

The Big Bang theory,2) stating that the Universe was very dense and hot in the
past, implies that the 100% asymmetry that we have today was very small during
the early stages of Universe expansion, at times t < 10−6s and temperatures T > 1
GeV,

Δ(T ∼ 1 GeV) =
nB − n̄B

nB + n̄B
∼ nB − n̄B

s
= (8.4 − 8.9) × 10−11, (1.1)

where nB and n̄B are concentrations of baryons and antibaryons and s is the entropy
density. The C- and CP -symmetric background of baryons, existing at that time,
eventually annihilated to photons and neutrinos, whereas the excess of nucleons
survived and gave rise to galaxies, stars, and planets. It is a challenge to understand
the origin of the asymmetry, its sign, and magnitude.

On a qualitative level, the problem was solved soon after the discovery of CP
nonconservation1) (1964) and of relic black body radiation3),4) (1965) by Andrei
Sakharov in 1967.5) He suggested that the Universe is asymmetric because the
baryon number B is not conserved. In this case, the Universe could start its ex-
pansion from a truly symmetric state, containing an equal number of particles and
antiparticles. In the course of the expansion, the nonequilibrium particle-physics
reactions with B, C, and CP nonconservation would then produce an excess of
particles over antiparticles.

The model for baryogenesis suggested by Sakharov (see also the somewhat later
paper by Kuzmin6)) was, perhaps, too naive, and we still do not know for sure how
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186 M. Shaposhnikov

the baryon asymmetry has emerged. The problem is situated at the border of dif-
ferent fields. From particle physics, it requires B, C, and CP violations. Therefore,
it provides motivation for the experimental search for new physics beyond the Stan-
dard Model (SM). As it deals with cosmology and astrophysics, it leads to different
constraints on possible scenarios of the early Universe evolution.

In this paper, commemorating the Nobel Prize for Profs. Kobayashi and Maskawa,
who found the origin of CP violation in the Standard Model of elementary parti-
cles,7) we will review the cosmological aspects of CP violation, which is one of the
key points for understanding the Baryon Asymmetry of the Universe (BAU).

The paper is organized as follows. In §2, we will discuss the necessary conditions
for baryogenesis; in §3 we consider electroweak (EW) fermion number nonconserva-
tion. In §4, we address the question of cosmological applications of Kobayashi-
Maskawa CP violation. In §5, we will discuss an extension of the Standard Model
in neutrino sector and its CP -violating structure. In §§6–8, we will describe two
different scenarios for baryogenesis. In §9, we consider the experiments necessary to
test the baryogenesis scenario in this model. Section 10 is conclusions.

§2. Necessary conditions for baryogenesis

In fact, the sure knowledge about the state of the very early Universe is limited.
The observation of the cosmic microwave background radiation (CMB) with thermal
spectrum tells us that the Universe was hot with T ∼ 0.3 eV at the time of ∼ 3×105

years from the beginning of the Big Bang. The success of the theory of the Big Bang
nucleosynthesis suggests that the Universe was hot even earlier, at temperatures of
the order of 0.1 MeV. Any hypotheses about the state of the Universe at earlier stages
are based on extrapolation. Nevertheless, a number of theoretical considerations and
observations suggest a quite consistent picture that looks as follows. At the very
beginning, the Universe was in a state with energy density of the order of the Planck
scale M4

Pl, MPl = 1.22 × 1019 GeV. The baryon number density of this state is,
in fact, irrelevant. After some time, inflation, which is a period of the exponential
expansion of the Universe, starts. During inflation, any baryon density that was
present before, is diluted exponentially. After inflation, the Universe is reheated up
to some temperature and is radiation-dominated till matter-radiation equality. It is
natural to expect that at the end of inflation, the baryonic density is essentially zero,
and baryon asymmetry should thus be created afterwards.

This sets up the scene for many baryogenesis mechanisms. Formally, the problem
can be posed as follows: suppose that we know the state of the Universe (the density
matrix ρ0 at some moment t0) and know the relevant theory of particle interactions
(i.e., the Hamiltonian H). Then, to determine the baryon asymmetry, one should
find

B(t) = TrB̂ρ(t) , (2.1)

where B̂ is the baryon number operator in the Schrödinger picture of quantum
mechanics and the density matrix ρ satisfies the Liouville equation
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Baryon Asymmetry of the Universe 187

i
∂ρ(t)
∂t

= [H, ρ] (2.2)

with the initial condition ρ(t0) = ρ0.
This formulation enables us to prove in a few lines three Sakharov conditions

necessary for baryogenesis: baryon number nonconservation, C and CP violations,
and breaking of thermal equilibrium.

First, baryon number should not be conserved. Otherwise, the state, initially
symmetric with respect to the baryon number, cannot evolve into the state with
nonzero baryon number that we observe today. Formally, if [B̂, H] = 0 then TrB̂ρ(t) =
0 provided TrB̂ρ0 = 0.

Another requirement is that the theory should distinguish between particles
and antiparticles. This means that the C and CP symmetries should be broken.
Formally, if [CP, H] = 0 or [C, H] = 0 then TrB̂ρ(t) = 0 provided the initial state
is C or CP -symmetric, [CP, ρ0] = 0. In fact, the canonically defined C or CP
symmetries can be replaced by any discrete transformation that commutes with the
Hamiltonian and anticommutes with baryonic number.

