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Chapter 1
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The origin of the asymmetry between matter and anti-matter of the
Universe has been one of the great challenges in particle physics and
cosmology. Leptogenesis as a mechanism for generating the cosmolog-
ical baryon asymmetry of the Universe has gained significant interests
ever since the advent of the evidence of non-zero neutrino masses. In
these lectures presented at TASI 2006, I review various realizations of
leptogenesis and allude to recent developments in this subject.
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1.1. Introduction

The understanding of the origin of the cosmological baryon asymmetry

has been a challenge for both particle physics and cosmology. In an ex-

panding Universe, which leads to departure from thermal equilibrium, a

baryon asymmetry can be generated dynamically by charge-conjugation

(C), charge-parity (CP ) and baryon (B) number violating interactions

among quarks and leptons. Possible realizations of these conditions have

been studied for decades, starting with detailed investigation in the context

of grand unified theories. The recent advent of the evidence of non-zero neu-

trino masses has led to a significant amount of work in leptogenesis. This

subject is of special interests because the baryon asymmetry in this sce-

nario is in principle entirely determined by the properties of the neutrinos.

In these lectures, I discuss some basic ingredients of leptogenesis as well as

recent developments in this subject.

These lectures are organized as follows: In Sec. 1.1, I review the basic

ingredients needed for the generation of baryon asymmetry and describe

various mechanisms for baryogenesis and the problems in these mechanisms.

In Sec. 1.2, I introduce the standard leptogenesis and Dirac leptogenesis

as well as the problem of gravitino over-production that exists in these

standard scenarios when supersymmetry is incorporated. This is followed

by Sec. 1.3, in which several alternative mechanisms that have been invented

to alleviate the gravitino over-production problem are discussed. Sec. 1.4

focuses on the subject of connecting leptogenesis with low energy leptonic

CP violating processes. Sec. 1.5 concludes these lectures with discussions on

the recent developments. For exiting reviews on the subject of leptogenesis

and on baryogenesis in general, see e.g. Ref. [1–3] and [4–6].

1.1.1. Evidence of Baryon Number Asymmetry

One of the main successes of the standard early Universe cosmology is the

predictions for the abundances of the light elements, D, 3He, 4He and 7Li.
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Fig. 1.1. The power spectrum anisotropies defined in Eq. 1.2 and 1.3 as a function of
the multiple moment, l.

(For a review, see, Ref. [7]. See also Scott Dodelson’s lectures.) Agreement

between theory and observation is obtained for a certain range of parameter,

ηB, which is the ratio of the baryon number density, nB, to photon density,

nγ ,

ηBBN

B =
nB

nγ
= (2.6 − 6.2) × 10−10 . (1.1)

The Cosmic Microwave Background (CMB) is not a perfectly isotropic ra-

diation bath. These small temperature anisotropies are usually analyzed by

decomposing the signal into spherical harmonics, in terms of the spherical

polar angles θ and φ on the sky, as

∆T

T
=
∑

l,m

almYlm(θ, φ) , (1.2)

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

defined by

Cl =
〈
|alm|2

〉
, (1.3)

and it is conventional to plot the quantity l(l + 1)Cl against l. The CMB

measurements indicate that the temperature of the Universe at present is
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Tnow ∼ 3oK. Due to the Bose-Einstein statistics, the number density of the

photon, nγ , scales as T 3. Together, these give a photon number density at

present to be roughly 400/cm3. It is more difficult to count the baryon num-

ber density, because only some fraction of the baryons form stars and other

luminous objects. There are two indirect probes that point to the same

baryon density. The measurement of CMB anisotropies probe the acous-

tic oscillations of the baryon/photon fluid, which happened around photon

last scattering. Fig. 1.1 illustrates how the amount of anisotropies depends

on nB/nγ . The baryon number density, nB ∼ 1/m3, is obtained from the

anisotropic in CMB, which indicates the baryon density ΩB to be 0.044.

Another indirect probe is the Big Bang Nucleosynthesis (BBN), whose pre-

dictions depend on nB/nγ through the processes shown in Fig. 1.2. It is

measured independently from the primordial nucleosynthesis of the light

elements. The value for nB/nγ deduced from primordial Deuterium abun-

dance agrees with that obtained by WMAP [8]. For 4He and 7Li, there are

nevertheless discrepancies which may be due to the under-estimated errors.

Combining WMAP measurement and the Deuterium abundance gives,

nB

nγ
≡ ηB = (6.1 ± 0.3)× 10−10 . (1.4)

Fig. 1.2. Main reactions that determine the primordial abundances of the light elements.
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1.1.2. Sakharov’s Conditions

A matter-anti-matter asymmetry can be dynamically generated in an ex-

panding Universe if the particle interactions and the cosmological evolution

satisfy the three Sakharov’s conditions [9]: (i) baryon number violation; (ii)

C and CP violation; (iii) departure from thermal equilibrium.

1.1.2.1. Baryon Number Violation

As we start from a baryon symmetric Universe (B = 0), to evolve to a

Universe where B 6= 0, baryon number violation is necessary. Baryon num-

ber violation occurs naturally in Grand Unified Theories (GUT), because

quarks and leptons are unified in the same irreducible representations. It

is thus possible to have gauge bosons and scalars mediating interactions

among fermions having different baryon numbers. In the SM, on the other

hand, the baryon number and the lepton number are accidental symme-

tries. It is thus not possible to violate these symmetries at the tree level.

t’Hooft realized that [10] the non-perturbative instanton effects may give

rise to processes that violate (B+L), but conserve (B−L). Classically, B

and L are conserved,

B =

∫
d3xJB

0 (x), L =

∫
d3xJL

0 (x) , (1.5)

where the currents associated with B and L are given by,

JB
µ =

1

3

∑

i

(
qLi

γµqLi − uc
Li
γµu

c
Li

− d
c

Li
γµd

c
Li

)
, (1.6)

JL
µ =

∑

i

(
ℓLiγµℓLi − ec

Li
γµe

c
Li

)
. (1.7)

Here qL refers to the SU(2)L doublet quarks, while uL and dL refer to the

SU(2)L singlet quarks. Similarly, ℓL refers to the SU(2)L lepton doublets

and eL refers to the SU(2)L charged lepton singlets. The B and L numbers

of these fermions are summarized in Table 1.1. The subscript i is the gen-

eration index. Even though B and L are individually conserved at the tree

level, the Adler-Bell-Jackiw (ABJ) triangular anomalies [11] nevertheless

do not vanish, and thus B and L are anomalous [12] at the quantum level

through the interactions with the electroweak gauge fields in the triangle

diagrams (see, for example Ref. [13] for details). In other words, the di-

vergences of the currents associated with B and L do not vanish at the
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Table 1.1. Standard model fermions and their B and L

charges.

qL =

„

u

d

«

L

uc
L dc

L ℓL =

„

ν

e

«

L

ec
L

B 1/3 -1/3 -1/3 0 0
L 0 0 0 1 -1

quantum level, and they are given by

∂µJ
µ
B = ∂µJ

µ
L =

Nf

32π2

(
g2W p

µνW̃
pµν − g′2BµνB̃

µν
)
, (1.8)

where Wµν and Bµν are the SU(2)L and U(1)Y field strengths,

W p
µν = ∂µW

p
ν − ∂νW

p
µ (1.9)

Bµν = ∂µBν − ∂νBµ , (1.10)

respectively, with corresponding gauge coupling constants being g and g′,

and Nf is the number of fermion generations. As ∂µ(JB
µ −JL

µ ) = 0, (B−L)

is conserved. However, (B+L) is violated with the divergence of the current

given by,

∂µ(JB
µ + JL

µ ) = 2NF∂µK
µ , (1.11)

where

Kµ = − g2

32π2
2ǫµνρσW p

ν (∂ρW
p
σ +

g

3
ǫpqrW q

ρW
r
σ ) (1.12)

+
g′2

32π2
ǫµνρσBνBρσ .

This violation is due to the vacum structure of non-abelian gauge theories.

Change in B and L numbers are related to change in topological charges,

B(tf ) −B(ti) =

∫ tf

ti

dt

∫
d3x ∂µJB

µ (1.13)

= Nf [Ncs(tf ) −Ncs(ti)] ,

where the topological charge of the gauge field (i.e. the Chern-Simons

number) Ncs is given by,

Ncs(t) =
g3

96π2

∫
d3xǫijkǫ

IJKW IiW JjWKk . (1.14)

There are therefore infinitely many degenerate ground states with

∆Ncs = ±1, ±2, ....., separated by a potential barrier, as depicted by
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Fig. 1.3. The energy dependence of the gauge configurations A as a function of the
Chern-Simons number, Ncs[A]. Sphalerons correspond to the saddle points, i.e. maxima
of the potential.

Fig. 1.3. In semi-classical approximation, the probability of tunneling be-

tween neighboring vacua is determined by the instanton configurations. In

SM, as there are three generations of fermions, ∆B = ∆L = Nf∆Ncs =

±3n, with n being an positive integer. In other words, the vacuum to vac-

uum transition changes ∆B and ∆L by multiples of 3 units. As a result,

the SU(2) instantons lead to the following effective operator at the lowest

order,

OB+L =
∏

i=1,2,3

(qLiqLiqLiℓLi) , (1.15)

which gives 12 fermion interactions, such as,

u+ d+ c→ d+ 2s+ 2b+ t+ νe + νµ + ντ . (1.16)

At zero temperature, the transition rate is given by, Γ ∼ e−Sint =

e−4π/α = O(10−165) [10]. The resulting transition rate is exponentially

suppressed and thus it is negligible. In thermal bath, however, things can

be quite different. It was pointed out by Kuzmin, Rubakov and Shaposh-

nikov [14] that, in thermal bath, the transitions between different gauge

vacua can be made not by tunneling but through thermal fluctuations over

the barrier. When temperatures are larger than the height of the barrier,

the suppression due to the Boltzmann factor disappear completely, and thus



April 2, 2007 23:7 World Scientific Review Volume - 9in x 6in tasi06proc-MCC

8 M.-C. Chen

the (B+L) violating processes can occur at a significant rate and they can

be in equilibrium in the expanding Universe. The transition rate at finite

temperature in the electroweak theory is determined by the sphaleron con-

figurations [15], which are static configurations that correspond to unstable

solutions to the equations of motion. In other words, the sphaleron config-

urations are saddle points of the field energy of the gauge-Higgs system, as

depicted in Fig. 1.3. They possess Chern-Simons number equal to 1/2 and

have energy

Esp(T ) ≃ 8π

g
〈H(T )〉 , (1.17)

which is proportional to the Higgs vacuum expectation value (vev), 〈H(T )〉,
at finite temperature T . Below the electroweak phase transition temper-

ature, T < TEW , (i.e. in the Higgs phase), the transition rate per unit

volume is [16]

ΓB+L

V
= k

M7
W

(αT )3
e−βEph(T ) ∼ e

−MW
αkT , (1.18)

where MW is the mass of the W gauge boson and k is the Boltzmann

constant. The transition rate is thus still very suppressed. This result can

be extrapolated to high temperature symmetric phase. It was found that,

in the symmetric phase, T ≥ TEW , the transition rate is [17]

ΓB+L

V
∼ α5 lnα−1T 4 , (1.19)

where α is the fine-structure constant. Thus for T > TEW , baryon number

violating processes can be unsuppressed and profuse.

