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Standard 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 

2

Fukugita, Yanagida, 1986

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

April 6, 2007 19:27 World Scientific Review Volume - 9in x 6in tasi06proc-MCC

24 M.-C. Chen

Nk

li

H
∗

Nk

ll

H

Nj

H
∗

li

Nk

ll

H

Nj

H
∗

li

(a) (b) (c)

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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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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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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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
theoretical prediction is one of the main reasons that has determined the success of leptogenesis
so far.
There is actually a particular case where K1 " 1 and |ε2| ! |ε1| do not hold and in this

case the final asymmetry is dominated by the contribution coming from the next-to-lightest RH
neutrinos. However, one still has K2 " 1 so that the independence of the initial conditions still
holds. For the time being, as an additional third assumption of the vanilla scenario, we will bar
this particular case, we will be back on it in 3.1.
If, additionally, one excludes fine tuned cancelations among the different terms contributing

to the neutrino masses in the see-saw formula, one obtains the following upper bound on the
lightest RH neutrino CP asymmetry [24]

ε1 ≤ εmax
1 # 10−6 M1

1010 GeV

matm

m1 +m3
. (28)

Imposing ηmax
B # 0.01 εmax

1 κf1 > ηCMB
B , one obtains the allowed region in the plane (m1,M1)

shown in the left panel of Fig. 5. One can notice the existence of an upper bound on the
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P. Di Bari, 2012
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Gravitino Problem

For light gravitino mass, 

BBN constraints                

⇒ TRH < 10(5-6) GeV 

4
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

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 

5

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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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,
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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

6

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

Mu-Chun Chen, UC Irvine                                                          Leptogenesis                                                       Snowmass 2013, 08/02/2013

Neff > 3 (enhanced by ~10%)
[thanks to Michael Ratz]



Dirac Leptogenesis

• for neutrinos: LH equilibration 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
• Lepton Number Violation:   Δ L = 4

7
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Fig. 1.12. With sufficiently small Yukawa couplings, the left-right equilibration occurs
at a much later time, well below the electroweak phase transition temperature. It is
therefore possible to generate a non-zero baryon number even if B = L = 0 initially. For
the SM particles, as shown in the insert for comparison, the left-right equilibration takes
place completely before or during the sphaleron processes. Thus no net baryon number
can be generated if B − L = 0 initially. Figure taken from Ref [31].

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

Teq ! TEW , provided,

λ2 !
Teq

MPl

!
TEW

MPl

. (1.119)

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

λ < 10−(8∼9) . (1.120)

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

Once we accept this, the Dirac leptogenesis then works as follows. Sup-
pose that some processes initially produce a negative lepton number (∆LL),
which is stored in the left-handed neutrinos, and a positive lepton number
(∆LR), which is stored in the right-handed neutrinos. Because sphalerons
only couple to the left-handed particles, part of the negative lepton number
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M.-C.C., J. Huang, W. Shepherd (2011)

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

K. Dick, M. Lindner, M. Ratz, D. Wright, 2000; 
H. Murayama, A. Pierce, 2002
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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

‣ if Dirac: Neff enhanced

• CP violation 
➡ Long baseline neutrino oscillation experiments

8

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

Dirac Leptogenesis: 
late equilibration temperature

Mu-Chun Chen, UC Irvine                                                          Leptogenesis                                                       Snowmass 2013, 08/02/2013



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

9

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

Mu-Chun Chen, UC Irvine                                                          Leptogenesis                                                       Snowmass 2013, 08/02/2013



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

10Mu-Chun Chen, UC Irvine                                                          Leptogenesis                                                       Snowmass 2013, 08/02/2013



Example: Minimal LR Model w/ Spontaneous CPV

• minimal LR symmetric Model:
• matter content

• Higgs content

• Two physical CP phases 

11
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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)

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

vLeiαL 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 [59]. When the triplets
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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
spontaneous CP violation (SCPV) [54]. The left-right (LR) model [55] 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)
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Example: Minimal LR Model w/ Spontaneous CPV

• correlations: lepton number asymmetry, neutrinoless double beta decay 
matrix element, leptonic Jarlskog invariant
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FIG. 4: Correlation between the matrix element of neutrinoless double beta decay, 〈mee〉, and the leptonic

Jarlskog invariant in Model I.
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FIG. 5: Correlation between the amount of leptogenesis and the leptonic Jarlskog invariant in Model I.
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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; ...

13

[Animation Credit: Michael Ratz]

Babu, Mohapatra, 2012
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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, tension 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, Neff)
• Neutrino-less double beta decay (Majorana vs Dirac leptogenesis)

• Leptonic CP violation:
• important fundamental property of neutrinos, independent of  

leptogenesis
• model-dependent connections to CPV in other sectors possible

• correlations: models with single source of CPV (Jcp, <mββ>, EDM, etc)
• 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
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