The third requirement is the absence of thermal equilibrium (existence of arrow
of time). Assume for a moment that the system is indeed in thermal equilibrium.
This is a very strong statement. It allows an immediate definition of all the properties
of the plasma and their expression by very few parameters, such as the temperature
and the densities of conserved charges. The existence of any conserved charge is quite
unlikely at the Planck scale, and thus, the thermal equilibrium state is characterized
by only one parameter — the temperature. The corresponding density matrix is
ρeq = 1

Z exp(−H
T ), where Z is the statistical sum. If some charge is nonconserved

(and we want baryon charge to be nonconserved), then in thermal equilibrium, it is
equal to zero, independently of the conservation or nonconservation of C and CP .
This is a consequence of the CPT theorem. The CPT transformation does not
change the Hamiltonian, but reverses the baryon number, leading to TrB̂ρeq = 0.

All these three conditions are known to be satisfied. Deviations from thermal
equilibrium certainly appear in the expanding Universe, the baryon number is non-
conserved not only in hypothetical models of physics but in the Standard Model
itself, whereas C and CP violations are an experimental fact. Therefore, it is guar-
anteed that some excess of baryons over antibaryons will be generated in the course of
the Universe evolution. However, to obtain the sign and magnitude of BAU, one has
to understand the precise mechanism of baryon and lepton (L) number nonconser-
vation, determine the relevant sources of C and CP violations and to know exactly
how the arrow of time is realized. We will start from discussion of baryon number
violation, to fix the minimal temperature scale at which the baryogenesis could have
happened. This will allow us to estimate later the magnitude of CP -violating effects,
associated with the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix.

§3. Electroweak fermion number nonconservation

The only observational evidence in favour of baryon number nonconservation is
the existence of the baryon asymmetry of the Universe. Proton decay or neutron-
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188 M. Shaposhnikov

antineutron oscillations have not been observed (yet), only the lower bounds on the
proton lifetime or period of n-n̄ transitions exist. Still, there are firm theoretical
grounds to believe that both baryon and lepton numbers are not conserved. At least
one source of baryon number nonconservation can be identified. It appears in the
Standard Model of particle physics.

On a perturbative level, the electroweak theory has four conserved fermionic
numbers: B — baryon number, and Le, Lμ, Lτ — leptonic numbers, associated
with different flavours. Quantum anomaly8),9)

∂μJB
μ = ∂μJL

μ =
nf

32π2
TrFμν F̃μν + U(1) part (3.1)

leads to anomalous processes with nonconservation of baryon and lepton numbers.10)

Here, JB and JL are baryon and lepton currents, Fμν is the SU(2) field strength,
and nf is the number of fermion generations. The processes of the type

bosons ↔ bosons + 9q + 3l, (3.2)

where q and l are quarks and leptons, respectively, and with the change in baryon
number by a multiple of 3 are possible.

As a result, only 3 numbers are conserved: Li − 1
3B. An observation of neutrino

oscillations reduces further the number of conservation laws to one, namely to L−B.
Finally, if neutrinos are the Majorana fermions (that is the most likely situation,
which is still not proven experimentally), then no conserved numbers remain.

The processes with baryon number nonconservation in the SM cannot be ob-
served experimentally owing to their exceptionally small rate11) ∼ exp(− 4π

αW
) ∼

10−160, where αW is the SU(2) fine structure constant. However, they are fast in
the early Universe at high temperatures T .12) The rate of anomalous transitions is
given by12)–15)

Γ ∼

⎧⎪⎨
⎪⎩

(αW T )4
(

Msph

T

)7
exp

(
−Msph

T

)
, T <∼ Msph,

αW (αW T )4 log(1/αW ), T >∼ Msph,

(3.3)

where Msph ∼ MW /αW is the height of the energy barrier that separates the vacua
with different SU(2) topological numbers. The classical scalar-gauge field configu-
ration, which corresponds to this barrier — sphaleron, was found in Ref. 16).

The reactions with fermion number nonconservation in the Standard Model are
in thermal equilibrium (i.e., faster than the Hubble rate) for

Tsph(mH) < T < (αW )5MPl ∼ 1012 GeV , (3.4)

where Tsph(mH) is a known function of the Higgs boson mass which changes from
130 to 190 GeV for MH = 100 − 300 GeV.17)

If the only source of fermion number nonconservation is the electroweak anomaly,
the baryon asymmetry of the Universe can only be produced at T � Tsph, where
sphaleron reactions freeze out. This gives an estimate for the energy scale at which
CP -violating effects have to be evaluated.
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Baryon Asymmetry of the Universe 189

§4. Kobayashi-Maskawa CP violation and baryogenesis

All the observed CP -violating effects in particle physics can be described using
the CKM matrix. In spite of enormous experimental efforts to find new sources for
CP violation, none have been found yet. Therefore, it is natural to ask whether the
KM CP violation can be solely responsible for baryon asymmetry of the Universe.

In the SM, CP violation occurs owing to the Higgs interactions of the quarks. As
shown by Kobayashi and Maskawa,7) if there are at least three generations of quarks,
there can be a physically meaningful phase that leads to observable CP -violating
effects. The relevant Yukawa part of the SM Lagrangian is

LY =
gW√
2MW

{Q̄i
LKijM jj

d Dj
Rφ + Q̄i

LM ii
u U i

Rφ̃ + h.c.}, (4.1)

where Qi
L denotes the left-handed quark doublets (i is the generation index), U i

R

and Di
R are the right-handed quarks with electric charges 2

3 and −1
3 , respectively, K

is the CKM matrix, Mu and Md are the diagonal mass matrices of the quarks, and
φ̃i = εijφ

†
j .