1.1.2.2. C and CP Violation

To illustrate the point that both C and CP violation are necessary in order

to have baryogenesis, consider the case [18] in which superheavy X boson

have baryon number violating interactions as summarized in Table 1.2. The

baryon numbers produced by the decays of X and X are,

BX = α

(
2

3

)
+ (1 − α)

(
−1

3

)
= α− 1

3
, (1.20)

BX = α

(
−2

3

)
+ (1 − α)

(
1

3

)
= −

(
α− 1

3

)
, (1.21)

respectively. The net baryon number produced by the decays of the X , X

pair is then,

ǫ ≡ BX +BX = (α− α) . (1.22)
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Table 1.2. Baryon number violating
decays of the superheavy X boson in
the toy model.

process branching fraction ∆B

X → qq α 2/3

X → qℓ 1 − α -1/3

X → qq α -2/3

X → qℓ 1 − α 1/3

If C or CP is conserved, α = α, it then leads to vanishing total baryon

number, ǫ = 0.

To be more concrete, consider a toy model [18] which consists of four

fermions, f1,...4, and two heavy scalar fields, X and Y . The interactions

among these fields are described by the following Lagrangian,

L = g1Xf
†
2f1 + g2Xf

†
4f3 + g3Y f

†
1f3 + g4Y f

†
2f4 + h.c. , (1.23)

where g1,..,4 are the coupling constants. The Lagrangian L leads to the

following decay processes,

X → f1 + f2, f3 + f4 , (1.24)

Y → f3 + f1, f4 + f2 , (1.25)

and the tree level diagrams of these decay processes are shown in Fig. 1.4.

At the tree level, the decay rate of X → f1 + f2 is,

Γ(X → f1 + f2) = |g1|2IX , (1.26)

where IX is the phase space factor. For the conjugate process X → f1 +f2,

the decay rate is,

Γ(X → f1 + f2) = |g∗1 |2IX . (1.27)

As the phase space factors IX and IX are equal, no asymmetry can be

generated at the tree level.

At the one-loop level, there are additional diagrams, as shown in Fig. 1.5,

that have to be taken into account. Including these one-loop contributions,

the decay rates for X → f1 + f2 and X → f1 + f2 become,

Γ(X → f1 + f2) = g1g
∗
2g3g

∗
4IXY + c.c. , (1.28)

Γ(X → f1 + f2) = g∗1g2g
∗
3g4IXY + c.c. , (1.29)

where c.c. stands for complex conjugation. Now IXY includes both the

phase space factors as well as kinematic factors arising from integrating



April 2, 2007 23:7 World Scientific Review Volume - 9in x 6in tasi06proc-MCC

10 M.-C. Chen

over the internal loop momentum due to the exchange of J in I decay. If

fermions f1,...4 are allowed to propagate on-shell, then the factor IXY is

complex. Therefore,

Γ(X → f1 + f2) − Γ(X → f1 + f2) = 4Im(IXY )Im(g∗1g2g
∗
3g4) . (1.30)

Similarly, for the decay mode, X → f3 + f4, we have,

Γ(X → f3 + f4) − Γ(X → f3 + f4) = −4Im(IXY )Im(g∗1g2g
∗
3g4) . (1.31)

Note that, in addition to the one-loop diagrams shown in Fig. 1.5, there are

also diagrams that involve the same boson as the decaying one. However,

contributions to the asymmetry from these diagrams vanish as the inter-

ference term in this case is proportional to Im(gig
∗
i gig

∗
i ) = 0. The total

baryon number asymmetry due to X decays is thus given by,

ǫX =
(B1 −B2)∆Γ(X → f1 + f2) + (B4 −B3)∆Γ(X → f3 + f4)

ΓX
,

(1.32)

where

∆Γ(X → f1 + f2) = Γ(X → f1 + f2) − Γ(X → f1 + f2) , (1.33)

∆Γ(X → f3 + f4) = Γ(X → f3 + f4) − Γ(X → f3 + f4) . (1.34)

X

f1

f2

g1
X

f3

f4

g2

(a) (b)

Y

f3

f1

g3
Y

f4

f2

g4

(c) (d)

Fig. 1.4. Tree level diagrams for the decays of the heavy scalar fields, X and Y .
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Similar expression can be derived for the Y decays. The total asymmetries

due to the decays of the superheavy bosons, X and Y, are then given,

respectively, by

ǫX =
4

ΓX
Im(IXY )Im(g∗1g2g

∗
3g4)[(B4 −B3) − (B2 −B1)] , (1.35)

ǫY =
4

ΓY
Im(I ′XY )Im(g∗1g2g

∗
3g4)[(B2 −B4) − (B1 −B3)] . (1.36)

By inspecting Eq. 1.35 and 1.36, it is clear that the following three

conditions must be satisfied to have a non-zero total asymmetry, ǫ = ǫX +

ǫY :

• The presence of the two baryon number violating bosons, each of which

has to have mass greater than the sum of the masses of the fermions in

the internal loop;

• The coupling constants have to be complex. The C and CP violation

then arise from the interference between the tree level and one-loop

diagrams. In general, the asymmetry generated is proportional to ǫ ∼

X

f1

f2

g2

f3

f4

g3
∗

g4

Y
X

f3

f4

g1

f1

f2

g3

g4
∗

Y

(a) (b)

Y

f3

f1

g4

f4

f2

g2

g1
∗

X
Y

f4

f2

g3

f3

f1

g2
∗

g1

X

(c) (d)

Fig. 1.5. One loop diagrams for the decays of the heavy scalar fields, X and Y , that
contribute to the asymmetry.
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αn, with n being the number of loops in the lowest order diagram that

give non-zero asymmetry and α ∼ g2/4π ;

• The heavy particles X and Y must have non-degenerate masses. Oth-

erwise, ǫX = −ǫY , which leads to vanishing total asymmetry, ǫ.

1.1.2.3. Departure from Thermal Equilibrium

The baryon number B is odd under the C and CP transformations. Using

this property of B together with the requirement that the Hamiltonian, H ,

commutes with CPT , the third condition can be seen by calculating the

average of B in equilibrium at temperature T = 1/β,

< B >T = Tr[e−βHB] = Tr[(CPT )(CPT )−1e−βHB)] (1.37)

= Tr[e−βH(CPT )−1B(CPT )] = −Tr[e−βHB] .

In equilibrium, the average < B >T thus vanishes, and there is no genera-

tion of net baryon number. Different mechanisms for baryogenesis differ in

the way the departure from thermal equilibrium is realized. There are three

possible ways to achieve departure from thermal equilibrium that have been

utilized in baryogenesis mechanisms:

• Out-of-equilibrium decay of heavy particles: GUT Baryogenesis, Lep-

togenesis;

• EW phase transition: EW Baryogenesis;

• Dynamics of topological defects.

In leptogenesis, the departure from thermal equilibrium is achieved

through the out-of-equilibrium decays of heavy particles in an expanding

Universe. If the decay rate ΓX of some superheavy particles X with mass

MX at the time when they become non-relativistic (i.e. T ∼MX) is much

smaller than the expansion rate of the Universe, the X particles cannot

decay on the time scale of the expansion. The X particles will then remain

their initial thermal abundance, nX = nX ∼ nγ ∼ T 3, for T . MX . In

other words, at some temperature T > MX , the superheavy particles X

are so weakly interacting that they cannot catch up with the expansion of

the Universe. Hence they decouple from the thermal bath while still being

relativistic. At the time of the decoupling, nX ∼ nX ∼ T 3. Therefore, they

populate the Universe at T ≃MX with abundance much larger than their

abundance in equilibrium. Recall that in equilibrium,

nX = nX ≃ nγ for T & MX , (1.38)

nX = nX ≃ (MXT )3/2e−MX/T ≪ nγ for T . MX . (1.39)
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This over-abundance at temperature below MX , as shown in Fig. 1.6, is

the departure from thermal equilibrium needed to produce a final non-

vanishing baryon asymmetry, when the heavy states, X , undergo B and

CP violating decays. The scale of rates of these decay processes involving

X and X relative to the expansion rate of the Universe is determined by

MX ,

Γ

H
∝ 1

MX
. (1.40)

The out-of-equilibrium condition, Γ < H , thus requires very heavy states:

for gauge bosons, MX & (1015−16) GeV; for scalars, MX & (1010−16) GeV,

assuming these heavy particles decay through renormalizable operators.

Precise computation of the abundance is carried out by solving the Boltz-

mann equations (more details in Sec. 1.2.1.2).

Fig. 1.6. The distribution of the X particles in thermal equilibrium (blue curve) follows
Eq. 1.38 and 1.39. When departure from the thermal equilibrium occurs, the distribution
of the X particles remains the same as the thermal distribution (red dashed curve).
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1.1.3. Relating Baryon and Lepton Asymmetries

One more ingredient that is needed for leptogenesis is to relate lepton num-

ber asymmetry to the baryon number asymmetry, at the high temperature,

symmetric phase of the SM [1]. In a weakly coupled plasma with temper-

ature T and volume V , a chemical potential µi can be assigned to each of

the quark, lepton and Higgs fields, i. There are therefore 5Nf + 1 chem-

ical potentials in the SM with one Higgs doublet and Nf generations of

fermions. The corresponding partition function is given by,

Z(µ, T, V ) = Tr[e−β(H−
P

i µiQi)] (1.41)

where β = 1/T , H is the Hamiltonian and Qi is the charge operator for

the corresponding field. The asymmetry in particle and antiparticle num-

ber densities is given by the derivative of the thermal-dynamical potential,

Ω(µ, T ), as

ni − ni = −∂Ω(µ, T )

∂µi
, (1.42)

where Ω(µ, T ) is defined as,

Ω(µ, T ) = −T

V
lnZ(µ, T, V ) . (1.43)

For a non-interacting gas of massless particles, assuming βµi ≪ 1,

ni − ni =
1

6
gT 3

{
βµi + O((βµi)

3), fermions

2βµi + O((βµi)
3), bosons .

(1.44)

In the high temperature plasma, quarks, leptons and Higgs interact via

the guage and Yukawa couplings. In addition, there are non-perturbative

sphaleron processes. All these processes give rise to constraints among

various chemical potentials in thermal equilibrium. These include [1]:

(1) The effective 12-fermion interactions OB+L induced by the sphalerons

give rise to the following relation,
∑

i

(3µqi + µℓi) = 0 . (1.45)

(2) The SU(3) QCD instanton processes lead to interactions between LH

and RH quarks. These interactions are described by the operator,∏
i(qLiqLiu

c
Ri
dc

Ri
). When in equilibrium, they lead to,

∑

i

(2µqi − µui − µdi) = 0 . (1.46)
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(3) Total hypercharge of the plasma has to vanish at all temperatures. This

gives,

∑

i

(µqi + 2µui − µdi − µℓi − µei +
2

Nf
µH) = 0 . (1.47)

(4) The Yukawa interactions yield the following relations among chemical

potential of the LH and RH fermions,

µqi − µH − µdj = 0 , (1.48)

µqi + µH − µuj = 0 , (1.49)

µℓi − µH − µej = 0 . (1.50)

From Eq. (1.44), the baryon number density nB = 1
6gBT

2 and lepton num-

ber density nL = 1
6gLiT

2, where Li is the individual lepton flavor number

with i = (e, µ, τ), can be expanded in terms of the chemical potentials.

Hence

B =
∑

i

(2µqi + µui + µdi) (1.51)

L =
∑

i

Li, Li = 2µℓi + µei . (1.52)

Consider the case where all Yukawa interactions are in equilibrium. The

asymmetry (Li−B/Nf ) is then preserved. If we further assume equilibrium

among different generations, µℓi ≡ µℓ and µqi ≡ µq, together with the

sphaleron and hypercharge constraints, all the chemical potentials can then

be expressed in terms of µℓ,

µe =
2Nf + 3

6Nf + 3
µℓ, µd = −6Nf + 1

6Nf + 3
µℓ, µu =

2Nf − 1

6Nf + 3
µℓ (1.53)

µq = −1

3
µℓ, µH =

4Nf

6Nf + 3
µℓ .

