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Baryon Number Asymmetry in SM

• Within the SM: 
‣ CP violation in quark sector not sufficient to explain the observed matter-

antimatter asymmetry of the Universe
• CP phase in quark sector:

 
‣ effects of CP violation suppressed by small quark mixing

• neutrino masses open up a new possibility
• new CP phases in lepton sector

• Predictions closely tied to properties of neutrinos
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Thus the charged current interaction in the mass eigenstates reads,

LW =
g√
2
U

′
LUCKMγµD′

LWµ + h.c. , (1.62)

where U ′
L ≡ V u

L UL and D′
L ≡ V d

L DL 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 [21],

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 + huĤ2Q̂ûc + hdĤ1Q̂d̂c + heĤ1L̂êc . (1.66)

The soft SUSY breaking sector has the following parameters:
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too small to account for the observed

Leptogenesis

Fukugita, Yanagida, 1986
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Leptogenesis

• Implemented in the context of seesaw mechanism
• out-of-equilibrium decays of RH neutrinos produce primordial lepton number 

asymmetry

• sphaleron process convert ∆L → ∆B
• the asymmetry 

3

Fukugita, Yanagida, 1986

Luty, 1992; Covi, Roulet, Vissani, 1996; Flanz et al, 1996; Plumacher, 1997; Pilaftsis, 1997
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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,

ε1 =

∑
α

[
Γ(N1 → "αH) − Γ(N1 → "α H)

]
∑

α

[
Γ(N1 → "αH) + Γ(N1 → "α H)

] (1.89)

#
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(hνh†

ν)21i

}
·
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(
M2
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M2
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)
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(
M2
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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,

ε1 # −
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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Buchmuller, Plumacher, 1998; Buchmuller, Di Bari, Plumacher, 2004

(k: inverse decay ∆L=1, scattering processes ∆L=1, 2)
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Bound on Light Neutrino Mass

• sufficient leptogenesis 
requires 

• upper bound on light neutrino 
mass

• incompatible with quasi-
degenerate spectrum

• constraints slightly alleviated 
with flavored case 
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Figure 2: Lower bounds on the smallest heavy neutrino mass M1 and
upper bounds on the smallest light neutrino mass m1. From Ref. [12].

tries in B-, L- and B-L-number,

hBiT = cS hB � LiT = cS

cS � 1
hLiT , (4)

where cS = O(1). In the Standard Model one has cs =
28/79.

This relation suggests that lepton number violation
can explain the cosmological baryon asymmetry. How-
ever, lepton number violation can only be weak at late
times, since otherwise any baryon asymmetry would be
washed out. The interplay of these conflicting condi-
tions leads to important contraints on neutrino proper-
ties, and on extensions of the Standard Model in gen-
eral. Because of the sphaleron processes, lepton num-
ber violation can replace baryon number violation in
Sakharov’s conditions for baryogenesis.

2. Thermal leptogenesis

Leptogenesis is an immediate consequence of the
seesaw mechanism, which explains the smallness of
light neutrino masses in terms of the largeness of heavy
Majorana neutrino masses. The heavy mass eigenstates
N and the light mass eigenstates ⌫ are given by

N ' ⌫R + ⌫
c
R : mN ' M , (5)

⌫ ' ⌫L + ⌫
c
L : m⌫ = �mD

1
M

mT
D , (6)

where mD is the Dirac neutrino mass matrix. For third
generation Yukawa couplings O(1), as in some SO(10)
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Figure 3: Dependence of the baryon asymmetry |YB| on the PMNS
phase � for a particular neutrino mass model with normal hierarchy.
From Ref. [17].