Let us assume now that the relevant energy scale for baryogenesis is the tem-
perature at which sphaleron transitions are active, T > Tsph. This temperature
is larger than the quark masses, which can be considered as a small perturbation.
Since we are interested in total baryon number that can be generated owing to CP -
violating effects, the effect should be proportional to the imaginary part of the sum
over fermionic generations of different products of Yukawa coupling constants. This
can be conveniently written18) as a trace over generation indexes, which includes the
matrices

Md = KM2
d K† and Mu = M2

u . (4.2)

The lowest order CP noninvariant combination, appearing in the 12th order in
Yukawa couplings (known as the Jarlskog determinant19)) is

D = Im Tr
[M2

uM2
dMuMd

]
, (4.3)

which can be rewritten explicitly as

dCP = sin(θ12)sin(θ23)sin(θ13)sinδCP

·(m2
t − m2

c)(m
2
t − m2

u)(m2
c − m2

u)(m2
b − m2

s)(m
2
b − m2

d)(m
2
s − m2

d) , (4.4)

where δCP is the KM phase, and Particle Data Group parametrization of the CKM
matrix is used. If either mass matrix, Md or Mu, has two or more degenerate
elements, or if one or more of the mixing angles in the CKM matrix vanish, then
with a physically unobservable change of phases of the quark fields, the CKM matrix
can be made purely real and there is no CP violation.

Then, numerically, the effects of KM CP violation are of the order18)

δCP
KM ∼ D

T 12
∼ 10−20 , (4.5)
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190 M. Shaposhnikov

i.e., some ten orders of magnitude smaller than the baryon asymmetry of the Uni-
verse.

The fact that a “natural” measure of KM CP violation in the early Universe is
so much smaller than the baryon asymmetry leads to a conclusion that the observed
CP violation is unlikely to be a reason for the creation of the baryon excess in the
Universe. Of course, an estimate (4.5) is not a strict “no-go” theorem telling that
the KM CP phase is irrelevant for cosmology. A number of attempts to explain
BAU with KM CP violation were made some 15 years ago, when no experimental
evidence for physics beyond the SM existed. In Refs. 18) and 20), it was argued that
an estimate (4.5) can be enhanced by a factor MPl/MW ∼ 1017 if the non-Abelian
ground state of the electroweak theory at high temperatures contains a condensate of
the Chern-Simons number, which is converted to baryons at the electroweak phase
transition. However, the lattice simulations performed in order to check this hy-
pothesis have demonstrated that such a condensate does not exist.21) A similar
enhancement was argued to take place22) if the CP symmetry was spontaneously
broken on the bubble walls separating the symmetric and Higgs phases during the
electroweak phase transition. However, no convincing demonstration of the possi-
bility of spontaneous CP breaking was proposed. In Ref. 23), it was suggested that
the typical energy scale for CP violation is not the temperature of the sphaleron
freeze out but a momentum of quark that scatters from the bubble wall during the
electroweak phase transition. While the typical momentum in the heat bath is of the
order of the temperature, some particles carry much smaller momenta and, for them,
CP violation can be substantial. This proposal was challenged in Refs. 24) and 25),
where it was argued that the coherence effects, essential for quantum-mechanical
amplification of the estimate (4.5), are spoiled by the collisions in the plasma (see,
however, Ref. 26)).

Yet another theoretical result added extra confidence to the statement that the
KM CP violation is unlikely to be responsible for baryon asymmetry of the Universe.
As we have already discussed, in the Standard Model, BAU may be generated only
at the end of the period (3.4), at T ∼ 100 GeV. At this time, all ordinary particle
reactions are in thermal equilibrium. They keep the distributions of quarks and lep-
tons in equilibrium, and, because of this, the production of any nonnegligible baryon
asymmetry is greatly suppressed.27) A possible way out is to have a first-order
electroweak phase transition. The electroweak phase transition, if it is strongly first-
order, is quite a violent event, during which concentrations of particles may be quite
far from thermal equilibrium because of the motion of the bubble walls. This gives
rise to a strong violation of thermal equilibrium, which is a necessary condition for
successful baryogenesis. The BAU, which could have arisen at the EW phase transi-
tion, would survive till present if the rate of the sphaleron processes was smaller than
the rate of the Universe expansion right after the phase transition.18) The problem
of the high-temperature EW phase transition was solved in Refs. 28) and 29) (see
also Ref. 30)), where it was demonstrated that if the Higgs mass is greater than
MH � 72 GeV, then the transition between the high-temperature symmetric phase
and the Higgs phase is continuous (these phases are in fact analytically connected).
This required a substantial amount of analytical work and lattice simulations. In
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Baryon Asymmetry of the Universe 191

other words, baryogenesis cannot happen in the Standard Model even without con-
sidering CP violation, just because there was no electroweak phase transition, since
the Higgs mass is known to be larger than the critical value.

Although this argument has nothing to do with CP violation, it calls for the
necessity of new physics beyond the Standard Model. If new particles are added
to the SM, one normally obtains extra sources for CP violation, and therefore, the
uniqueness of the KM CP -violating phase is lost.

A convincing experimental proof of incompleteness of the Standard Model came
at the end of the nineties and is associated with the observation of neutrino os-
cillations (for a comprehensive review and references to original experimental and
theoretical works, see Ref. 31)). It calls for the extension of the SM in the neutrino
sector, and thus, to the existence of new leptonic states, new sources of CP violation,
and new possibilities for baryogenesis. Guided by the principle of “minimality” (to
explain the maximum number of physical effects with the smallest number of new
particles introduced), we will discuss below the prospects for baryogenesis motivated
by the discoveries in neutrino physics. Many other mechanisms, suggested in the
literature, will not be discussed here (for reviews see, for example, Refs. 32)–38)).