The corresponding B and L asymmetries are

B = −4

3
Nfµℓ , (1.54)

L =
14N2

f + 9Nf

6Nf + 3
µℓ . (1.55)

Thus B, L and B − L are related by:

B = cs(B − L), L = (cs − 1)(B − L) , (1.56)
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where

cs =
8Nf + 4

22Nf + 13
. (1.57)

For models with NH Higgses, the parameter cs is given by,

cs =
8Nf + 4NH

22Nf + 13NH
. (1.58)

For T = 100 GeV ∼ 1012 GeV, which is of interest of baryogenesis,

gauge interactions are in equilibrium. Nervertheless, the Yukawa interac-

tions are in equilibrium only in a more restricted temperature range. But

these effects are generally small, and thus will be neglected in these lec-

tures. These effects have been investigated recently; they will be discussed

in Sec. 1.5.

1.1.4. Mechanisms for Baryogenesis and Their Problems

There have been many mechanisms for baryogenesis proposed. Each has

attractive and problematic aspects, which we discuss below.

1.1.4.1. GUT Baryongenesis

The GUT baryogenesis was the first implementation of Sakharov’s B-

number generation idea. The B-number violation is an unavoidable con-

sequence in grand unified models, as quarks and leptons are unified in the

same representation of a single group. Furthermore, sufficient amount of

CP violation can be incorporated naturally in GUT models, as there ex-

ist many possible complex phases, in addition to those that are present in

the SM. The relevant time scales of the decays of heavy gauge bosons or

scalars are slow, compared to the expansion rate of the Universe at early

epoch of the cosmic evolution. The decays of these heavy particles are thus

inherently out-of-equilibrium.

Even though GUT models naturally encompass all three Sakharov’s con-

ditions, there are also challenges these models face. First of all, to generate

sufficient baryon number asymmetry requires high reheating temperature.

This in turn leads to dangerous production of relic particles, such as grav-

itinos (see Sec. 1.2.3). As the relevant physics scale MGUT ∼ 1016 GeV is

far above the electroweak scale, it is also very hard to test GUT models ex-

perimentally using colliders. The electroweak theory ensures that there are

copious B-violating processes between the GUT scale and the electroweak
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scale. These sphelaron processes violate B+L, but conserve B−L. There-

fore, unless a GUT mechanism generates an excess of B − L, any baryon

asymmetry produced will be equilibrated to zero by the sphaleron effects.

As U(1)B−L is a gauged subgroup of SO(10), GUT models based on SO(10)

are especially attractive for baryogenesis.

1.1.4.2. EW Baryogenesis

In electroweak baryogenesis, the departure from thermal equilibrium is pro-

vided by strong first order phase transition. The nice feature of this mech-

anism is that it can be probed in collider experiments. On the other hand,

the allowed parameter space is very small. It requires more CP violation

than what is provided in the SM. Even though there are additional sources

of CP violation in MSSM, the requirement of strong first order phase tran-

sition translates into a stringent bound on the Higgs mass, mH . 120 GeV.

To obtain a Higgs mass of this order, the stop mass needs to be smaller

than, or of the order of, the top quark mass, which implies fine-tuning in

the model parameters.

1.1.4.3. Affleck-Dine Baryogensis

The Affleck-Dine baryogenesis [19] involves cosmological evolution of scalar

fields which carry B charges. It is most naturally implemented in SUSY

theories. Nevertheless, this mechanism faces the same challenges as in GUT

baryogenesis and in EW baryogenesis.

1.1.5. Sources of CP Violation

In the SM, C is maximally broken, since only LH electron couples to the

SU(2)L gauge fields. Furthermore, CP is not an exact symmetry in weak

interaction, as observed in the Kaon and B-meson systems. The charged

current in the weak interaction basis is given by,

LW =
g√
2
ULγ

µDLWµ + h.c. , (1.59)

where UL = (u, c, t)L and DL = (d, s, b)L. Quark mass matrices can be

diagonalized by bi-unitary transformations,

diag(mu,mc,mt) = V u
LM

uV u
R , (1.60)

diag(md,ms,md) = V d
LM

dV d
R . (1.61)
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Thus the charged current interaction in the mass eigenstates reads,

LW =
g√
2
U

′
LUCKMγ

µD′
LWµ + h.c. , (1.62)

where U ′
L ≡ V u

LUL and D′
L ≡ V d

LDL are the mass eigenstates, and UCKM ≡
V u

L (V d
L )† is the CKM matrix. For three families of fermions, the unitary

matrix K can be parameterized by three angles and six phases. Out of

these six phases, five of them can be reabsorbed by redefining the wave

functions of the quarks. There is hence only one physical phase in the CKM

matrix. This is the only source of CP violation in the SM. It turns out that

this particular source is not strong enough to accommodate the observed

matter-antimatter asymmetry. The relevant effects can be parameterized

by [20],

B ≃ α4
wT

3

s
δCP ≃ 10−8δCP , (1.63)

where δCP is the suppression factor due to CP violation in the SM. Since

CP violation vanishes when any two of the quarks with equal charge have

degenerate masses, a naive estimate gives the effects of CP violation of the

size

ACP = (m2
t −m2

c)(m
2
c −m2

u)(m2
u −m2

t ) (1.64)

·(m2
b −m2

s)(m
2
s −m2

d)(m
2
d −m2

b) · J .
Here the proportionality constant J is the usual Jarlskog invariant, which

is a parameterization independent measure of CP violation in the quark

sector. Together with the fact that ACP is of mass (thus temperature)

dimension 12, this leads to the following value for δCP , which is a dimen-

sionless quantity,

δCP ≃ ACP

T 12
C

≃ 10−20 , (1.65)

and TC is the temperature of the electroweak phase transition. The baryon

number asymmetry due to the phase in the CKM matrix is therefore of

the order of B ∼ 10−28, which is too small to account for the observed

B ∼ 10−10.

In MSSM, there are new sources of CP violation due to the presence of

the soft SUSY breaking sector. The superpotential of the MSSM is given

by,

W = µĤ1Ĥ2 + huĤ2Q̂û
c + hdĤ1Q̂d̂

c + heĤ1L̂ê
c . (1.66)

The soft SUSY breaking sector has the following parameters:
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• tri-linear couplings: ΓuH2Q̃c̃
c + ΓdH1Q̃d̃

c + ΓeH1L̃ẽ
c + h.c., where

Γ(u,d,e) ≡ A(u,d,e) · h(u,d,e);

• bi-linear coupling in the Higgs sector: µBH1H2;

• gaugino masses: Mi for i = 1, 2, 3 (one for each gauge group);

• soft scalar masses: m̃f .

In the constrained MSSM (CMSSM) model with mSUGRA boundary con-

ditions at the GUT scale, a universal value is assumed for the tri-linear

coupling constants, A(u,d,e) = A. Similarly, the gaugino masses and scalar

masses are universal, Mi = M , and m̃f = m̃. Two phases may be removed

by redefining the phase of Ĥ2 such that the phase of µ is opposite to the

phase of B. As a result, the product µB is real. Furthermore, the phase of

M can be removed by R-symmetry transformation. This then modifies the

tri-linear couplings by an additional factor of e−φM , while other coupling

constants are invariant under the R-symmetry transformation. There are

thus two physical phases remain,

φA = Arg(AM), φµ = −Arg(B) . (1.67)

These phases are relevant in soft leptogenesis, which is discussed in

Sec. 1.3.2.

If the neutrinos are massive, the leptonic charged current interaction in

the mass eigenstates of the leptons is given by,

LW =
g√
2
ν′LU

†
MNSγ

µℓ′LWµ + h.c. , (1.68)

where UMNS = (V ν
L )†V e

L . (For a review on physics of the massive neutrinos,

see, e.g. Ref. [21] and [22]. See also Rabi Mohapatra’s lectures.) The

matrices V ν
L and V e

L diagonalize the effective neutrino mass matrix and

the charged lepton mass matrix, respectively. If neutrinos are Majorana

particles, which is the case if small neutrino mass is explained by the seesaw

mechanism [23], the Majorana condition then forbids the phase redefinition

of νR. Unlike in the CKM matrix, in this case only three of the six complex

phases can be absorbed, and there are thus two additional physical phases

in the lepton sector if neutrinos are Majorana fermions. And due to this

reason, CP violation can occur in the lepton sector with only two families.

(Recall that in the quark sector, CP violation can occur only when the

number of famalies is at least three). The MNS matrix can be parameterized
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as a CKM-like matrix and a diagonal phase matrix,

UMNS =




c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13
s12s23 − c12c23s13e

iδ −c12s23 − s12c23s13e
iδ c23c13




·




1

eiα21/2

eiα31/2


 . (1.69)

The Dirac phase δ affects neutrino oscillation (see Boris Kayser’s lectures),

P (να → νβ) = δαβ − 4
∑

i>j

Re(UαiUβjU
∗
αjU

∗
βi) sin2

(
∆m2

ij

L

4E

)
(1.70)

+2
∑

i>j

J lep

CP
sin2

(
∆m2

ij

L

4E

)

where the parameterization invariant CP violation measure, the leptonic

Jarlskog invariant J lep

CP
, is given by,

J lep

CP
= − Im(H12H23H31)

∆m2
21∆m

2
32∆m

2
31

, H ≡ (M eff
ν )(M eff

ν )† . (1.71)

The two Majorana phases, α21 and α31, affect neutrino double decay (see

Petr Vogel’s lectures). Their dependence in the neutrinoless double beta

decay matrix element is,

|〈mee〉|2 = m2
1 |Ue1|4 +m2

2 |Ue2|4 +m2
3 |Ue3|4 (1.72)

+2m1m2 |Ue1|2 |Ue2|2 cosα21

+2m1m3 |Ue1|2 |Ue3|2 cosα31

+2m2m3 |Ue2|2 |Ue3|2 cos(α31 − α21) .

The Lagrangian at high energy that describe the lepton sector of the

SM in the presence of the right-handed neurinos, νRi , is given by,

L = ℓLiiγ
µ∂µℓLi + eRi iγ

µ∂µeRi +NRiiγ
µ∂µNRi (1.73)

+fijeRiℓLjH
† + hijNRiℓLjH − 1

2
MijNRiNRj + h.c. .

Without loose of generality, in the basis where fij and Mij are diagonal, the

Yukawa matrix hij is in general a complex matrix. For 3 families, h has nine

phases. Out of these nine phases, three can be absorbed into wave functions

of ℓLi . Therefore, there are six physical phases remain. Furthermore, a real

hij can be diagonalized by a bi-unitary transformation, which is defined
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in terms of six mixing angles. After integrating out the heavy Majorana

neutrinos, the effective Lagrangian that describes the neutrino sector below

the seesaw scale is,

Leff = ℓLiiγ
µ∂µℓLi + eRiiγ

µ∂µeRi + fiieRiℓLiH
† (1.74)

+
1

2

∑

k

hT
ikhkjℓLiℓLj

H2

Mk
+ h.c. .