GUT models, one obtains the heavy and light neutrino
masses,

M3 ⇠ ⇤GUT ⇠ 1015GeV, m3 ⇠ v2

M3
⇠ 0.01eV . (7)

Remarkably, the light neutrino mass m3 is compati-
ble with (�m2

atm)1/2 ⌘ matm ' 0.05 eV, as measured
in atmospheric ⌫-oscillations. This suggests that neu-
trino physics probes the mass scale of grand unifica-
tion (GUT), although other interpretations of neutrino
masses are possible as well. The heavy Majorana neu-
trinos have no gauge interactions. Hence, in the early
universe, they can easily be out of thermal equilibrium.
This makes N1, the lightest of them, an ideal candi-
date for baryogenesis, in accord with Sakharov’s condi-
tion of departure from thermal equilibrium. In the sim-
plest form of leptogenesis the heavy Majorana neutrinos
are produced by thermal processes, which is therefore
called ‘thermal leptogenesis’. The CP violating N1 de-
cays into lepton-Higgs pairs lead to a lepton asymme-
try hLiT , 0, which is partially converted to a baryon
asymmetry hBiT , 0 by the sphaleron processes. In
early work on leptogenesis, it was anticipated that the
light neutrino masses are then required to have masses
mi < O(1eV) [6]. After the discovery of atmospheric
neutrino oscillations, more stringent upper bounds on
neutrino masses could be derived, and leptogenesis be-
came increasingly popular.

The generated baryon asymmetry is proportional to
the CP asymmetry in N1-decays. For hierarchical heavy
neutrinos it satisfies the upper bound [7, 8]

✏1 =
�(N1 ! l�) � �(N1 ! l̄�̄)
�(N1 ! l�) + �(N1 ! l̄�̄)

. 10�6 M1

1010 GeV
matm

m1 + m3
= ✏max

1 , (8)
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Figure 5. Left: Neutrino mass bounds in the vanilla scenario. Right: Relax-
ation of the lower bound on M1 thanks to additional unbounded flavoured
CP violating terms.

processes in a way that κf2,3 ! κf1. Indeed if we indicate with N (2,3)
B−L(T ! M1) the contribution

to the NB−L asymmetry from the two heavier RH neutrinos prior to the lightest RH neutrino
wash-out, the final values are given very simply by

N (2,3),f
B−L = N (2,3)

B−L(T ! M1) e
− 3π

8
K1 . (27)

The same exponential wash-out factor applies to the residual value of a possible pre-existing
asymmetry. In this way it is sufficient to have a strong wash-out condition K1 " 1 in order to
have both a pre-existing asymmetry and a contribution from heavier RH neutrinos negligible.
The strong wash-out condition K1 " 1 is very easily satisfied since, barring special cases, one
has typically K1 # (msol ÷ matm)/10−3 eV " 1. The same condition also guarantees indepen-
dence of the final asymmetry on the initial N1-abundance. It is then quite suggestive that the
measured values of msol and matm have just the right values to produce a wash-out that is
strong enough to guarantee independence on the initial conditions but still not too strong to
prevent successful leptogenesis. This leptogenesis conspiracy between experimental results and
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Gravitino Problem

• Thermally produced RH neutrino N:
• high reheating temperature needed:

⇒    TRH > MR > O(109)GeV

• over-production of light state: gravitinos

• For gravitinos LSP:  
• DM constraint from WMAP
• stringent bound on gluino mass for any given gravitino mass & TRH

• For unstable gravitinos:
• long life time
• decay during and after BBN ⇒ affect abundance of light elements

6Mu-Chun Chen, UC Irvine                                                          Leptogenesis                                                       Cosmic Frontier Workshop, 03/07/2013



Gravitino Problem

For light gravitino mass, 

BBN constraints                

⇒ TRH < 10(5-6) GeV 

7
Figure 2: BBN constraints for the Case 1 at 95 % C.L. Each solid line shows upper bound
on the reheating temperature from D, 3He, 4He, 6Li, or 7Li. The dotted line is the upper
bound on the reheating temperature from the overclosure of the universe.

Figure 3: BBN constraints for the Case 2.