§5. Extension of the SM in neutrino sector

The Standard Model (SM) of elementary particles,39)–41) defined as a renormal-
izable field theory, based on the SU(3)×SU(2)×U(1) gauge group, and containing
three fermionic families with left-handed particles being the SU(2) doublets, the
right-handed ones being the SU(2) singlets and one Higgs doublet, has been used
to successfully predict a number of particles and their properties. It has a strange
asymmetry between the quark and lepton sectors. Namely, every left-handed quark
or charged lepton has its right-handed counterpart. The neutral leptons — neutrinos
are treated in the SM in different ways — they do not have right-handed partners.
This is exactly the reason why the neutrinos are exactly massless in the SM and why
there are three distinct conserved leptonic numbers. Nowadays, it is well established
experimentally that neutrinos change their flavours and thus have nonzero masses.
Therefore, it is natural to upgrade the SM by adding to it N = 3 right-handed neu-
tral fermion states. They can be called singlet or neutral leptons, sterile neutrinos,
or alike. The number “3” looks natural as this is the number of fermionic genera-
tions in the SM. However, it happens to be a minimal figure, which enables us to
explain simultaneously neutrino masses and oscillations, and the presence of baryon
asymmetry and Dark Matter (DM) in the Universe.

To discuss different options, let us keep the number N of extra right-handed
states free for the moment. The most general renormalizable Lagrangian including
the SM and N right-handed singlet fermions reads

L = LSM + N̄Ii∂μγμNI − FαI L̄αNI φ̃ − MI

2
N̄ c

I NI + h.c., (5.1)

where φ is the Higgs field and φ̃i = εijφ
∗
j . This Lagrangian can be used for the

explanation of the small values of neutrino masses via the see-saw mechanism.42)
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192 M. Shaposhnikov

A new qualitative feature of this theory is lepton number nonconservation. Indeed,
owing to the fact that NI transform as singlets with respect to the SM gauge group,
the Majorana mass terms for them are allowed by the gauge symmetries. Without
loss of generality, the Majorana mass matrix can be chosen in a diagonal form.
Moreover, all MI can be taken to be real.

Let us count the number of new physical parameters in (5.1) for the most in-
teresting cases N = 2 and N = 3, assuming that none of MI is zero. If N = 2,
then the matrix of Yukawa couplings FαI contains 3 × 2 × 2 = 12 new real parame-
ters. However, 3 of them (complex phases) can be absorbed into the definition of
leptonic doublets. Note that the phases of NI cannot be changed without spoiling
the reality of MI . The 9 physical parameters can be classified as 2 Dirac neutrino
masses (square roots of eigenvalues of 2 × 2 matrix M †

DMD, where MD = FαIv and
v = 〈φ〉 = 174 GeV is the vacuum expectation value of the Higgs field), 4 mixing
angles and 3 CP -violating phases.

For a more symmetric case, N = 3, we have the following counting: out of
3 × 3 × 2 = 18 real parameters in the Yukawa couplings, 3 are not physical and
can be absorbed into phases of left-handed leptons. The remaining 15 parameters
contain 3 Dirac masses (square roots of eigenvalues of now 3 × 3 matrix M †

DMD), 6
mixing angles and 6 CP -violating phases. Explicitly, one can write for the matrix
F of Yukawa couplings:

F = K̃L fd K̃R
† , (5.2)

where

fd = diag(f1, f2, f3) , K̃L = KLPα , K̃R
† = KR

†Pβ . (5.3)

The diagonal matrices for Majorana phases are

Pα = diag(eiα1 , eiα2, 1) , Pβ = diag(eiβ1 , eiβ2 , 1) , (5.4)

and the KM-like mixing matrix KL is given by

KL=

⎛
⎝ 1 0 0

0 cL23 sL23

0 −sL23 cL23

⎞
⎠

⎛
⎝ cL13 0 sL13e

−iδL

0 1 0
−sL13e

iδL 0 cL13

⎞
⎠

⎛
⎝ cL12 sL12 0

−sL12 cL12 0
0 0 1

⎞
⎠ ,

where cLij = cos(θLij) and sLij = sin(θLij). The expression for KR is written in full
analogy with the replacement of L to R. We fix the indices in such a way that “1”
corresponds to the lightest right-handed neutrino and “3” to the heaviest.

The reason why the mixing structure in the leptonic sector is much more com-
plicated than in the quark sector is the presence of the Majorana masses. If one puts
all MI to zero, then only 3 mixing angles and 1 CP -violating phase would survive
out of 6 angles and 6 phases.

The Lagrangian (5.1), contrary to the SM, can explain the neutrino masses and
oscillations. For MD � MI , the see-saw formula found in Ref. 42) works, leading to
active neutrino mass matrix

mν = −MD 1
MI

[MD]T . (5.5)
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Baryon Asymmetry of the Universe 193

In general, the active neutrino mass matrix can be characterized by 9 parameters:
3 Majorana masses, 3 mixing angles, 1 Dirac phase, and 2 Majorana phases. Part
of these parameters enter into the PMNS neutrino mixing matrix.43) The present
experimental data on neutrino oscillations cannot distinguish between theories with
2 or 3 singlet fermions, which both fit the experiment equally well, but rules out the
case with N = 1, which leads to two massless active neutrinos. The fact that the case
with N = 2 works well in describing neutrino oscillations and baryon asymmetry of
the Universe (see below) allows to take N = 3 with one of the Majorana fermions
(say, N1) almost decoupled from the fields of the SM. This is phenomenologically
attractive since, in this case, the model (5.1) contains a dark matter candidate —
sterile neutrino with the mass in a few keV region. The discussion of this point,
however, is beyond the scope of this paper (for a review see Ref. 44)).