This leads to an effective neutrino Majorana mass matrix whose parameters

can be measured at the oscillation experiments. As Majorana mass matrix

is symmetric, for three families, it has six independent complex elements

and thus six complex phases. Out of these six phases, three of them can

be absorbed into the wave functions of the charged leptons. Hence at low

energy, there are only three physical phases and three mixing angles in

the lepton sector. Going from high energy to low energy, the numbers of

mixing angles and phases are thus reduced by half. Due to the presence

of the additional mixing angles and complex phases in the heavy neutrino

sector, it is generally not possible to connect leptogenesis with low energy

CP violation. However, in some specific models, such connection can be

established. This will be discussed in more details in Sec. 1.4.

1.2. Standard Leptogenesis

1.2.1. Standard Leptogenesis (Majorana Neutrinos)

As mentioned in the previous section, baryon number violation arises nat-

urally in many grand unified theories. In the GUT baryogenesis, the asym-

metry is generated through the decays of heavy gauge bosons (denoted by

“V” in the following) or leptoquarks (denoted by “S” in the following),

which are particles that carry both B and L numbers. In GUTs based on

SU(5), the heavy gauge bosons or heavy leptoquarks have the following

B-non-conserving decays,

V → ℓLu
c
R, B = −1/3, B − L = 2/3 (1.75)

V → qLd
c
R, B = 2/3, B − L = 2/3 (1.76)

S → ℓLqL, B = −1/3, B − L = 2/3 (1.77)

S → qLqL, B = 2/3, B − L = 2/3 . (1.78)

Since (B − L) is conserved, i.e. the heavy particles V and S both carry

(B−L) charges 2/3, no (B−L) can be generated dynamically. In addition,

due to the sphaleron processes, 〈B〉 = 〈B − L〉 = 0. In SO(10), (B − L)
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is spontaneously broken, as it is a gauged subgroup of SO(10). Heavy

particles X with MX < MB−L can then generate a (B − L) asymmetry

through their decays. Nevertheless, for MX ∼ MGUT ∼ 1015 GeV, the

CP asymmetry is highly suppressed. Furthermore, one also has to worry

about the large reheating temperature TRH ∼ MGUT after the inflation,

the realization of thermal equilibrium, and in supersymmetric case, the

gravitino problem. These difficulties in GUT baryogenesis had led to a lot

of interests in EW baryogenesis, which also has its own disadvantages as

discussed in Sec. 1.1.4.

The recent advent of the evidence of neutrino masses from various neu-

trino oscillation experiments opens up a new possibility of generating the

asymmetry through the decay of the heavy neutrinos [24]. A particular

attractive framework in which small neutrino masses can naturally arise is

GUT based on SO(10) (for a review, see, i.e. Ref. [21]). SO(10) GUT

models accommodate the existence of RH neutrinos,

ψ(16) = (qL, u
c
R, e

c
R, d

c
R, ℓL, ν

c
R) , (1.79)

which is unified along with the fifteen known fermions of each family into

a single 16-dimensional spinor representation. For hierarchical fermion

masses, one easily has

MN ≪MB−L ∼MGUT , (1.80)

where N = νR +νc
R is a Majorana fermion. The decays of the right-handed

neutrino,

N → ℓH, N → ℓH , (1.81)

where H is the SU(2) Higgs doublet, can lead to a lepton number asymme-

try. After the sphaleron processes, the lepton number asymmetry is then

converted into a baryon number asymmetry.

The most general Lagrangian involving charged leptons and neutrinos

is given by,

LY = fijeRiℓLjH
† + hijνRiℓLjH − 1

2
(MR)ijν

c
Ri
νRj + h.c. . (1.82)

As the RH neutrinos are singlets under the SM gauge group, Majorana

masses for the RH neutrinos are allowed by the gauge invariance. Upon

the electroweak symmetry breaking, the SM Higgs doublet gets a VEV,

〈H〉 = v, and the charged leptons and the neutrino Dirac masses, which

are much smaller than the RH neutrino Majorana masses, are generated,

mℓ = fv, mD = hv ≪ MR . (1.83)
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The neutrino sector is therefore described by a 2 × 2 seesaw matrix as,
(

0 mD

mT
D MR

)
. (1.84)

Diagonalizing this 2 × 2 seesaw matrix, the light and heavy neutrino mass

eigenstates are obtained as,

ν ≃ V T
ν νL + V ∗

ν ν
c
L, N ≃ νR + νc

R (1.85)

with corresponding masses

mν ≃ −V T
ν m

T
D

1

MR
mDVν , mN ≃MR . (1.86)

Here the unitary matrix Vν is the diagonalization matrix of the neutrino

Dirac matrix.

At temperature T < MR, RH neutrinos can generate a lepton number

asymmetry by means of out-of-equilibrium decays. The sphaleron processes

then convert ∆L into ∆B.

1.2.1.1. The Asymmetry

At the tree level, the i-th RH neutrino decays into the Higgs doublet and

the charged lepton doublet of α flavor, Ni → H + ℓα, where α = (e, µ, τ).

The total width of this decay is,

ΓDi =
∑

α

[
Γ(Ni → H + ℓα) + Γ(Ni → H + ℓα)

]
(1.87)

=
1

8π
(hh†)iiMi .

Suppose that the lepton number violating interactions of the lightest right-

handed neutrino, N1, wash out any lepton number asymmetry generated in

the decay of N2,3 at temperatures T ≫ M1. (For effects due to the decays

of N2,3, see Ref. [25].) In this case with N1 decay dominating, the final

asymmetry only depends on the dynamics of N1. The out-of-equilibrium

condition requires that the total width for N1 decay, ΓD1
, to be smaller

compared to the expansion rate of the Universe at temperature T = M1,

ΓD1
< H

∣∣∣∣
T=M1

. (1.88)

That is, the heavy neutrinos are not able to follow the rapid change of the

equilibrium particle distribution, once the temperature dropped below the

mass M1. Eventually, heavy neutrinos will decay, and a lepton asymmetry
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Fig. 1.7. Diagrams in SM with RH neutrinos that contribute to the lepton number
asymmetry through the decays of the RH neutrinos. The asymmetry is generated due
to the interference of the tree-level diagram (a) and the one-loop vertex correction (b)
and self-energy (c) diagrams.

is generated due to the CP asymmetry that arises through the interference

of the tree level and one-loop diagrams, as shown in Fig. 1.7,

ǫ1 =

∑
α

[
Γ(N1 → ℓαH) − Γ(N1 → ℓαH)

]
∑

α

[
Γ(N1 → ℓαH) + Γ(N1 → ℓαH)

] (1.89)

≃ 1

8π

1

(hνhν)11

∑

i=2,3

Im

{
(hνh

†
ν)21i

}
·
[
f

(
M2

i

M2
1

)
+ g

(
M2

i

M2
1

)]
.

In Fig. 1.7, the diagram (b) is the one-lop vertex correction, which gives

the term, f(x), in Eq. 1.89 after carrying out the loop integration,

f(x) =
√
x

[
1 − (1 + x) ln

(
1 + x

x

)]
. (1.90)

Diagram (c) is the one-loop self-energy. For |Mi −M1| ≫ |Γi − Γ1|, the

self-energy diagram gives the term

g(x) =

√
x

1 − x
, (1.91)

in Eq. 1.89. For hierarchical RH neutrino masses, M1 ≪ M2, M3, the

asymmetry is then given by,

ǫ1 ≃ − 3

8π

1

(hνh
†
ν)11

∑

i=2,3

Im

{
(hνh

†
ν)21i

}
M1

Mi
. (1.92)

Note that when Nk and Nj in the self-energy diagram (c) have near degen-

erate masses, there can be resonant enhancement in the contributions from

the self-energy diagram to the asymmetry. Such resonant effect can allow
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M1 to be much lower while still generating sufficient amount of the lepton

number asymmetry. This will be discussed in Sec. 1.3.1.

To prevent the generated asymmetry given in Eq. 1.89 from being

washed out by the inverse decay and scattering processes, the decay of the

RH neutrinos has to be out-of-equilibrium. In other words, the condition

r ≡ Γ1

H |T=M1

=
Mpl

(1.7)(32π)
√
g∗

(hνh
†
ν)11

M1
< 1 , (1.93)

has to be satisfied. This leads to the following constraint on the effective

light neutrino mass

m̃1 ≡ (hνh
†
ν)11

v2

M1
≃ 4

√
g∗

v2

Mpl

ΓD1

H

∣∣∣∣
T=M1

< 10−3 eV , (1.94)

where g∗ is the number of relativistic degrees of freedom. For SM, g∗ ≃
106.75, while for MSSM, g∗ ≃ 228.75. The wash-out effect is parameterized

by the coefficient κ, and the final amount of lepton asymmetry is given by,

YL ≡ nL − nL

s
= κ

ǫ1
g∗

, (1.95)

where κ parameterizes the amount of wash-out due to the inverse decays

and scattering processes. The amount of wash-out depends on the size of

the parameter r:

(1) If r ≪ 1 for decay temperature TD . MX , the inverse decay and 2-2

scattering are impotent. In this case, the inverse decay width is given

by,

ΓID

H
∼
(
MX

T

)3/2

e−MX/T · r , (1.96)

while the width for the scattering processes is,

ΓS

H
∼ α

(
T

MX

)5

· r . (1.97)

Thus the inverse decays and scattering processes can be safely ig-

nored, and the asymmetry ∆B produced by decays is not destroyed

by the asymmetry −∆B produced in inverse decays and scatterings.

At T ≃ TD, the number density of the heavy particles X has thermal

distribution, nX ≃ nX ≃ nγ . Thus the net baryon neumber density

produced by out-of-equilibrium decays is

nL = ǫ1 · nX ≃ ǫ1 · nγ . (1.98)
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Fig. 1.8. Decay and inverse decay processes in the thermal bath.

(2) For r ≫ 1, the abundance of X and X follows the equilibrium values,

and there is no departure from thermal equilibrium. As a result, no

lepton number may evolve, and the net lepton asymmetry vanishes,

nℓ − nℓ

dt
+ 3H(nℓ − nℓ) = ∆γeq = 0 . (1.99)

In general, for 1 < r < 10, there could still be sizable asymmetry. The

wash out effects due to inverse decay and lepton number violating scattering

processes together with the time evolution of the system is then accounted

for by the factor κ, which is obtained by solving the Bolzmann equations

for the system (see next section). An approximation is given by [18],

106 . r : κ = (0.1r)1/2e−
4
3
(0.1)1/4

(< 10−7) (1.100)

10 . r . 106 : κ = 0.3
r(ln r)0.8 (10−2 ∼ 10−7) (1.101)

0 . r . 10 : κ = 1
2
√

r2+9
(10−1 ∼ 10−2) . (1.102)

The EW sphaleron effects then convert YL into YB,

YB ≡ nB − nB

s
= cYB−L =

c

c− 1
YL , (1.103)

where c is the conversion factor derived in Sec. 1.1.3.

1.2.1.2. Boltzmann Equations

As the decays of RH neutrinos are out-of-equilibrium processes, they are

generally treated by Boltzmann equations. Main processes in the thermal

bath that are relevant for leptogenesis include,

(1) decay of N (Fig. 1.8 (a)):

N → ℓ+H, N → ℓ+H (1.104)
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Fig. 1.9. The ∆L = 1 scattering processes in the thermal bath.
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Fig. 1.10. The ∆L = 2 scattering processes in the thermal bath.