10

Kawasaki, Kohri, Moroi, 
Yotsuyanagi, 2008
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Kawasaki, Kohri, Moroi, 
Yotsuyanagi, 2008

Sufficient leptogenesis  ⇒  

TRH > MR > 2 x 109 GeV

tension! 
(if SUSY)
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Alternatives: “Non-standard” Scenarios 

• Possible ways to avoid the tension:
• resonant enhancement in self-energy diagram ⇒ lowering MR, thus TRH

     ➔ resonant leptogenesis (near degenerate RH neutrinos)

• possible collider test 

9

Pilaftsis, 1997

enhanced O(1) asymmetry possible if 
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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.

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. [39] that in the limit MNi − MNj "
MNi , the self-energy diagrams dominate,

εSelf

Ni
=

Im[(hνh†
ν)ij ]2

(hνh†
ν)ii(hνh†

ν)jj

[
(M2

i − M2
j )MiΓNj

(M2
i − M2

j )2 + M2
i Γ

2
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 [40].

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. [41]). 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)
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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,

ε1 =

∑
α

[
Γ(N1 → "αH) − Γ(N1 → "α H)

]
∑

α

[
Γ(N1 → "αH) + Γ(N1 → "α H)

] (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,

ε1 # −
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

Recall: in standard leptogenesis: 

self-energy diagram dominate for near degenerate RH neutrino masses, M1,2

leptogenesis possible 
even for low M1,2

Pilaftsis, Underwood,  2003
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Dirac Leptogenesis

• Leptogenesis possible even when 
neutrinos are Dirac particles

• small Dirac mass through suppressed 
Yukawa coupling

• Characteristics of Sphaleron effects:
• only left-handed fields couple to 

sphalerons
• sphalerons change (B+L) but not    

(B-L)
• sphaleron effects in equilibrium for    

T > Tew
• If L stored in RH fermions can survive 

below EW phase transition, net lepton 
number can be generated even with L=0 
initially

10

K. Dick, M. Lindner, M. Ratz, D. Wright, 2000; 
H. Murayama, A. Pierce, 2002
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Fig. 1.12. With sufficiently small Yukawa couplings, the left-right equilibration occurs
at a much later time, well below the electroweak phase transition temperature. It is
therefore possible to generate a non-zero baryon number even if B = L = 0 initially. For
the SM particles, as shown in the insert for comparison, the left-right equilibration takes
place completely before or during the sphaleron processes. Thus no net baryon number
can be generated if B − L = 0 initially. Figure taken from Ref [31].

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

Teq ! TEW , provided,

λ2 !
Teq

MPl

!
TEW

MPl

. (1.119)

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

λ < 10−(8∼9) . (1.120)

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

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

Diagram from K. Dick, M. 
Lindner, M. Ratz, D. Wright, 
2000

late time LR equilibration of neutrinos making Dirac leptogenesis possible
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Dirac Leptogenesis

• for neutrinos: LH equilibration can occur at late time (                     ) because of their 
much suppressed masses (                        )

• Naturally small Dirac neutrino mass?

• Two examples:

• non-anomalous U(1) family symmetry

• gives realistic quark and lepton masses and mixing patterns

• naturally small Dirac neutrino masses due to higher dimensional operators 

• primordial asymmetry by U(1) flavor higgs decay

•  discrete R-symmetries

• satisfy all anomaly cancellation conditions a la Green-Schwarz mechanism

• automatically suppressed the mu term, thus solving the mu problem in MSSM

• automatically suppressed the Dirac neutrino masses

11
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M.-C.C., J. Huang, W. Shepherd (2011)

M.-C.C., M. Ratz, C. Staudt, P. Vaudrevange (2012)
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Testing Leptogenesis?

