
 Models of Leptogenesis 

Thomas Hambye
Univ. of Brussels (ULB), Belgium

 SUSY’14, Manchester, 24/07/2014



Leptogenesis motivation

 Two fundamental questions beyond the Standard Model

 origin of neutrino masses  origin of the baryon asymmetry of the Universe

 Leptogenesis: 
    both origins are the same

 + a series of numerical coincidences which makes it particularly effective



! masses beyond the SM : tree level

Fermionic Singlet 

Seesaw ( or type I)

2 x 2 = 1 + 3

! masses beyond the SM : tree level

Fermionic Triplet 

Seesaw ( or type III)

2 x 2 = 1 + 3

! masses beyond the SM : tree level

2 x 2 = 1 + 3

Scalar Triplet 

Seesaw ( or type II)

Fermion singlets:
(type-I seesaw)

Scalar triplet:
(type-II seesaw)

Fermion triplets:
(type-III seesaw)
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Magg, Wetterich; Lazarides, Shafi; 
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Foot, Lew, He, Joshi; Ma; Ma, Roy;T.H., Lin, Notari, 
Papucci, Strumia; Bajc, Nemevsek,

Senjanovic; Dorsner, Fileviez-Perez;....

The 3 seesaw models
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for example with                                 requiresYN ∼ 1, mν ∼ 0.1 eV

requires
MN ∼ 1015 GeV

with YN ∼ 10−6, mν ∼ 0.1 eV MN ∼ TeV

µ∆
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with ∆M2
ij = M2

Nj
− M2

Ni
. The factors Sj (Vj) comes from the one-loop

self-energy (vertex) contribution to the decay widths, Fig. 1. The Ij factors
are the CP-violating coupling combinations entering in the asymmetry.

2.2. The Efficiency Factor

Once the averaged ∆L produced per decay has been calculated, the sec-
ond ingredient to consider is the efficiency factor η. This factor allows to
calculate the lepton asymmetry produced from the CP-asymmetry,

nL

s
= εNi

YNi
|T>>MNi

η , (5)

where YNi
= nNi

/s is the number density of Ni over the entropy density,
with YNi

|T>>MNi
= 135ζ(3)/(4π4g∗) where g∗ = 112 is the number of de-

grees of freedom in thermal equilibrium in the “type-I” model before the Ni

decayed. If all right-handed neutrinos decay out-of-equilibrium, the lepton
asymmetry produced is just given by the CP asymmetry times the number
of Ni over the entropy density before the Ni decayed, i.e. η = 1. However,
the efficiency factor can be much smaller than one, if they are not fully out-
of-equilibrium while decaying, and/or if there are at this epoch L-violating
processes partly in thermal equilibrium. The processes which can put the
Ni in thermal equilibrium and/or violate L are the inverse decay process
and ∆L = 1, 2 scatterings. To avoid a large damping effect, it is necessary
that these processes are not too fast with respect to the Hubble constant.
For the inverse decay process (which is the most dangerous process, see e.g.
the discussion of Ref.6), this gives the condition: ΓNi

/H(T " MNi
) ≤ 1

with H(T ) =
√

4π3g∗/45T 2/MPlanck. In practice to calculate η we need to
put all these processes in the Boltzmann equations7,8 which allow a precise
calculation of the produced lepton asymmetry as a function of the temper-
ature T . The corresponding efficiency factor including finite temperature
effects can be found in Ref.8 in the limit where the right-handed neutri-
nos have a hierarchical spectrum MN1

<< MN2,3
. In this limit only the
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Figure 1. One-loop diagrams contributing to the asymmetry from the Ni decay.
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  first in type-I

1) The CP-asymmetry (averaged      produced per     decay)∆L Ni

The 3 leptogenesis ingredients

nL

s
= εNi ·

nNi

s

∣∣∣
T>>MNi

          Fukugida, Yanagida ’86
           Liu, Segré ’93; Flanz et al ’94; 

                     Covi, Roulet, Vissani ’94, Pilaftsis ’97

YL ≡



2) The efficiency     :                 

η ∼ 1 ← out-of-equilibrium
η << 1 ← thermal equilibrium

can be obtained integrating the Boltzmann equations:                
YL = (nl − nl̄)/s
YN = nN/s
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=

(
1− YN

Y EQ
N

)
· γD

H(T = MN )
s

z

dYL

dz
= εN ·

( YN

Y EQ
N

− 1
)

· γD

H(T = MN )
− 2

YL

Y EQ
l
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each decay produces a 

each inverse decay produces a 

∆L = εN

∆L = −εN

if more   than   : more                            processes than      l H → N → l̄ H∗ l̄ H∗ → N → l Hl l̄

main condition to avoid an efficiency suppression: ΓTOT
N < H(T = MN )
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The 3 leptogenesis ingredients
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· η

N decays partly in thermal equil.

and/or washout of L asym.