(2) inverse decay of N (Fig. 1.8 (b)):

ℓ+H → N, ℓ+H → N (1.105)

(3) 2-2 scattering: These include the following ∆L = 1 scattering processes

(Fig. 1.9),

[s-channel] : N1 ℓ↔ t q , N1 ℓ↔ t q (1.106)

[t-channel] : N1t↔ ℓ q , N1 t↔ ℓ q (1.107)

and ∆L = 2 scattering processes (Fig. 1.10),

ℓH ↔ ℓH , ℓℓ↔ HH, ℓ ℓ↔ H H . (1.108)

Basically, at temperatures T & M1, these ∆L = 1 and ∆L = 2 processes

have to be strong enough to keep N1 in equilibrium. Yet at temperature

T . M1, these processes have to be weak enough to allow N1 to generate

an asymmetry.
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The Boltzmann equations that govern the evolutions of the RH neutrino

number density and B − L number density are given by [26],

dNN1

dz
= −(D + S)(NN1

−Neq
N1

) (1.109)

dNB−L

dz
= −ǫ1D(NN1

−Neq
N1

) −WNB−L , (1.110)

where

(D,S,W ) ≡ (ΓD,ΓS ,ΓW )

Hz
, z =

M1

T
. (1.111)

Here ΓD includes both decay and inverse decay, ΓS includes ∆L = 1

scattering processes and ΓW includes inverse decay and ∆L = 1, ∆L = 2

scattering processes. The N1 abundance is affected by the decay, inverse

decay and the ∆L = 1 scattering processes. It is manifest in Eq. 1.110

that the N1 decay is the source for (B − L), while the inverse decay and

the ∆L = 1, 2 scattering processes wash out the asymmetry. The generic

behavior of the solutions to the Boltzmann equations is shown in Fig. 1.11.

Fig. 1.11. Generic behavior of the solutions to Boltzmann equations. Here the functions
NN1

(red solid curve) and NB−L (green solid curve) are solutions to Eq. 1.109 and 1.110.
The function (NN1

)eq (blue dotted curve) is the equilibrium particle distribution.
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1.2.1.3. Bounds on Neutrino Masses

In the case with strongly hierarchical right-handed neutrino masses, when

the asymmetry ǫ1 due to the decay of the lightest right-handed neutrino,

N1, contribute dominantly to the total asymmetry, leptogenesis becomes

very predictive [1, 3, 26], provided that N1 decays at temperature T & 1012

GeV. In particular, various bounds on the neutrino masses can be obtained.

For strongly hierarchyical masses, M1/M2 ≪ 1, there is an upper bound

on ǫ1 [28], called the “Davidson-Ibarra” bound,

|ǫ1| ≤
3

16π

M1(m3 −m2)

v2
≡ ǫDI

1 , (1.112)

which is obtained by expanding ǫ1 to leading order in M1/M2. Becuase

|m3 −m2| ≤
√

∆m2
32 ∼ 0.05 eV, a lower bound on M1 then follows,

M1 ≥ 2 × 109 GeV . (1.113)

This bound in turn implies a lower bound on the reheating temperature,

TRH , and is in conflict with the upper bound from gravitino over production

constraints if supersymmetry is incorporated. We will come back to this

in Sec. 1.2.3. One should note that, in the presence of degenerate light

neutrinos, the leading terms in an expansion of ǫ1 in M1/M2 and M1/M3

vanish. However, the next to leading order terms do not vanish and in this

case one has [29],

|ǫ1| . Max

(
ǫDI ,

M3
3

M1M2
2

)
. (1.114)

By requiring that there is no substantial washout effects, bounds on

light neutrino masses can be derived. To have significant amount of baryon

asymmetry, the effective mass m̃1 defined in Eq. 1.94 cannot be too large.

Generally m̃1 . 0.1 − 0.2 is required. As the mass of the lightest active

neutrino m1 . m̃1, an upper bound on m1 thus ensues. By further requir-

ing the ∆L = 2 washout effects be consistent with successful leptogenesis

impose a bound on,
√

(m2
1 +m2

2 +m2
3) . (0.1 − 0.2) eV . (1.115)

which is of the same order as the bound on m̃1. From these bounds, the

absolute mass scale of neutrino masses is thus known up to a factor of

∼ 3 to be in the range, 0.05 . m3 . 0.15 eV [3], if the observed baryonic

asymmetry indeed originates from leptogenesis through the decay of N1.
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1.2.2. Dirac Leptogenesis

In the standard leptogenesis discussed in the previous section, neutrinos

acquire their masses through the seesaw mechanism. The decays of the

heavy right-handed neutrinos produce a non-zero lepton number asymme-

try, ∆L 6= 0. The electroweak sphaleron effects then convert ∆L partially

into ∆B. This standard scenario relies crucially on the violation of lepton

number, which is due to the presence of the heavy Majorana masses for the

right-handed neutrinos.

It was pointed out [30] that leptogenesis can be implemented even in the

case when neutrinos are Dirac fermions which acquire small masses through

highly suppressed Yukawa couplings without violating lepton number. The

realization of this depends critically on the following three characteristics

of the sphaleron effects: (i) only the left-handed particles couple to the

sphalerons; (ii) the sphalerons change (B + L) but not (B − L); (iii) the

sphaleron effects are in equilibrium for T & TEW .

As the sphelarons couple only to the left-handed fermions, one may

speculate that as long as the lepton number stored in the right-handed

fermions can survive below the electroweak phase transition, a net lepton

number may be generated even with L = 0 initially. The Yukawa couplings

of the SM quarks and leptons to the Higgs boson lead to rapid left-right

equilibration so that as the sphaleron effects deplete the left-handed (B+L),

the right-handed (B + L) is converted to fill the void and therefore it is

also depleted. So with B = L = 0 initially, no baryon asymmetry can

be generated for the SM quarks and leptons. For the neutrinos, on the

other hand, the left-right equilibration can occur at a much longer time

scale compared to the electroweak epoch when the sphaleron washout is in

effect. The left-right conversion for the neutrinos involves the Dirac Yukawa

couplings, λℓLHνR, where λ is the Yukawa coupling constant, and the rate

for these conversion processes scales as,

ΓLR ∼ λ2T . (1.116)

For the left-right conversion not to be in equilibrium at temperatures above

some critical temperature Teq, requires that

ΓLR . H , for T > Teq , (1.117)

where the Hubble constant scales as,

H ∼ T 2

MPl

. (1.118)
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Fig. 1.12. With sufficiently small Yukawa couplings, the left-right equilibration occurs
at a much later time, well below the electroweak phase transition temperature. It is
therefore possible to generate a non-zero baryon number even if B = L = 0 initially. For
the SM particles, as shown in the insert for comparison, the left-right equilibration takes
place completely before or during the sphaleron processes. Thus no net baryon number
can be generated if B − L = 0 initially. Figure taken from Ref [30].

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

Teq ≪ TEW , provided,

λ2 .
Teq

MPl

≪ TEW

MPl

. (1.119)

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

into

λ < 10−(8∼9) . (1.120)

Thus for neutrino Dirac masses mD < 10 keV, which is consistent with all

experimental observations, the left-right equilibration does not occur until

the temperature of the Universe drops to much below the temperature of

the electroweak phase transition, and the lepton number stored in the right-

handed neutrinos can then survive the wash-out due to the sphalerons [30].

Once we accept this, the Dirac leptogenesis then works as follows. Sup-

pose that some processes initially produce a negative lepton number (∆LL),

which is stored in the left-handed neutrinos, and a positive lepton number

(∆LR), which is stored in the right-handed neutrinos. Because sphalerons

only couple to the left-handed particles, part of the negative lepton number
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stored in left-handed neutrinos get converted into a positive baryon number

by the electroweak anomaly. This negative lepton number ∆LL with re-

duced magnitude eventually equilibrates with the positive lepton number,

∆LR when the temperature of the Universe drops to T ≪ TEW . Because

the equilibrating processes conserve both the baryon number B and the

lepton number L separately, they result in a Universe with a total positive

baryon number and a total positive lepton number. And hence a net baryon

number can be generated even with B = L = 0 initially.

Such small neutrino Dirac Yukawa couplings required to implement

Dirac leptogensis are realized in a SUSY model proposed in Ref. [31].

1.2.3. Gravitino Problem

For leptogenesis to be effective, as shown in Sec. 1.2.1.3, the mass of the

lightest RH neutrino has to be M1 > 2 × 109 GeV. Fig. 1.13 shows the

lower bound on the lightest RH neutrino mass as a function of the low

energy effective lightest neutrino mass, m̃1 [27, 32]. If RH neutrinos are

produced thermally, the reheating temperature has to be greater than the

Fig. 1.13. Lower bound on the lightest RH neutrino mass, M1 (circles) and the initial
temperature, Ti (dotted line), for m1 = 0 and ηCMB

B = 6×10−10. The red circles (solid
lines) denote the analytical (numerical) results. The vertical dashed lines indicate the
range (

p

∆m2
sol,

p

∆m2
atm). Figure taken from Ref. [27].
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Table 1.3. Photo-dissociation reactions that the high en-
ergy photons can participate in. The light elements may be
destroyed through these reactions and thus their abundance
may be changed.

reaction threshold (MeV)

D + γ → n + p 2.225
T + γ → n + D 6.257
T + γ → p + n + n 8.482
3He + γ → p + D 5.494
4He + γ → p + T 19.815
4He + γ → n +3 He 20.578
4He + γ → p + n + D 26.072

right-handed neutrino mass, TRH > MR. This thus implies that TRH > 2×
109 GeV, in order to generate sufficient baryon number asymmetry. Such a

high reheating temperature is problematic as it could lead to overproduction

of light states, such as gravitinos [33, 34]. If gravitinos are stable (i.e. LSP),

WMAP constraint on DM leads to stringent bound on gluino mass for any

given gravitino mass m3/2 and reheating temperature TRH . On the other

hand, if gravitinos are unstable, it has long lifetime and can decay during

and after the BBN, and may have the following three effects on BBN [1]:

(1) These decays can speed up cosmic expansion, and increase the neutron

to proton ratio and thus the 4He abundance;

(2) Radiation decay of gravitinos, ψ → γ+ γ̃, increases the photon density

and thus reduces the nB/nγ ratio;

(3) High energy photons emitted in gravitino decays can destroy light el-

ements (D, T, 3He, 4He) through photo-dissociation reactions such as

those given in Table 1.3;

The gravitino number density, n3/2, during the thermalization stage

after the inflation is giverned by the following Boltzmann equation [34],

d

dt
n3/2 + 3Hn3/2 ≃

〈
∑

tot

v

〉
· n2

light
(1.121)

where
∑

tot
∼ 1/M2

Pl
is the total cross section determining the production

rate of gravitinos and nlight ∼ T 3 is the number density of light particles

in the thermal bath. As the thermalization is very fast, the friction term

3Hn3/2 in the above Boltzmann equation can be neglected. Using the fact

that the Universe is radiation dominant, H ∼ t−1 ∼ T 2/MPl, it follows
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Fig. 1.14. Upper bound on reheating temperature as a function of the gravitino mass,
for the case when gravitino dominant decays into a gluon-gluino pair. Figure taken from
Ref. [35].

that,

n3/2 ∼ T 4

MPl

, (1.122)

and the number density at thermalization in unit of entropy then reads,

n3/2

s
≃ 10−2TRH

MPl

. (1.123)

The observed abundances for various light elements are,

0.22 < Yp = (ρ4He/ρB)p < 0.24 , (1.124)

(nD/nH) > 1.8 × 10−5 , (1.125)(
nD + n3He

nH

)

p

< 10−4 . (1.126)
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Table 1.4. Upper bound on the reheating temperature for differ-
ent values of gravitino mass.