• Sakharov Conditions:
• out-of-equilibrium 

➡  expanding Universe 
➡  smallness of neutrino masses  

• Baryon Number Violation
➡  abound in many extensions of the SM  
➡  neutrinoless double beta decay 
‣ Leptogenesis with Majorana (if observed) or Dirac (if not observed) 

neutrinos

• CP violation 
➡ Long baseline neutrino oscillation experiments

12

Leptogenesis with Majorana neutrino:
out-of-equilibrium heavy field decay

Dirac Leptogenesis: 
late equilibration temperature
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Connection to Low Energy Observables

• Seesaw Lagrangian at high energy (in the presence of RH neutrinos)

• Low energy effective Lagrangian (after integrating out RH neutrinos)

• No model independent connection
• Statement is weakened when the so-called flavor effects are taken into account 

(relevant if leptogenesis at T < 1012 GeV) 
• BUT, in certain models, connection can be established even without the flavor 

effects

13

presence of low energy leptonic CPV
(neutrino oscillation, neutrinoless 

double beta decay)

Leptogenesis ↔ Low Energy Observables

• one flavor approximation

• no model independent connection can exist

real R, complex U: 
     non-vanishing low energy CPV (h)
     vanishing leptogenesis

presence of low energy leptonic 
CPV

(neutrino oscillation, neutrinoless 
double beta decay)

leptogenesis ≠ 0

36Mu-Chun Chen, UC Irvine                                                     LISHEP2011                                                CBPF, Rio de Janeiro, 07/05/2011

leptogenesis ≠ 0

6 mixing angles + 6 physical phases

3 mixing angles + 3 physical phases high energy → low energy:
numbers of mixing angles and 
CP phases reduced by half
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Connection in Specific Models

• models for neutrino masses:
• additional symmetries
• reduce the number of parameters ⇒ connection can be established

• rank-2 mass matrix (may be realized by symmetry)
• models with 2 RH neutrinos (2 x 3 seesaw)
• sign of baryon asymmetry ↔ sign of CPV in ν oscillation

• all CP come from a single source
• models with spontaneous CP violation:

• SM + vectorial quarks + singlet scalar
• minimal LR model: only 1 physical leptonic CP phase
• SCPV in SO(10): <126>B-L complex

• SUSY SU(5) x T′ Model:
• group theoretical origin of CP violation ⇒ only low energy lepton phases ≠ 0  

Frampton, Glashow, Yanagida, 2002

M.-.C.C, Mahanthappa, 2005

Branco, Parada, Rebelo, 2003

Achiman, 2004, 2008

Kuchimanchi & Mohapatra,  2002

M.-.C.C, Mahanthappa, 2009
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Connection to Other B/L Violating Processes

• e.g. n-nbar oscillation searches → 
complementarity test of leptogenesis 
(baryogenesis) mechanisms
• constrain the scale of leptogenesis 

• observation of neutron antineutron oscillation 
• new physics with ∆B = 2 at 10(5-6) GeV
• erasure of matter-antimatter generated at high 

scale, e.g. standard leptogenesis 

‣ Low scale leptogenesis scenarios preferred:
• Dirac Leptogenesis
• Resonance Leptogenesis
• Soft leptogenesis; ...

15

[Animation Credit: Michael Ratz]

Babu, Mohapatra, 2012
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Quantum Boltzmann Equations

• Classical vs Quantum Boltzmann equations:

‣ collision terms: involving quantum interference
‣ time evolution: require full quantum mechanical treatment 
‣ Classical Boltzmann equations not sufficient

• Classical Boltzmann equations:

‣ scattering independent from previous ones

• Quantum Boltzmann equations:

‣ Closed-Time-Path (CTP) formulation for non-equilibrium QFT

‣ involve time integration for scattering terms
‣  “memory effects”:   time-dependent CP asymmetry

16Mu-Chun Chen, UC Irvine                                                          Leptogenesis                                                       Cosmic Frontier Workshop, 03/07/2013

Buchmuller, Fredenhagen, 2000; 
Simone, Riotto 2007; 
Lindner, Muller 2007

Schwinger, 1961; Mahanthappa, 1962; 
Bakshi, Mahanthappa, 1963; 
Keldysh, 1965



Quantum Boltzmann Equations

• time scale of Kernel << relaxation time scale ~ (ΓN1 )-1   

‣ Classical Boltzmann equations ≈ Quantum Boltzmass equations 

• In resonance leptogenesis: ∆M = (M2-M1) ~ ΓN2

‣ Kernel time scale ~  (∆M)-1 > (ΓN1)-1  possible
‣ Quantum Boltzmann equations important!!