η



3) The L to B conversion from SM sphalerons:                 

above the EW scale B+L violating but B-L conserving 

SM sphalerons are in thermal equilibrium

put B+L to        but conserving B-L:∼ 0

(B + L)Fin ∼ 0
(B − L)Fin = (B − L)In

BIn = 0 } BFin ∼ −LFin ∼ −
LIn

2

nB

s
= (8.82 ± 0.23) · 10−11 WMAP

The 3 leptogenesis ingredients
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Two intriguing numerical coincidences

 The seesaw state mass (slight) coincidence: 

                 this scale is determined by the totally independent value  
  of           , fits well with seesaw expectations

Ni εN1 ≤ MN1

3

8π

1

v2

√
∆m2

atm

nB/s

a much larger value of          and/or much 
       smaller neutrino mass scale would fit much less

nB/s

for a quasi-degenerate spectrum of     instead: resonance occurs:       not bounded    

MN1 ! 4 · 108 GeV

Ni εN1

 for a hierarchical spectrum of     :

by value of       or MN1
mν

bounded from below only by sphaleron decoupling scaleMN1

          Davidson, Ibarra ’02,....
MN1 << MN2,3

MN1 ∼ MN2

MN1 ∼ TeV perfectly possible                     Pilaftsis ’97; ’99; Pilaftsis, Underwood ’05; ...; 
       Dev, Millington, Pilaftsis, Teresi ’14

          see D. Teresi’s and P.Millington talks



Two intriguing numerical coincidences

 The neutrino mass scale value versus electroweak and Planck scales coincidence

   given the                        direct bound or the                        cosmology bound

ΓN1/H(T = MN1) ≤ 1

 in full generality: ΓN1/H(T = MN1) ≥ mMin
ν /10−3 eV

mMin
ν ! 0.2 eVmMin

ν < 2.2 eV

the washout from inverse decays is naturally limited 
is not much violated

10−3 eV ! 17 · 8π · v2/MPlanck

                               real coincidence because              scale is determined by 
      independent e-w scale and Planck scale

10−3 eV

mν ∼ KeV                              for example                  would have given quite large washout

∝ |YN1i |2MN1 ∝
Y 2
N1i

MN1
∝ M2

N1

                              N.B.: no much relevant at all upper bound on       from successful leptogenesis conditionmν

         TH, Lin, Notari, Papucci, Strumia ’04

         Abada, Davidson, Josse-Michaux, Losada, Riotto ’06

         Buchmuller, Di Bari, Plumacher ’02,’03



Flavor effects in leptogenesis

                                so far all results were obtained by just counting the number of lepton created 
                           and destroyed independently of whether the lepton is of          or     type

              a single Boltzmann equation for total lepton number

                    justified for                    :                 indistinguishable in the thermal bathT ! 1012 GeV e−, µ−, τ−

                    same gauge interactions                          SM charged Yukawa interactions out of equil.

                                                                 the      which couples to a single                                        flavour combination 
                                                   creates leptons in this combination which remains coherent afterwards 

                    one has just to count the number of    created and destroyed    
  

N1 l̃ ∝ YN1ee+ YN1µµ+ YN1τ τ

l̃
                    a single Boltzmann 

       equation!

e, µ τ



Flavor leptogenesis: flavor discrimination by thermal bath

                    However: for                     :                            SM     Yukawa interaction enters into thermal equilibr.

                                                                 (i.e. via its     component  of the                                        can undergo a SM Yukawa interaction: breaksl̃ ∝ YN1ee+ YN1µµ+ YN1τ τ

T ! 1012 GeV τ

τ
                                                                  the coherence of     state, but this is really effective only once     inverse decay rate becomes slowerl̃

                    each one with its flavour asym.