Gravitino mass m3/2 Upper bound on TR

. 100 GeV 106−7 GeV
100 GeV −1 TeV 107−9 GeV

1 TeV −3 TeV 109−12 GeV
3 TeV −10 TeV 1012 GeV

The most stringent constraint is from the abundance of (D + 3He) which

requires the gravitino number density to be

n3/2

s
≃ 10−2TRH

MPl

. 10−12 . (1.127)

The constraint TRH < 108−9 GeV then follows. More recently, it has

been shown that, for hadronic decay modes, ψ → g + g̃, the bounds are

even more stringent, TR < 106−7 GeV, for gravitino mass m3/2 ∼ 100

GeV [35]. Fig. 1.14 shows the upper bound on the reheating temperature,

TR, for different values of gravitino mass, m3/2. Table 1.4 summarizes the

numerical results for the upper bound on TR for various values of m3/2.

There is therefore a conflict between generation of sufficient amount of

leptogenesis and not overly producing gravitinos. To avoid these conflicts,

various non-standard scenarios for leptogenesis have been proposed. These

are discussed in the next section.

1.3. Non-standard Scenarios

There are a few non-standard scenarios proposed to evade the gravitino

over-production problem. In these new scenarios, the conflicts between

leptogenesis and gravitino over-production problem are overcome by, (i)

resonant enhancement in the self-energy diagrams due to near degenerate

right-handed neutrino masses (resonant leptogenesis); (ii) relaxing the rela-

tion between the lepton number asymmetry and the right-handed neutrino

mass (soft leptogenesis); (iii) relaxing the relation between the reheating

temperature and the right-handed neutrino mass (non-thermal leptogene-

sis). These scenarios are discussed below.
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1.3.1. Resonant Leptogenesis

Recall that in the standard leptogenesis discussed in Sec. 1.2, contributions

to the CP asymmetry is due to the interference between the tree-level and

the one-loop diagrams, that include the vertex correction and self-energy

diagrams. It was pointed out in Ref. [36] that in the limit MNi −MNj ≪
MNi , the self-energy diagrams dominate,

ǫSelf

Ni
=

Im[(hνh
†
ν)ij ]

2

(hνh
†
ν)ii(hνh

†
ν)jj

[
(M2

i −M2
j )MiΓNj

(M2
i −M2

j )2 +M2
i Γ2

Nj

]
. (1.128)

When the lightest two RH neutrinos have near degenerate masses, M2
1 −

M2
2 ∼ Γ2

N2
, the asymmetry can be enhanced. To be more specific, CP

asymmetry of O(1) is possible, when

M1 −M2 ∼ 1

2
ΓN1,2 , assuming

Im(hνh
†
ν)212

(hνh
†
ν)11(hνh

†
ν)22

∼ 1 . (1.129)

Due to this resonant effect, the bound on the RH neutrino mass scale from

the requirement of generating sufficient lepton number asymmetry can be

significantly lower. It has been shown that sufficient baryogenesis can be

obtained even with M1,2 ∼ TeV [37].

1.3.2. Soft Leptogenesis

CP violation in leptogenesis can arise in two ways: it can arise in decays,

which is the case in standard leptogenesis described in the previous section.

It can also arise in mixing. An example of this is the soft leptogenesis.

Recall that in the Kaon system, non-vanishing CP violation exists due to

the mismatch between CP eigenstates and mass eigenstates (for a review,

see for example, Ref. [38]). The CP eigenstates of the K0 system are
1√
2

(∣∣K0
〉
±
∣∣K0〉)

. The time evolution of the (K0,K
0
) system is described

by the following Schrödinger equation,

d

dt

(
K0

K
0

)
= H

(
K0

K
0

)
(1.130)

where the Hamiltanian H is given by H = M− i
2A. Here, the off-diagonal

matrix element M12 describes the dispersive part of the transition ampli-

tude, while the element A12 gives the absorptive part of the amplitude.

The physical (mass) eigenstates,
∣∣KL,S

〉
, are given in terms of the flavor
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eigenstates,
∣∣K0

〉
and

∣∣K0〉
, as

∣∣KL

〉
= p

∣∣K0
〉

+ q
∣∣K0〉

(1.131)
∣∣KS

〉
= p

∣∣K0
〉
− q
∣∣K0〉

(1.132)

To have non-vanishing CP violation requires that there exists a mismatch

between the CP eigenstates and the physical eigenstates. This in turn

implies,
∣∣∣∣
q

p

∣∣∣∣ 6= 1 , where

(
q

p

)2

=

(
2M∗

12 − iA∗
12

2M12 − iA12

)
. (1.133)

For soft leptogenesis, the relevant soft SUSY Lagrangian that involves

lightest RH sneutrinos ν̃R1
is the following,

− Lsoft =

(
1

2
BM1ν̃R1

ν̃R1
+AY1iL̃iν̃R1

Hu + h.c.

)

+m̃2ν̃†R1
ν̃R1

. (1.134)

This soft SUSY Lagrangian and the superpotential that involves the lightest

RH neutrino, N1,

W = M1N1N1 + Y1iLiN1Hu (1.135)

give rise to the following interactions

− LA = ν̃R1
(M1Y

∗
1iℓ̃

∗
iH

∗
u + Y1iH̃uℓ

i
L +AY1i ℓ̃iHu) + h.c. , (1.136)

and mass terms (to leading order in soft SUSY breaking terms),

− LM = (M2
1 ν̃

†
R1
ν̃R1

+
1

2
BM1ν̃R1

ν̃R1
) + h.c. . (1.137)

Diagonalization of the mass matrix M for the two states ν̃R1
and ν̃†R1

leads

to eigenstates Ñ+ and Ñ− with masses,

M± ≃M1

(
1 ± |B|

2M1

)
, (1.138)

where the leading order term M1 is the F-term contribution from the su-

perpotential (RH neutrino mass term) and the mass difference between the

two mass eigenstates Ñ+ and Ñ− is induced by the SUSY breaking B term.

The time evolution of the ν̃R1
-ν̃†R1

system is governed by the Schrödinger

equation,

d

dt

(
ν̃R1

ν̃†R1

)
= H

(
ν̃R1

ν̃†R1

)
, (1.139)
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where the Hamiltonian is H = M− i
2A with M and A being [39, 40],

M =

(
1 B∗

2M1
B

2M1
1

)
M1 , (1.140)

A =

(
1 A∗

M1
A

M1
1

)
Γ1 . (1.141)

For the decay of the lightest RH sneutrino, ν̃R1
, the total decay width Γ1 is

given by, in the basis where both the charged lepton mass matrix and the

RH neutrino mass matrix are diagonal,

Γ1 =
1

4π
(YνY†

ν)11M1 . (1.142)

The eigenstates of the Hamiltonian H are Ñ ′
± = pÑ ± qÑ †, where |p|2 +

|q|2 = 1. The ratio q/p is given in terms of M and Γ1 as,

(
q

p

)2

=
2M∗

12 − iA∗
12

2M12 − iA12
≃ 1 + Im

(
2Γ1A

BM1

)
, (1.143)

in the limit A12 ≪ M12. Similar to the K0 − K
0

system, the source of

CP violation in the lepton number asymmetry considered here is due to

the CP violation in the mixing which occurs when the two neutral mass

eigenstates (Ñ+, Ñ−), are different from the interaction eigenstates, (Ñ ′
+,

Ñ ′
−). Therefore CP violation in mixing is present as long as the quantity

|q/p| 6= 1, which requires

Im

(
AΓ1

M1B

)
6= 0 . (1.144)

For this to occur, SUSY breaking, i.e. non-vanishing A and B, is required.

As the relative phase between the parameters A and B can be rotated away

by an U(1)R-rotation as discussed in Sec. 1.1.5, without loss of generality

we assume from now on that the remaining physical phase is solely coming

from the tri-linear coupling, A.

The total lepton number asymmetry integrated over time, ǫ, is defined

as the ratio of the difference to the sum of the decay widths Γ for ν̃R1
and

ν̃†R1
into final states of the slepton doublet L̃ and the Higgs doublet H , or

the lepton doublet L and the Higgsino H̃ or their conjugates,

ǫ =

∑
f

∫∞
0

[Γ(ν̃R1
, ν̃†R1

→ f) − Γ(ν̃R1
, ν̃†R1

→ f)]
∑

f

∫∞
0 [Γ(ν̃R1

, ν̃†R1
→ f) + Γ(ν̃R1

, ν̃†R1
→ f)]

. (1.145)
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Here the final states f = (L̃ H), (L H̃) have lepton number +1, and f

denotes their conjugate, (L̃† H†), (L H̃), which have lepton number −1.

After carrying out the time integration, the total CP asymmetry is [39, 40],

ǫ =

(
4Γ1B

Γ2
1 + 4B2

)
Im(A)

M1
δB−F (1.146)

where the additional factor δB−F takes into account the thermal effects

due to the difference between the occupation numbers of bosons and

fermions [41].

The final result for the baryon asymmetry is [39, 40],

nB

s
≃ −cs deνR

ǫ κ ,

≃ −1.48 × 10−3ǫ κ ,

≃ −(1.48 × 10−3)

(
Im(A)

M1

)
R δB−F κ , (1.147)

where deνR
in the first line is the density of the lightest sneutrino in equi-

librium in units of entropy density, and is given by, deνR
= 45ζ(3)/(π4g∗);

the factor cs, which characterizes the amount of B − L asymmetry being

converted into the baryon asymmetry YB, is defined in Eq. 1.57. The pa-

rameter κ is the efficiency factor given in Sec. 1.2.1.2. The resonance factor

R is defined as the following ratio,

R ≡ 4Γ1B

Γ2
1 + 4B2

, (1.148)

which gives a value equal to one when the resonance condition, Γ1 = 2|B|,
is satisfied, leading to maximal CP asymmetry. As Γ1 is of the order of

O(0.1 − 1) GeV, to satisfy the resonance condition, a small value for B ≪
m̃ is thus needed. Such a small value of B can be generated by some

dynamical relaxation mechanisms [42] in which B vanishes in the leading

order. A small value of B ∼ m̃2/M1 is then generated by an operator∫
d4θZZ†N2

1 /M
2
pl in the Kähler potential, where Z is the SUSY breaking

spurion field, Z = θ2 m̃Mpl [40]. In a specific SO(10) model constructed

in Ref. [43, 44], it has been shown that with the parameter B′ ≡
√
BM1

having the size of the natural SUSY breaking scale
√
m̃2 ∼ O(1) TeV, a

small value for B required by the resonance condition B ∼ Γ1 ∼ O(0.1)

GeV can be obtained.
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1.3.3. Non-thermal Leptogenesis

The conflict between generating sufficient leptogenesis and not overly pro-

ducing gravitinos in thermal leptogenesis arises due to strong dependence

of the reheating temperature TR on the lightest RH mass, MR1
, in thermal

leptogenesis. This problem may be avoided if the relation between the re-

heating temperature and the lightest RH neutrino mass is loosened. This is

the case if the primordial RH neutrinos are produced non-thermally. One

possible way to have non-thermal leptogenesis is to generate the primordial

right-handed neutrinos through the inflaton decay [45].

Inflation solves the horizon and flatness problem, and it accounts for the

origin of density fluctuations. Assume that the inflaton decays dominantly

into a pair of lightest RH neutrinos, Φ → N1 +N1. For this decay to occur,

the inflaton mass mΦ has to be greater than 2M1. For simplicity, let us

also assume that the decay modes into N2,3 are energetically forbidden.