17Mu-Chun Chen, UC Irvine                                                          Leptogenesis                                                       Cosmic Frontier Workshop, 03/07/2013
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system from an initial state of zero baryon number to
a final state of non-zero baryon number, i.e. the pro-
cess of baryogenesis. Recently, this technique has been
applied to resonant leptogenesis [45]. The obtained ef-
fective enhancement of the CP asymmetry is shown in
Fig. 7. The maximal enhancement predicted by Bolta-
mann equations reads

RBoltzmann
max =

M1M2

2|M1�1 � M2�2| . (17)

Note that for equal masses and widths of the two heavy
neutrinos N1 and N2, R is singular, and therefore un-
physical. This singularity is cured by memory e↵ects
contained in the Kadano↵-Baym equations, which yield
the result

RKB
max =

M1M2

2(M1�1 + M2�2)
. (18)

In summary, the generic e↵ect of a possible resonant
enhancement of the CP asymmetry is confirmed by the
full quantum mechanical treatment. However, its size is
reduced.

5. Cosmological B-L Breaking

Thermal leptogenesis requires a rather large reheat-
ing temperature, TL ⇠ 1010 GeV. In supersymmetric
theories this causes a potential problem because of the
thermal production of gravitinos, which yields the abun-
dance

⌦G̃h2 = C
✓ TRH

1010 GeV

◆  100 GeV
mG̃

! ✓ mg̃

1 TeV

◆2
, (19)

where C ⇠ 0.5, and TRH is the reheating temperature.
For unstable gravitinos, one has to worry about consis-
tency with primordial nucleosynthesis (BBN) whereas
stable gravitinos may overclose the universe. As a pos-
sible way out, nonthermal production of heavy neutri-
nos has been suggested [46, 47, 48, 49], which allows
to decrease the reheating temperature and therefore the
gravitino production. On the other hand, it is remark-
able that for typical gravitino and gluino masses in grav-
ity mediated supersymmetry breaking, a reheating tem-
perature TRH ⇠ 1010 GeV yields the right order of mag-
nitude for the dark matter abundance if the gravitino is
the LSP. But why should the reheating temperature be
as large as the temperature favoured by leptogenesis, i.e.
TRH ⇠ TL?

It this context it is interesting to note that for typ-
ical neutrino mass parameters in leptogenesis, em1 ⇠

aRH
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Figure 8: Comoving number densities for particles of the symmetry
breaking sector (Higgs � + higgsinos  + inflatons �), (non)thermally
produced (s)neutrinos of the first generation ( Nth

1 + Ñth
1 , Nnt

1 + Ñnt
1 ),

(s)neutrinos of the second and third generaton (N2,3 + Ñ2,3), MSSM
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0.01 eV, M1 ⇠ 1010 GeV, the heavy neutrino decay
width takes the value

�0
N1
=

m̃1

8⇡

 
M1

vEW

!2

⇠ 103 GeV . (20)

If the early universe in its evolution would reach a state
where the energy density is dominated by nonrelativis-
tic heavy neutrinos, their decays to lepton-Higgs pairs
would lead to a relativistic plasma with temperature

TRH ⇠ 0.2 ·
q
�0

N1
MP ⇠ 1010 GeV , (21)

which is indeed the temperature wanted for gravitino
dark matter! Is this an intriguing hint or just a mislead-
ing coincidence?