The model described above has a much richer CP structure than the Standard
Model. In addition to anomalous fermion number nonconservation, it has an ex-
plicit violation of the leptonic number. The presence of new particles provides extra
mechanisms for departure from thermal equilibrium in the early Universe.∗) All
these facts facilitate the baryogenesis, considered below.

§6. Thermal equilibrium and nonequilibrium

The magnitude of Yukawa couplings plays an important role in the computation
of CP -violating effects and for dealing with the issues of thermal equilibrium in ex-
panding Universe. To estimate what neutrino data implies for the Yukawa couplings,
one can take the larger of two mass splittings |Δm2

atm| ≡ m2
atm = 2.40+0.12

−0.11×10−3eV2

and find from the see-saw relations (5.5) that

|F |2 ≈ matmMI

v2
∼ 2 × 10−15 MI

GeV
, (6.1)

where |F |2 is a typical value of Yukawa couplings FαI . The mass of the new leptons
cannot be fixed from the data, since the rescaling F ∝ √

MI leaves the active neutrino
masses intact.

Let us consider the thermal history of the singlet fermions. They equilibrate due
to reactions of the type Nt ↔ νt, H ↔ Nν or N ↔ Hν with the rate of the order45)

9F 2f2
t T/(64π3) (ft � 1 is the top Yukawa coupling, t is t-quark, and H is the Higgs

boson) and enter in thermal equilibrium at∗∗)

Teq � 9f2
t matmM0

64π3v2
MI � 5MI , (6.2)

where M0 is a parameter entering the temperature-time relation, t = M0
2T 2 , M0 �

MPl/1.66
√

geff , with geff being the number of effectively massless degrees of freedom.

∗) The electroweak phase transition here is absent, as it was in the case of the SM.
∗∗) Our discussion here will be based on order-of-magnitude estimates. For a refined treatment,

see a comprehensive review46) for the case of heavy Majorana leptons and Ref. 47) for the case

MI < MW .

D
ow

nloaded from
 https://academ

ic.oup.com
/ptp/article/122/1/185/1911114 by guest on 17 M

ay 2023



194 M. Shaposhnikov

This estimate is valid only for Teq > 100 GeV, since at T � MW the expression for
the equilibration rate changes: the symmetric phase of the electroweak theory is
replaced by the Higgs phase.

If MI is larger than the mass of intermediate vector boson MW , then the singlet
fermions decay at temperatures

Tdecay �
(

matmM0

24πv2

) 1
3

MI � 3MI . (6.3)

If, on the contrary, MI < MW , the Majorana fermions decay at temperatures below
the electroweak scale.

The densities of Majorana fermions deviate from equilibrium concentrations for
T > Teq or for T < Tdecay, pointing out to two regions of temperatures where the
baryogenesis can happen.

If Teq > Tsph, then baryon asymmetry, created at T > Teq will be destroyed
in sphaleron processes and in equilibrium reactions with singlet fermions. Thus, in
this case, baryogenesis can only happen at temperature Tdecay. Since no baryon
asymmetry can be produced directly in decays of Majorana particles (but lepton
asymmetry can appear), the decays must happen during the epoch when sphaleron
processes are still active, i.e., it is required that Tdecay > Tsph. This may only be
satisfied if MI > MW , i.e., when the Majorana leptons are sufficiently heavy. In
this range of the parameter-space of the model, one has “thermal leptogenesis”,48)

discussed in §7.
Now, if Teq < Tsph, baryogenesis will take place at T > Tsph, when Majorana

leptons are still out of thermal equilibrium and sphaleron processes operate. This
regime can only be realized with the Majorana leptons that are light enough (see
Eq. (6.2)),

MI <∼
64π3v2Tsph

9f2
t matmM0

� 30 GeV . (6.4)

It leads to baryogenesis via singlet fermion oscillations,45),49) discussed in §8.

§7. Thermal leptogenesis

The thermal leptogenesis of Fukugita and Yanagida48) is a combination of an
idea of GUT mechanism for baryogenesis5),6),50),51) (for a review see Ref. 32); GUT
= Grand Unified Theory) with anomalous fermion number nonconservation in the
Standard Model.12) It works if Tdecay > Tsph.

Qualitatively, at T � Teq, the Majorana fermions enter into thermal equi-
librium and “forget” the initial conditions that fixed their abundances at T �
Teq. Then their decays at T � Tdecay with lepton number violation and CP -
nonconservation produce lepton asymmetry ΔL. Finally, electroweak anomalous
reactions with fermion number nonconservation transfer the lepton asymmetry to
baryon asymmetry.

To find the baryonic asymmetry in the model (5.1), one considers L-violating NI

decays to Higgs and active fermionic flavour NI → Hν, H̄ν̄ and computes radiative
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Fig. 1. Diagrams for decays of Majorana fermions.

corrections to the amplitudes (see Fig. 1), necessary for CP -violating effects to show
up. The baryon asymmetry is given by

nB

nγ
= Δ ∼ 1

geff
δCP · SmacroSsph, (7.1)

where δCP is the CP asymmetry in NI decays,

δCP =
Γ (N → Hν) − Γ (N → H̄ν̄)

Γtot
, (7.2)

Γtot is the total width of NI , Smacro < 1 is a factor taking into account the kinetics
of the Majorana fermion decays, and Ssph < 1 is a factor accounting for the trans-
formation of lepton number to baryon number due to sphalerons. Since the decay
temperature is of the order of the mass of NI , the suppression induced by Smacro

and Ssph is not substantial, SmacroSsph ∼ O (
1
10

)
.