εNα ≡ Γ(N → LαH)− Γ(N → L̄αH̄)

ΓTot
N

α = τ, e+ µ

N

         Blanchet, Di Bari, Raffelt ’06

 if                         ,  SM     Yukawa interactions do occur

ΓSM
τ > H

ΓSM
τ > ΓN−decay τ

   the thermal bath distinguishes     
  flavor from          flavor τ e+ µ

      2 Boltzmann equat.: one for number
    of     and one for number of    and τ e µ

than     Yukawa rate, so that decoherence has time to occur before an inverse decay occurs)τ

                    Similarly for                     :                            T ! 109 GeV ΓSM
µ > H ....... 3 Boltzmann equations, for    , for     and forτ µ e

                                        Abada, Davidson, Josse-Michaux, Losada, Riotto ’06
         Nardi, Nir, Roulet, Racker ’06

                               Abada et al. ’06; Blanchet, Di Bari, Raffelt ’06
De Simone, Riotto ’06,  

                                      ...............



Flavor leptogenesis typical effects

                    example: if     decays much faster than    : N

Yτ

          not washed out even if 

H

- in two flavor case: possibility of less washout        

Γ(N → Le+µH) >> Γ(N → LτH)

- in one flavor approx.: strong washout             

e.g. if                                                the     asymmetry is 

     Barbieri, Creminelli, Strumia, Tetradis ’99; 
Pilaftsis ’05,;Pilaftsis, Underwood ’05;

                                   Abada, Davidson, Josse-Michaux, 
    Losada,                                Riotto ’06; Nardi, Nir, Roulet, Racker ’06

                                                   Abada et al. ’06; Blanchet Di Bari, Raffelt ’06
                                         Pascoli, Petcov, Riotto ’07; Aristizabal, 

Alfredo                                     Munoz, Nardi ’09;  Garbrecht et al ’09,’11
............

ΓN

H(T = mN )
>> 1Flavor hierarchy effect:

ΓN

H(T = mN )
>> 1

large flavor effects if strong washout regime ΓN

H(T = mN )
>> 1

as a result essentially no effect on                            boundMN1 ! 4 · 108 GeV

                   “       -leptogenesis”: in one flavor approxim. leptogenesis dominated by      decaysN2,3 N1

                   L asym. created by        washed-out by      Yukawa interactionsN2,3 N1

                   not true anymore with flavor if the        mostly couple to different flavorsN ′
is

                   Initial condition dependence: in one flavor approx. any preexisting L asym would be very easily

erased by         Yukawa interactions, not true anymore with flavor         initial cond. dependence! N ′
is

                   CP-violating phase dependence: in one flavor approx. only 3 high-energy seesaw phases count
                   with flavor: extra dependence on 3 low energy seesaw phases 

                   including              measurable in    -oscillationsδPMNS ν

              Vives ’05; Engelhard, Grossman, Nardi, 
Nir ’06; Blanchet, Di Bari ’08

              Bertuzzo, Di Bari, Marzola ’11



Flavor Leptogenesis: new flavor breaking L conserving CP asymmetries

                     L conserving (pure flavor) asymmetries
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with ∆M2
ij = M2

Nj
− M2

Ni
. The factors Sj (Vj) comes from the one-loop

self-energy (vertex) contribution to the decay widths, Fig. 1. The Ij factors
are the CP-violating coupling combinations entering in the asymmetry.

2.2. The Efficiency Factor

Once the averaged ∆L produced per decay has been calculated, the sec-
ond ingredient to consider is the efficiency factor η. This factor allows to
calculate the lepton asymmetry produced from the CP-asymmetry,

nL

s
= εNi

YNi
|T>>MNi

η , (5)

where YNi
= nNi

/s is the number density of Ni over the entropy density,
with YNi

|T>>MNi
= 135ζ(3)/(4π4g∗) where g∗ = 112 is the number of de-

grees of freedom in thermal equilibrium in the “type-I” model before the Ni

decayed. If all right-handed neutrinos decay out-of-equilibrium, the lepton
asymmetry produced is just given by the CP asymmetry times the number
of Ni over the entropy density before the Ni decayed, i.e. η = 1. However,
the efficiency factor can be much smaller than one, if they are not fully out-
of-equilibrium while decaying, and/or if there are at this epoch L-violating
processes partly in thermal equilibrium. The processes which can put the
Ni in thermal equilibrium and/or violate L are the inverse decay process
and ∆L = 1, 2 scatterings. To avoid a large damping effect, it is necessary
that these processes are not too fast with respect to the Hubble constant.
For the inverse decay process (which is the most dangerous process, see e.g.
the discussion of Ref.6), this gives the condition: ΓNi