It is remarkable that an intermediate heavy neutrino
dominance indeed occurs in the course of the cosmolog-
ical evolution if the initial inflationary phase is driven
by the false vacuum energy of unbroken B-L symmetry
[50, 51]. Consider the supersymmetric standard model
with right-handed neutrinos, described by the superpo-
tential (in SU(5) notation: 10 = (q, uc, ec), 5 = (dc, l)),

WM = hu
i j10i10 jHu + hd

i j5
⇤
i 10 jHd

+h⌫i j5
⇤
i nc

jHu + hn
i nc

i nc
i S 1 , (22)

supplemented by a term which enforces B-L breaking,

WB�L =

p
�

2
�

⇣
v2

B�L � 2S 1S 2
⌘
. (23)

The Higgs fields Hu,d and S 1,2 break electroweak sym-
metry and B-L symmetry, respectively. It is very in-
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system from an initial state of zero baryon number to
a final state of non-zero baryon number, i.e. the pro-
cess of baryogenesis. Recently, this technique has been
applied to resonant leptogenesis [45]. The obtained ef-
fective enhancement of the CP asymmetry is shown in
Fig. 7. The maximal enhancement predicted by Bolta-
mann equations reads

RBoltzmann
max =

M1M2

2|M1�1 � M2�2| . (17)

Note that for equal masses and widths of the two heavy
neutrinos N1 and N2, R is singular, and therefore un-
physical. This singularity is cured by memory e↵ects
contained in the Kadano↵-Baym equations, which yield
the result

RKB
max =

M1M2

2(M1�1 + M2�2)
. (18)

In summary, the generic e↵ect of a possible resonant
enhancement of the CP asymmetry is confirmed by the
full quantum mechanical treatment. However, its size is
reduced.

5. Cosmological B-L Breaking

Thermal leptogenesis requires a rather large reheat-
ing temperature, TL ⇠ 1010 GeV. In supersymmetric
theories this causes a potential problem because of the
thermal production of gravitinos, which yields the abun-
dance

⌦G̃h2 = C
✓ TRH

1010 GeV

◆  100 GeV
mG̃

! ✓ mg̃

1 TeV

◆2
, (19)

where C ⇠ 0.5, and TRH is the reheating temperature.
For unstable gravitinos, one has to worry about consis-
tency with primordial nucleosynthesis (BBN) whereas
stable gravitinos may overclose the universe. As a pos-
sible way out, nonthermal production of heavy neutri-
nos has been suggested [46, 47, 48, 49], which allows
to decrease the reheating temperature and therefore the
gravitino production. On the other hand, it is remark-
able that for typical gravitino and gluino masses in grav-
ity mediated supersymmetry breaking, a reheating tem-
perature TRH ⇠ 1010 GeV yields the right order of mag-
nitude for the dark matter abundance if the gravitino is
the LSP. But why should the reheating temperature be
as large as the temperature favoured by leptogenesis, i.e.
TRH ⇠ TL?

It this context it is interesting to note that for typ-
ical neutrino mass parameters in leptogenesis, em1 ⇠
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TRH ⇠ 0.2 ·
q
�0

N1
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which is indeed the temperature wanted for gravitino
dark matter! Is this an intriguing hint or just a mislead-
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It is remarkable that an intermediate heavy neutrino
dominance indeed occurs in the course of the cosmolog-
ical evolution if the initial inflationary phase is driven
by the false vacuum energy of unbroken B-L symmetry
[50, 51]. Consider the supersymmetric standard model
with right-handed neutrinos, described by the superpo-
tential (in SU(5) notation: 10 = (q, uc, ec), 5 = (dc, l)),
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resonance behavior confirmed by 
full quantum treatment;
though amplitude reduced
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N2,3 masses of order 104 � 1010 GeV [24]. A further
’low scale alternative’ is leptogenesis at the electroweak
scale, with sterile neutrino masses mN ⇠ 100 GeV and
additional scalar fields, which leads to specific predic-
tions testable at the LHC [25]. More models of leptoge-
nesis at the TeV scale can be found in Ref. [11].