For a generic case of nondegenerate Majorana fermions (|MI − MJ | ∼ MK), an
estimate of BAU reads:

nB

s
∼ 10−3F 2 � 10−10 , (7.3)

leading to observed baryon abundance for F 2 ∼ 10−7. The Yukawa couplings in
this case are not far from the typical values observed in the sector of quarks and
charged leptons. The equation (5.5), together with numerical values of active neu-
trino masses, leads to an estimate, MN ∼ 1011 GeV.

The model (5.1) with this choice of parameters suffers from the problem of
stability of the Higgs mass against radiative corrections.52) Indeed, the one-loop
contribution from the NI loop to the Higgs mass is of the order F 2M2

I /(4π) ∼
1014 GeV2 � m2

H ∼ 104 GeV2, leading to the necessity of compensation of higher-
loop corrections with tree values with accuracy of the order of 10−10.
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In fact, if two of the Majorana fermions are (almost) degenerate,∗) the Yukawa
coupling f is allowed to be much smaller that that found from Eq. (7.3). The most
important contribution to the asymmetry in the degenerate case is coming from the
mixing of, say, N2 and N3; see diagrams with mass operator insertions in Fig. 1.

As a result of the resonance, the baryon asymmetry for |M2 − M3| ∼ Γtot is
roughly given by

nB

s
∼ 10−3f2 M2Γtot

(M2 − M3)2 + Γ 2
tot

, (7.4)

and can be of the order of one. In particular, MI ∼ MW is now possible, if |M2−M3|
M2

∼
f2 ∼ mνMW

v2 ∼ 10−13. For MI < 107 GeV, the problem of stability of the Higgs mass
due to the loops of heavy particles disappears.52)

To summarise, if MI > MW , the model (5.1) can explain the baryon asymmetry
of the Universe. For the “generic” choice of parameters (absence of degeneracy of
masses of Majorana fermions), the typical temperature of baryogenesis is 1011 GeV
and masses MI are required to be of the same order of magnitude. Unfortunately,
such a large value of the required Majorana mass makes the leptogenesis scenario for
this case untestable. From the theory side, the presence of the heavy particles leads
to the problem of stability of the Higgs mass against radiative corrections. If the
masses are sufficiently degenerate (the degeneracy, which may appear to be a fine-
tuning itself, can be a consequence of some underlying symmetry56),57)), this problem
disappears. If they are closed to the electroweak scale, these particles can be directly
produced at accelerators. However, owing to the fact that their Yukawa couplings
to ordinary leptons are very small, it would be challenging, if not impossible, to find
them at future machines. The prospects of their search at future e+e− and μ+μ−

colliders are discussed in Ref. 55). A number of indirect signatures, related to rare
decays μ → eγ, μ → eee are also possible.

§8. Baryogenesis via oscillations

Consider now the model (5.1) with the masses of singlet fermions considerably
smaller than MW , MI ∼ O(1) GeV. Then, to keep the neutrino masses in the right
place, the Yukawa couplings must be much smaller than those in the quark and
charged lepton sector:

FαI ∼
√

matmMI

v
∼ 4 × 10−8. (8.1)

We will use the name νMSM (Neutrino Minimal Standard Model) for the model
defined by Eq. (5.1) with this choice of parameters.49),58) Remarkably, the νMSM
also leads to baryogenesis, but owing to another mechanism, which is related to
coherent oscillations of singlet fermions.45),49)

Owing to (8.1), NI only thermalize at temperatures below MW . This provides
a source of thermal nonequilibrium for all T > MW : concentrations of NI do not

∗) The fact that CP violation is greatly enhanced in the decays of degenerate particles is well

known from K0 physics. It was first suggested for baryogenesis in Ref. 6), discussed in Ref. 53) and

studied in detail for TeV scale Majorana fermions in Refs. 54)–56).
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coincide with equilibrium ones, nN �= neq. The computation of baryon asymmetry
in this case does depend on the initial conditions for Majorana fermions in the high-
temperature phase, in contrast to the case of thermal leptogenesis. However, as was
found in Ref. 59), at the end of inflation, one can safely put their concentration to
zero, as the production of these particles at reheating is strongly suppressed by the
small values of Yukawas. This removes the uncertainty.

The smallness of Yukawa couplings suppresses the CP -violating effects. They
can only be amplified if N2 and N3 are nearly degenerate. Also, the smallness of the
Majorana masses of the singlet fermions in comparison with the sphaleron freeze-
out temperature implies that the total lepton number Ltot, defined as the lepton
number in active species plus helicity in singlet fermions, is effectively conserved.
At the quantitative level, baryogenesis occurs as follows. The singlet fermions are
created in the early Universe in Yukawa interactions with the particles of the SM
and oscillate in a coherent way with CP breaking. As a result, the total lepton
number is zero but gets unevenly distributed between active and sterile neutrinos.
The lepton number of active left-handed neutrinos is transferred to baryons owing
to equilibrium sphaleron processes.

Let us estimate the temperature TB of baryogenesis in this mechanism.45),49)

The frequency of oscillations between N2 and N3 is given by

ω ∼ |M2
2 − M2

3 |
EI

∼ M2ΔM(T )
T

, (8.2)

where we took into account that the typical energy of a singlet fermion is EI ∼ T
and that ΔM(T ) � M2 ≈ M3. Here ΔM(T ) is the mass difference between N2

and N3 (temperature-dependent owing to Higgs’ vev T -dependence and radiative
corrections at high temperatures). If the rate of oscillations exceeds the rate of the
Universe expansion H(T ), the system is out of resonance, and no amplification of
CP violation happens. In the opposite case, CP violation has no time to develop.
This enables us to determine the temperature TB at which baryogenesis happens:
ω ∼ H(TB), leading to

TB ∼
(
MIΔM(T )M0

)1/3
. (8.3)

The described mechanism turns out to be quite effective. The maximal baryon
asymmetry Δ ≡ nB−nB̄

nB+nB̄
∼ 1 is produced if TB ∼ Tsph ∼ Teq leading to ΔM(TB) ∼

0.01 eV
(

1 GeV
MI

)
. It is important for these considerations that interactions with

plasma do not destroy the quantum-mechanical nature of oscillations of N2,3, i.e.,
that Teq � TB .