The produced N1 in inflaton decay then subsequently decays into H + ℓL
and H† + ℓ†L. The out-of-equilibrium condition is automatically satisfied, if

TR < M1. The CP asymmetry is generated by the interference of tree level

and one-loop diagrams,

ǫ = − 3

8π

M1

〈H〉2
m3δeff , (1.149)

where δeff is given in terms of the neutrino Yukawa matrix elements and

light neutrino masses as,

δeff =

Im

{
h2

13 + m2

m3
h2

12 + m1

m3
h2

11

}

∣∣h13

∣∣2 +
∣∣h12

∣∣2 +
∣∣h11

∣∣2 , (1.150)

Numerically, the asymmetry is given by [45],

ǫ ≃ −2 × 10−6

(
M1

1010 GeV

)(
m3

0.05 eV

)
δeff . (1.151)

The chain decays Φ → N1 +N1 and N1 → H+ ℓL or H† + ℓ†L reheat the

Universe producing not only the lepton number asymmetry but also the

entropy for the thermal bath. Taking such effects into account, the ratio of

lepton number to entropy density after the reheating [45] is then,

nL

s
≃ −3

2
ǫ
TR

mΦ
≃ 3 × 10−10

(
TR

106 GeV

)(
M1

mΦ

)(
m3

0.05 eV

)
, (1.152)

assuming δeff = 1. The ratio nB/s ∼ 10−10 can thus be obtained with

M1 . mΦ, and TR . 106 GeV.
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1.4. Connection between leptogenesis and neutrino oscilla-

tion

As mentioned in Sec. 1.1.5, there is generally no connection between low

energy CP violating processes, such as CP violation in neutrino oscillation

and in neutrinoless double beta decay, and leptogenesis, which occurs at

very high energy scale. This is due to the extra phases and mixing angles

present in the heavy neutrino sector. One way to establish such connection

is by reducing the inter-family couplings (equivalently, by imposing texture

zero in the Yukawa matrix). This is the case for the 3× 2 seesaw model. A

more powerful way to obtain such connection is to have all CP violation,

both low energy and high energy, come from the same origin. This ensues

if CP violation occurs spontaneously. Below we described these two models

in which such connection does exist.

1.4.1. Models with Two Right-Handed Neutrinos

One type of models where there exists connection between CP violating

processes at high and low energies is models with only two RH neutrinos. In

this case, the neutrino Dirac mass matrix is a 3×2 matrix. This 3×2 Yukawa

matrix has six complex parameters, and hence six phases, out of which,

three can be absorbed by the wave functions of the three charged leptons.

Even though, the reduction in the number of right-handed neutrinos reduces

the number of CP phases in high energy, it also reduces the number of CP

phases at low energy to two. There is therefor still one high energy phase

that cannot be determined by measuring the low energy phases. However,

if one further assumes that the 3 Yukawa matrix has two zeros, there is

then only one CP phase in the Yukawa matrix, making the existence of the

connection possible.

The existence of two right-handed neutrinos is required by the cancel-

lation of Witten anomaly, if a global leptonic SU(2) family symmetry is

imposed [46]. (For implications of non-anomalous gauge symmetry for neu-

trino masses, see Ref. [47]. This model provided the interesting possibility

of probing the neutrino sector at the colliders through their couplings to the

Z ′ gauge boson [48].) Along this line, Frampton, Glashow and Yanagida
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proposed a model, which has the following Lagrangian [49],

L =
1

2
(N1N2)

(
M1 0

0 M2

)(
N1

N2

)
+ (N1N2)

(
a a′ 0

0 b b′

)

ℓ1
ℓ2
ℓ3


H + h.c. ,

(1.153)

with the Yukawa matrix having two zeros in the N1 − ℓ3 and N2 − ℓ1
couplings. The effective neutrino mass matrix due to this Lagrangian is

obtained, using the see-saw formula,



a2

M1

aa′

M1
0

aa′

M1

a′2

M1
+ b2

M2

bb′

M2

0 bb′

M2

b′2

M2


 , (1.154)

where a, b, b′ are real and a′ = |a′|eiδ. By takinging all of them to be real,

with the choice a′ =
√

2a and b = b′, and assuming a2/M1 ≪ b2/M2, the

effective neutrino masses and mixing matrix are obtained

mν1
= 0, mν2

=
2a2

M1
, mν3

=
2b2

M2
(1.155)

U =




1/
√

2 1/
√

2 0

−1/2 1/2 1/
√

2

1/2 −1/2 1/
√

2


×




1 0 0

0 cos θ sin θ

0 − sin θ cos θ


 , (1.156)

where θ ≃ mν2
/
√

2mν3
, and the observed bi-large mixing angles and ∆m2

atm

and ∆m2
⊙ can be accommodated. An interesting feature of this model is

that the sign of the baryon number asymmetry (B ∝ ξB = Y 2a2b2 sin 2δ)

is related to the sign of the CP violation in neutrino oscillation (ξosc) in

the following way

ξosc = − a4b4

M3
1M

3
2

(2 + Y 2)ξB ∝ −B (1.157)

assuming the baryon number asymmetry is resulting from leptogenesis due

to the decay of the lighter one of the two heavy neutrinos, N1. This idea

can be realized in a SO(10) with additional singlets [50].

1.4.2. Models with Spontaneous CP Violation (& Triplet

Leptogenesis)

The second type of models in which relation between leptogenesis and low

energy CP violation exists is the minimal left-right symmetric model with
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spontaneous CP violation (SCPV) [51]. The left-right (LR) model [52] is

based on the gauge group, SU(3)c×SU(2)L×SU(2)R×U(1)B−L×P , where

the parity P acts on the two SU(2)’s. (See also Kaladi Babu’s lectures.)

In this model, the electric charge Q can be understood as the sum of the

two T 3 quantum numbers of the SU(2) gauge groups,

Q = T3,L + T3,R +
1

2
(B − L) . (1.158)

The minimal LR model has the following particle content: In the fermion

sector, the iso-singlet quarks form a doublet under SU(2)R, and similarly

for eR and νR,

Qi,L =

(
u

d

)

i,L

∼ (1/2, 0, 1/3), Qi,R =

(
u

d

)

i,R

∼ (0, 1/2, 1/3)

Li,L =

(
e

ν

)

i,L

∼ (1/2, 0,−1), Li,R =

(
e

ν

)

i,R

∼ (0, 1/2,−1) .

In the scalar sector, there is a bi-doublet and one triplet for each of the

SU(2)’s,

Φ =

(
φ0

1 φ
+
2

φ−1 φ0
2

)
∼ (1/2, 1/2, 0)

∆L =

(
∆+

L/
√

2 ∆++
L

∆0
L −∆+

L/
√

2

)
∼ (1, 0, 2)

∆R =

(
∆+

R/
√

2 ∆++
R

∆0
R −∆+

R/
√

2

)
∼ (0, 1, 2) .

Under the parity P , these fields transform as,

ΨL ↔ ΨR, ∆L ↔ ∆R, Φ ↔ Φ† . (1.159)

The VEV of the SU(2)R breaks the left-right symmetry down to the SM

gauge group,

SU(3)c × SU(2)L × SU(2)R × U(1)B−L × P

→ SU(3)c × SU(2)L × U(1)Y , (1.160)

and the subsequent breaking of the electroweak symmetry is achieved by

the bi-doublet VEV. In general,

〈Φ〉 =

(
κeiακ 0

0 κ′eiακ′

)
, (1.161)

〈∆L〉 =

(
0 0

vLe
iαL 0

)
, 〈∆R〉 =

(
0 0

vRe
iαR 0

)
.
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To get realistic SM gauge boson masses, the VEV’s of the bi-doublet Higgs

must satisfy v2 ≡ |κ|2 + |κ′ |2 ≃ 2M2
w/g

2 ≃ (174GeV)2. Generally, a non-

vanishing VEV for the SU(2)L triplet Higgs is induced, and it is suppressed

by the heavy SU(2)R breaking scale similar to the see-saw mechanism for

the neutrinos,

< ∆L >=

(
0 0

vLe
iαL 0

)
, vLvR = β|κ|2 , (1.162)

where the parameter β is a function of the order O(1) coupling constants

in the scalar potential and vR, vL, κ and κ′ are positive real numbers in

the above equations. (The presence of a triplet Higgs in warped extra

dimensions can provide a natural way to generate small Majorana masses

for the neutrinos [53].) Due to this see-saw suppression, for a SU(2)R

breaking scale as high as 1015 GeV, which is required by the smallness of

the neutrino masses, the induced SU(2)L triplet VEV is well below the

upper bound set by the electroweak precision constraints [54]. The scalar

potential that gives rise to the vacuum alignment described can be found

in Ref. [55].

The Yukawa sector of the model is given by LY uk = Lq + Lℓ, where

Lq and Lℓ are the Yukawa interactions in the quark and lepton sectors,

respectively. The Lagrangian for quark Yukawa interactions is given by,

− Lq = Qi,R(FijΦ +GijΦ̃)Qj,L + h.c. (1.163)

where Φ̃ ≡ τ2Φ
∗τ2. In general, Fij and Gij are Hermitian to preseve left-

right symmetry. Because of our assumption of SCPV with complex vacuum

expectation values, the matrices Fij and Gij are real. The Yukawa inter-

actions responsible for generating the lepton masses are summarized in the

following Lagrangian, Lℓ,

− Lℓ = Li,R(PijΦ +RijΦ̃)Lj,L (1.164)

+ifij(L
T
i,LCτ2∆LLj,L + LT

i,RCτ2∆RLj,R) + h.c. ,

where C is the Dirac charge conjugation operator, and the matrices Pij , Rij

and fij are real due to the assumption of SCPV. Note that the Majorana

mass terms LT
i,L∆LLj,L and LT

i,R∆RLj,R have identical coupling because

the Lagrangian must be invariant under interchanging L ↔ R. The com-

plete Lagrangian of the model is invariant under the unitary transformation,

under which the matter fields transform as

ψL → ULψL, ψR → URψR (1.165)
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where ψL,R are left-handed (right-handed) fermions, and the scalar fields

transform according to

Φ → URΦU †
L, ∆L → U∗

L∆LU
†
L, ∆R → U∗

R∆RU
†
R (1.166)

with the unitary transformations UL and UR being

UL =

(
eiγL 0

0 e−iγL

)
, UR =

(
eiγR 0

0 e−iγR

)
. (1.167)

Under these unitary transformations, the VEV’s transform as

κ→ κe−i(γL−γR), κ′ → κ′ei(γL−γR), (1.168)

vL → vLe
−2iγL , vR → vRe

−2iγR .

Thus by re-defining the phases of matter fields with the choice of γR = αR/2

and γL = ακ + αR/2 in the unitary matrices UL and UR, we can rotate

away two of the complex phases in the VEV’s of the scalar fields and are

left with only two genuine CP violating phases, ακ′ and αL,

< Φ > =

(
κ 0

0 κ′eiακ′

)
, (1.169)

< ∆L > =

(
0 0

vLe
iαL 0

)
, < ∆R >=

(
0 0

vR 0

)
.