3.2. Resonant Leptogenesis
As already discussed in the previous section, the see-

saw mechanism does not only work for right-handed
neutrino masses at the GUT scale and Yukawa cou-
plings similar to quark and charged lepton Yukawa cou-
plings, it is also applicable for heavy neutrino masses at
the TeV scale and very small Yukawa couplings. In this
case heavy neutrino self-energy e↵ects have to domi-
nate the CP asymmetry [26, 27], leading to resonant lep-
togenesis in the case of quasi-degenerate right-handed
neutrinos [28, 29]. In a particular neutrino mass model
successful leptogenesis is achieved for masses at the
electroweak scale, MN = 120 GeV, with a degeneracy
�MN/MN . 10�7 [31]. It is well known that in super-
symmetric models there is a close connection between
leptogenesis and lepton flavour changing processes like
µ! e� [30]. It is interesting that in the case of resonant
leptogenesis, one can have large lepton flavour changing
rates also without supersymmetry (cf. Fig. 5), within the
reach of the MEG experiment [32].

4. Nonequilibrium theory

Leptogenesis is a nonequilibrium process taking
place in an expanding universe with decreasing tem-
perature. It involves quantum interferences in a crucial
manner, which implies that the standard treatment by
means of Boltzmann equations is theoretically unsatis-
factory [35]. In particular, it is currently not possible to
quote a theoretical error on the predicted bayon asym-
metry. Within quantum field theory, leptogenesis can
be treated on the basis of the Schwinger-Keldysh for-
malism [33, 34], and during the past years significant
progress has been made towards a ’theory of leptogene-
sis’ [36, 37, 38, 39, 40]. Very important in this context
is also the calculation of quantum corrections to decay

��

�+

ti = 0
Ret

tf ! 1

Figure 6: Path in the complex time plane for nonequilibrium Green’s
functions.
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1 for the Boltzmann result (dashed) and the Kadano↵-
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and a particular choice of Yukawa couplings. From Ref. [45].

widths and scattering cross sections at high temperature
[41, 42, 43]. In the Schwinger-Keldysh formalism one
considers Green’s functions � for heavy neutrino N1,
lepton and Higgs on a complex time contour starting at
some initial time ti (cf. Fig. 6). These Green’s functions
satisfy Schwinger-Dyson equations with self-energies
⇧C ,

(⇤1 + m2)�C(x1, x2) + (11)Z

C
d4x0⇧C(x1, x0)�C(x0, x2) = �i�C(x1 � x2).

It is then convenient to consider two particular correla-
tion functions, the spectral functions ��, which contain
information about the system, and the statistical prop-
agators �+, which depends on the initial state at time
ti,

�+(x1, x2) =
1
2
h{�(x1),�(x2)}i , (12)

��(x1, x2) = ih[�(x1),�(x2)]i . (13)

They satisfy the Kadano↵-Baym equations [44]

⇤1,q�
�
q (t1, t2) = �

Z t1

t2
dt0⇧�q (t1, t0)��q (t0, t2) , (14)

⇤1,q�
+
q (t1, t2) = �

Z t1

ti
dt0⇧�q (t1, t0)�+q (t0, t2) (15)

+

Z t2

ti
dt0⇧+q (t1, t0)��q (t0, t2) , (16)

where we have assumed spatial homogeneity, and
⇤1,q = (@2

t1 + m2 + q2) is the d’Alembert operator for a
particular momentum mode q. Solving these Kadano↵-
Baym equations, one can describe the change of the
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Conclusions

• origin of matter: one of the great mysteries in particle physics and 
cosmology

• leptogenesis: appealing mechanism connected to neutrino physics
• various leptogenesis realizations:

• standard leptogenesis: gravitino problem, incompatible with SUSY
• Low scale alternatives:

• resonance leptogenesis
• Dirac leptogenesis
• Soft leptogenesis (CP phases in soft SUSY sector; decouple from 

neutrino physics; require small B term)
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Conclusions

• tested by “archeological” evidences

• model-independent ways:
• Kinematic test, Cosmology (absolute neutrino mass bound)
• Neutrino-less double beta decay (Majorana vs Dirac leptogenesis)

• model-dependently: connections to CPV in other sectors possible
• searches at neutrino experiments (leptonic CPV, mixing parameters)
• complementarity test from other B or L violating processes

• e.g. N-Nbar oscillation ⇒ constraint scale of leptogenesis

• Toward Theory of Leptogenesis: Quantum Boltzmann equation (non-
equilibrium QFT)
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