The kinetics of sterile neutrino oscillations and that of the transfers of leptonic
number between active and sterile neutrino sectors have been worked out in Ref. 49)
(see also an earlier paper45)). The effects to be taken into account include oscillations,
creation and destruction of sterile and active neutrinos, coherence in sterile neutrino
sector and its loss due to interaction with the medium, and dynamical asymmetries
in active neutrinos and charged leptons. The corresponding equations are written
in terms of the density matrix for sterile neutrinos and concentrations of active
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neutrinos and are rather lengthy and will not be presented here owing to lack of
space. They can be found in the original work.49)

The baryon-to-entropy ratio nB
s for TB � Tsph, Teq < Tsph is given by49)

nB

s
� 1.7 · 10−10 δCP

(
10−5

ΔM(T )/M2

) 2
3
(

M2

10 GeV

) 5
3

,

where the CP -breaking factor δCP is expressed through the different mixing angles
and CP -violating phases, parametrizing the Dirac neutrino masses:

δCP = 4sR23cR23

[
sL12sL13cL13

(
(c4

L23 + s4
L23)c

2
L13 − s2

L13

) · sin(δL + α2)

+ cL12c
3
L13sL23cL23 (c2

L23 − s2
L23) · sinα2

]
.

The CP violation parameter δCP can be O(1), given the present experimental data
on neutrino oscillations. Note that it is nonzero even in the limit when θ13 angle
in active neutrino mixing matrix is zero. In other words, baryon asymmetry is
generated even if there is no CP violation in neutrino oscillations. The observable
value of baryon asymmetry can be obtained in a wide range of parameters of the
νMSM.

To summarize, if MI < MW , the model (5.1) can explain the baryon asymmetry
of the Universe, provided the pair of singlet fermions N2,3 is sufficiently degenerate
(they are forming almost a Dirac 4-component spinor in this case). The temperature
of baryogenesis can be as small as that of the sphaleron freezing, Tsph ∼ 100 GeV.
The Higgs mass with this choice of parameters is stable against radiative corrections
coming from new particles. The relatively small masses of the Majorana fermions
are protected from large radiative corrections by a symmetry — lepton number
conservation, which is exact in the limit MI → 0. The ratio between the masses on
N2,3 and N1 — the dark matter candidate in the νMSM — can be of the order of
105 — a typical number for the maximal mass ratio in the quark sector.

§9. Testing the baryogenesis directly

The baryogenesis in the νMSM falls into the category of experimentally testable
scenarios. By experimentally testable, we mean those in which particle physics
experiments could potentially determine all parameters of the theory, necessary for
theoretical computation of the amplitude and of the sign of the baryon asymmetry
of the Universe.∗) The reason is that the mass of the Majorana fermions is small, so
that they can be produced at existing accelerators.

In Fig. 2, we present different constraints on singlet fermion mixing angle (de-
fined as θ = MD/M2 and showing the suppression of their interactions in comparison
with the weak interactions of ordinary leptons) versus their mass, coming from dif-
ferent considerations. Above the line marked “BAU”, baryogenesis is not possible:

∗) Yet another testable scenario is electroweak baryogenesis, for a review see Ref. 35) and the

recent work.60)
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Baryon Asymmetry of the Universe 199

Fig. 2. Constraints on the mixing angle of BAU generating singlet fermions coming from cosmology,

neutrino mass matrix, dark matter, and direct experimental searches.

here, the coupling of N2,3 to active neutrinos is so large that they come to ther-
mal equilibrium above the EW temperature (this curve is derived by computation47)

rather than order-of-magnitude estimate presented in §6). Below the line marked
“See-saw”, the data on neutrino masses and mixings cannot be explained using Eq.
(5.5). The region noted as “BBN” is disfavoured by the considerations of Big Bang
Nucleosynthesis — the decays of N2,3 must not spoil the standard picture. A small
region with the capture “DM preferred” in the domain of masses 2− 3 GeV is quite
peculiar: here, the generation of BAU above the EW scale and the production of
sterile neutrino DM well below TEW are due to essentially the same mechanism,
giving a hint as to why the DM abundance is similar to that of baryonic matter.
Finally, the region marked “Experiment” shows the part of the parameter space
excluded by direct searches for singlet fermions (more detailed bounds for different
decay modes of singlet fermions are summarized in Ref. 61), where BBN constraints
are analysed as well). The analysis of the published works of different collabora-
tions reveals that for the mass of the neutral lepton M > 450 MeV, the experiments
BEBC,62) CHARM,63) and NuTeV64) have entered into the interesting for νMSM
region below the line “BAU” (see Fig. 2), whereas the NOMAD65) and L3 LEP
experiments66) give weaker constraints. The constraints in the small mass region,
M < 450 MeV, are coming from the CERN PS191 experiment.67),68)

Naturally, several distinct strategies can be used for the experimental search of
these particles. The first one is related to their production (θ2 effect). The singlet
fermions participate in all the reactions the ordinary neutrinos do with a probability
suppressed roughly by a factor θ2

2. Since they are massive, the kinematics of, say, two
body decays K± → μ±N , K± → e±N or three-body decays KL,S → π± + e∓ + N2,3

changes when N2,3 is replaced by an ordinary neutrino. Therefore, the study of
kinematics of rare K, D, and B meson decays can constrain the strength of the
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coupling of heavy leptons. This strategy has been used in a number of experiments
for the search of neutral leptons in the past,69),70) where the spectrum of electrons
or muons originating in decays π and K mesons has been studied. The precise
study of kinematics of rare meson decays is possible in Φ (like KLOE), charm, and
B factories, or in experiments with kaons where their initial 4-momentum is well
known (like NA48 or E787 experiments).