The quark Yukawa interaction Lq gives rise to quark masses after the

bi-doublet acquires VEV’s

Mu = κFij + κ′e−iακ′Gij , Md = κ′eiακ′Fij + κGij . (1.170)

Thus the relative phase in the two VEV’s in the SU(2) bi-doublet, ακ′ ,

gives rise to the CP violating phase in the CKM matrix. To obtain realistic

quark masses and CKM matrix elements, it has been shown that the VEV’s

of the bi-doublet have to satisfy κ/κ′ ≃ mt/mb ≫ 1 [56]. When the triplets

and the bi-doublet acquire VEV’s, we obtain the following mass terms for

the leptons

Me = κ′eiακ′Pij + κRij , MDirac
ν = κPij + κ′e−iακ′Rij (1.171)

MRR
ν = vRfij , MLL

ν = vLe
iαLfij . (1.172)

The effective neutrino mass matrix, M eff

ν , which arises from the Type-II
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seesaw mechanism, is thus given by

M eff
ν = M II

ν −M I
ν = (feiαL − 1

β
PT f−1P )vL , (1.173)

M I
ν = (MDirac

ν )T (MRR
ν )−1(MDirac

ν ) (1.174)

= (κP + κ′e−iακ′R)T (vRf)−1(κP + κ′e−iακ′R)

≃ vL

β
PT f−1P ,

M I
ν = vLe

iαLf . (1.175)

Consequently, the connection between CP violation in the quark sector and

that in the lepton sector, which is made through the phase ακ′ , appears

only at the sub-leading order, O (κ′/κ), thus making this connection rather

weak. We will neglect these sub-leading order terms, and there is thus only

one phase, αL, that is responsible for all leptonic CP violation.

The three low energy phases δ, α21, α31, in the MNS matrix are there-

fore functions of the single fundamental phase, αL. Neutrino oscillation

probabilities depend on the Dirac phase through the leptonic Jarlskog in-

variant, which is proportional to sinαL, Jℓ
CP ∝ sinαL. There are two ways

to generate lepton number asymmetry. One is through the decay of the

SU(2)L triplet Higgs, ∆∗ → ℓ + ℓ, and the corresponding asymmetry is

given by,

ǫ =
Γ(∆∗

L → ℓ+ ℓ) − Γ(∆L → ℓ+ ℓ)

Γ(∆∗
L → ℓ+ ℓ) + Γ(∆L → ℓ+ ℓ)

. (1.176)

The asymmetry can also be generated through the decay of the lightest RH

neutrinos, N1 → ℓ+H†, and the asymmetry in this case is,

ǫ =
Γ(N1 → ℓ+H†) − Γ(N1 → ℓ+H)

Γ(N1 → ℓ+H†) + Γ(N1 → ℓ+H)
. (1.177)

Whether N1 decay dominates or ∆L decay dominates depends upon if N1 is

heavier or lighter than ∆L. As the mass of the triplet Higgs is typically at

the scale of the LR breaking scale, it is naturally heavier than the lightest

RH neutrino. As a result, N1 decay dominates. With the particle content

of this model, there are three diagrams at one loop that contribute to

leptogeiesis, as shown in Fig. 1.15. The contribution from diagram (a) and

(b) mediated by charged lepton and Higgs doublet, which appear also in

standard leptogenesis with SM particle content, is given by [57],

ǫN1 =
3

16π

(
MR1

v2

)
·
Im

(
MD

(
M I

ν

)∗ MT
D

)

11

(MDM†
D)11

. (1.178)
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Nk

ll

H

Nj

H∗

li

Nk

ll

H

Nj

H∗

li

Nk

ll

H

∆L

H∗

li

(a) (b) (c)

Fig. 1.15. Diagrams in the minimal left-right model that contribute to the lepton num-
ber asymmetry through the decay of the RH neutrinos.

Now, there is one additional one-loop diagram, Fig. 1.15 (c), mediated by

the SU(2)L triplet Higgs. It contributes to the decay amplitude of the

right-handed neutrino into a doublet Higgs and a charged lepton, which

gives an additional contribution to the lepton number asymmetry [57],

ǫ∆L =
3

16π

(
MR1

v2

)
·
Im

(
MD

(
M II

ν

)∗ MT
D

)

11

(MDM†
D)11

, (1.179)

where MD is the neutrino Dirac mass term in the basis where the RH

neutrino Majorana mass term is real and diagonal,

MD = ORMD, fdiag = ORfO
T
R . (1.180)

Because there is no phase present in either MD = Pκ or M I
ν or OR, the

quantity MD

(
M I

ν

)∗ MT
D is real, leading to a vanishing ǫN1 . This state-

ment is true for any chosen unitary transformations UL and UR defined in

Eq. (1.167). On the other hand, the contribution, ǫ∆L , due to the diagram

mediated by the SU(2)R triplet is proportional to sinαL.

As all leptonic CP violation in this model come from one single origin,

that is, the phase in the VEV of the LH triplet, 〈∆L〉, strong correlation

between leptogenesis and low energy CP violating processes can thus be

established. In particular, both Jℓ
CP and ǫ are proportional to sinαL.

It has been found recently that, by lowering the left-right symmetry

breaking scale with an additional U(1) symmetry, the link between CP

violation in the quark sector and that in the lepton sector can also be

established [58].

1.5. Recent Progress and Concluding Remarks

Leptogenesis provides a very appealing way to generate the observed cosmo-

logical baryonic asymmetry. It has gained a significant amount of interests



April 2, 2007 23:7 World Scientific Review Volume - 9in x 6in tasi06proc-MCC

48 M.-C. Chen

ever since the advent of the evidence of non-zero neutrino masses. In this

scenario, the baryonic asymmetry is closely connected to the properties of

the neutrinos, and the fact that the required neutrino mass scale for suc-

cessful leptogenesis is similar to the scale observed in neutrino oscillations

makes leptogenesis a very plausible source for the cosmological baryonic

asymmetry. Even though there is so far no direct way to test leptogen-

esis, the search for leptonic CP violation in neutrino oscillations at very

long baseline experiments [62] and to look for lepton number violation in

neutrinoless double beta decay will inevitably further the credibility of lep-

togenesis as a source of the baryon asymmetry.

The recent developments in the subject of leptogenesis have been fo-

cused on the role of flavor. Recall that the total asymmetry given in Eq. 1.89

have summed over all three flavor indices,

ǫ1 =
∑

α=e,µ,τ

ǫαα , (1.181)

where ǫαα is the CP asymmetry in the α-flavor. Correspondingly, previ-

ous solutions to the Boltzmann equations have summed over all the three

flavors, e, µ, τ , and thus they did not include flavor dependence [59],

d(YN1
− Y eq

N1
)

dz
= − z

sH(M1)

(
γD + γ∆L=1

)(
YN1

Y eq
N1

− 1

)
(1.182)

−
dY eq

N1

dz
,

dYL

dz
=

z

sH(M1)

[(
YN1

Y eq
N1

− 1

)
ǫ1γD (1.183)

+ − YL

Y eq
L

(
γDγ∆L=1 + γ∆L=2

)]
,

where YN1
and YL are the number density of the lightest right-handed

neutrino N1 and of the lepton number asymmetry, respectively, and γ’s are

the decay rates for the processes specified in the subscripts. It has recently

been pointed out that flavor effects matter if heavy neutrino masses are

hierarchical [59]. The Yukawa interactions of all three flavors, e, µ and

τ , reach equilibrium at different temperatures. These temperatures are

determined by the size of the Yukawa couplings, λ, as

λ2MPl = Teq . (1.184)

Due to the relative large coupling constant, the τ Yukawa interactions reach

equilibrium at T ∼ 1012 GeV, while the muon Yukawa interactions reach
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equilibrium at T ∼ 109 GeV. If leptogenesis takes place at T ∼M1 > 1012

GeV, the Yukawa interactions of all three lepton flavors are out of equilib-

rium, and hence the three flavors are indistinguishable. In particular, the

washout factor is universal for all three flavors. However, if leptogenesis

takes place at temperature below 1012 GeV, which is generally the case for

hierarchical right-handed neutrino masses, the three flavors are distinguish-

able and thus their effects should be included in the Boltzmann equations

properly. Instead of a single evolution function for YL as given in Eq. 1.183,

one should consider the evolution of the lepton number asymmetry, Y αα,

which is due to the decay of the lightest right-handed neutrino into charged

lepton of flavor α with the corresponding asymmetry given by ǫαα and

decay rate given by γαα
D [59],

dY αα

dz
=

z

sH(M1)

[(
YN1

Y eq
N1

− 1

)
ǫαα

(
γαα

D + γ∆L=1

)
(1.185)

−Y
αα

Y eq
L

(
γαα

D + γ∆L=1

)]
,

Note that in the above equation, there is no summation over the flavor in-

dex, α. By properly including the flavor effects, the amount of leptogenesis

may be enhanced by a factor of 2 to 3 [59].

Except for the specific types of models [49, 51] discussed in Sec. 1.4, the

general lack of connection between leptogenesis and low energy CP viola-

tion translates into the fact that the observation of the leptonic Dirac or

Majorana phases at low energy does not imply non-vanishing leptogenesis.

This statement is weakened in a framework when the right-handed neu-

trino sector is CP invariant and when the flavor effects are important. This

is elucidate by introducing the “orthogonal parametrization” for neutrino

Dirac Yukawa matrix [60],

h =
1

v
M1/2Rm1/2U † , (1.186)

where m = diag(m1,m2,m3) is the diagonal matrix of the light neutrino

masses,M is the diagonal matrix of the right-handed neutrino masses and U

is the MNS matrix. The orthogonal matrix R is defined by this equation as

R = vM−1/2hUm−1/2. In the basis where the right-handed neutrino mass

matrix and the charged lepton mass matrix are diagonal, the neutrino Dirac

Yukawa matrix can be written as h = V ν †
R diag(h1, h2, h3)V

ν
L . Therefore,

the low energy CP violation in the lepton sector can arise from either the

left-handed sector through V ν
L , the right-handed sector through V ν

R , or from

both. From hh†v2 = V ν †
R diag(h2

1, h
2
2, h

2
3)V

ν
Rv

2 = M1/2RmR†M1/2, it can



April 2, 2007 23:7 World Scientific Review Volume - 9in x 6in tasi06proc-MCC

50 M.-C. Chen

be seen that the phases of R are related to those in the right-handed sector

through V ν
R . The asymmetry ǫ1 given in Eq. 1.89, which is derived with

one-flavor approximation, can be rewritten as follows [61],

ǫ1 = − 3M1

16πv2

Im
(∑

ρm
2
ρR

2
1ρ

)
∑

β mβ |R1β |2
. (1.187)

Assuming the right-handed sector is CP invariant, low energy CP phases

can then arise entirely from the left-handed sector and thus are irrelevant for

ǫ1, which vanishes because the orthogonal matrix R is real. If leptogenesis

takes place at T < 1012 GeV, the flavor effects must be taken into account.

In this case the asymmetry in each flavor is given by [61],

ǫα = − 3M1

16πv2

Im
(∑

βρm
1/2
β m

3/2
ρ U∗

αβUαρR1βR1ρ

)
∑

β mβ |R1β |2
. (1.188)

The contribution of each of these individual asymmetries to the total asym-

metry is then weighted by the corresponding washout factor. Therefore,

barring accidental cancellations, the presence of the MNS matrix elements

in Eq. 1.188 signifies the need for low energy CP violation in order to

have leptogenesis. Hence if leptonic CP violation in neutrino oscillations is

observed at future very long baseline experiments [62] and if lepton num-

ber violation is established by observing neutrinoless double beta decay, it

would even more strongly suggest than it has been that leptogenesis be the

source for the origin of the cosmological baryon asymmetry.

Finally, a fundamental problem in the current treatment of leptogen-

esis is the fact that the Boltzmann equations utilized in the present cal-

culations are purely classical treatment. However, the collision terms are

zero-temperature S-matrix elements which involve quantum interference.

In addition, the time evolution of the system should be treated quantum

mechanically. These lead to the need of quantum Boltzmann equations

which is based on Closed-Time-Path (CTP) formalism [63]. A more de-

tailed discussion on this issue can be found in Ref. [5].
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