The second strategy is to use the proton beam dump (θ4 effect). As a first step,
the proton beam heating the fixed target creates K, D or B mesons, which decay
and produce N2,3. The second step is a search for decays of N in a near detector,
looking for the processes “nothing” → leptons and hadrons.64),65),67),68) To this
end, quite a number of already existing or planned neutrino facilities (related, e.g.,
to CERN SPS, MiniBooNE, MINOS or J-PARC), complemented by a near dedicated
detector,∗) can be used. Finally, these two strategies can be unified, so that the
production and the decay occur inside the same detector.66)

For the mass interval MN < MK , both strategies can be used. Moreover, further
constraints on the couplings of singlet fermions can be derived from the reanalysis of
the already existing but never considered from this point of view experimental data of
KLOE collaboration and of the E787 experiment. In addition, the NA62 experiment
at CERN would allow the finding or exclusion of singlet fermions with the mass
below that of the kaon. The same conclusion is true for a possible future experiment
of Vannucci at MINERνA site.71)

If mK < M2,3 < mD, the search for the missing energy signal, potentially
possible at beauty, charm, and τ factories, is unlikely to gain the necessary statistics
and is very difficult if not impossible at hadronic machines like LHC. Thus, the search
for decays of neutral fermions is the most effective opportunity. The dedicated
experiments on the basis of the proton beam NuMI or NuTeV at FNAL, SPS at
CERN, or J-PARC can touch a very interesting parameter range for MN < 1.8
GeV. Experiments like NuSOnG72) and HiResMν73) should be able to enter in a
cosmologically interesting region for masses and mixing angles of singlet fermions.

Going above D-meson but still below B-meson thresholds is very hard if not
impossible with the present or planned proton machines or B-factories. To enter
into a cosmologically interesting parameter space would require the increase in the
present intensity of, say, CERN SPS beam by two orders of magnitude or to produce
and study the kinematics of more than 1010 B-mesons.

In Fig. 3 (left part) we present the number of singlet fermion decays expected
in a 5-m-long detector∗∗) during one year with the use of J-PARC beam (left part)
(the similar figures for CERN SPS, NuMI and NuTeV can be found in Ref. 61)).
In the right part of Fig. 3, we present the detector length necessary to observe 10
singlet fermion decays per year in CERN SPS damp. In the lower shaded areas, these
particles cannot explain BAU, and in the upper shaded areas, they cannot explain
the observed neutrino masses and mixings. It would be relatively easy to enter in

∗) To minimize the background from normal neutrino interactions, the density of the detector

must be much smaller than what is used in “standard” neutrino programs.
∗∗) We assumed that all produced singlet fermions go through the detector.
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Fig. 3. Left panel: the number of singlet fermion decays expected in a 5-m-long detector within

one year with the use of J-PARC beam as a function of the mass of N2,3 in GeV. In the upper

shaded area, baryogenesis is not possible. In the lower shaded area, neutrino masses cannot

be explained. Right panel: the length of detector in meters necessary to observe 10 decays of

singlet fermions per year if the CERN SPS proton beam is used, as a function of mass. In

the lower shaded area, baryogenesis is not possible. In the upper-right shaded area, neutrino

masses cannot be explained. Different curves correspond to the different parameter choices in

the νMSM. It is assumed that all N2,3 created in beam bump pass through the detector.

the region of the parameters interesting for cosmology, whereas it is very challenging
to explore all possible mixing angles of singlet fermions below the charm threshold.

§10. Conclusions

The Baryon Asymmetry of the Universe is a clear signal for new physics beyond
the Standard Model. This implies the existence of new particles and new sources of
CP violation. However, since BAU provides just one number, the baryon-to-entropy
ratio, it is impossible to reveal the origin of baryon asymmetry without further input,
coming from other experiments and theoretical considerations.

The guiding line used in this paper is the principle of simplicity. Namely, one
tries to minimize the number of new entities introduced but maximize the number
of problems that can be addressed simultaneously. The νMSM described here adds
three right-handed light singlet fermions to the Standard Model, making its lepton
sector similar to the quark one. This does not lead to any intermediate scale between
the electroweak and Planck ones, but requires small Yukawa couplings FαI . This
choice allows to solve in a unified manner a number of observational problems of
the SM. Namely, the parameters of the νMSM can be chosen in such a way that it
describes neutrino masses and oscillations, provides a mechanism of generation of
baryon asymmetry of the Universe, and a DM candidate in the form of the lightest
sterile neutrino. Also, this theory can accommodate inflation, if one considers non-
minimal coupling between the Higgs boson and gravity.74) Finally, a scale-invariant
extension of the model75),76) including unimodular gravity, may solve the problem
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202 M. Shaposhnikov

of stability of the Higgs mass against radiative corrections even if the Planck scale is
included and may lead to a possible explanation of dark energy and of the absence
of the cosmological constant.

The baryogenesis in the νMSM is potentially testable. The new particles in this
theory are light and thus can be produced at existing accelerators. They can be
searched using different strategies, as discussed in §9.
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