/H(T " MNi
) ≤ 1

with H(T ) =
√

4π3g∗/45T 2/MPlanck. In practice to calculate η we need to
put all these processes in the Boltzmann equations7,8 which allow a precise
calculation of the produced lepton asymmetry as a function of the temper-
ature T . The corresponding efficiency factor including finite temperature
effects can be found in Ref.8 in the limit where the right-handed neutri-
nos have a hierarchical spectrum MN1

<< MN2,3
. In this limit only the
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Figure 1. One-loop diagrams contributing to the asymmetry from the Ni decay.

∗ ∗

                   gives no contribution in one-flavor approx:
∑

k

ε !FNk
= 0

                         but has in reality a non-zero contribution: if 

m2
N1

m2
N2,3

                                                  except in setups with approximate lepton number violation where it can 
                                         give the dominant contribution and lead to successful leptogenesis 

“Purely flavored leptogenesis”      Aristizabal Sierra, Losada, Nardi ’08
     Aristizabal Sierra, Munoz, Nardi ’09

 Gonzalez-Garcia, Racker,Rius ’09

generically subleading because suppressed by a           factor 

εF/τ = −εF/e+µ "= 0

εF/α ≡ Γ(N → LαH)− Γ(N → L̄αH̄)

ΓTot
N

                            can be not 
                              washed out

                                can be largely 
                              washed out

                                 a net L asym.
                         remains

(not so easy to cook in type-I but possible)



A series of additional ingredients

Finite temperature corrections            mostly important for                  : weak washout regimeT >> MN
ΓN

H

∣∣∣
T=MN

<< 1

“Spectator effects”: through SM Yukawa interact. a part of 

      has Yukawa interact. with 

has sphaleron interact.
N ′s       has no Yukawa interact. with 

has no sphaleron interact.
N ′s

left-handed lepton asym. created is transferred to right-handed asym.

CP-violating contribution of scattering processes            mostly relevant for                        :T >> MN

                            mostly (mildly) relevant for 
                               weak washout regime where
                               kinetic equilib. is not reached

l N ↔ b t̄, ...

Deviation from Maxwell-Boltzmann momentum distribution effect

Quantum Boltzmann equation treatment:

           mostly relevant: - for weak washout regime                      ΓN

H

∣∣∣
T=MN

<< 1

           - for quasi-degenerate case: MN1 −MN2 ! ΓN1,2

         Buchmüller, Fredenhagen ’00
De Simone, Riotto ’07

                   Cirigliano, Isidori, Masina, Riotto, ’08
                                  Anisimov, Buchmüller, Drewes, Mendizabal ’08

                             Garny, Hohenegger, Kartavtsev, Lindner ’09
                 Garny, Hohenegger, Kartavtsev, ’11

   Garbrecht, Herranen ’11
                        Cirigliano, Lee, Ramsey-Musolf, Tulin ’13,

                        Bhupal Dev, Millington, Pilaftsis, Teresi ’14
   .........

Abada, Davidson, Ibarra, Josse-Michaux, Riotto ’06; Fong, Gonzalez-Garcia, Racker ’11

Basboll, Hannestad ’07; Hahn-Woernle, Plumacher, Wong ’09; Garayoa, pastor, Pinto, Rius, Vives ’09

              Barbieri, Creminelli, Strumia,   
        Tetradis ’98; Buchmuller,      

          Plumacher ’01;Nardi, Nir,    
            Racker, Roulet ’06;  Abada, 

Josse-Michaux ’07

             Covi, Vissani ’97
              Giudice et al ’03

                                       Garbrecht, Prokopec, Schmidt ’04 
                             Kiessig, Plumacher ’11, ......

see D. Teresi and  
 P. Millington talks            takes into account memory effects, off-shell effects, 

finite density effects, flavor oscillations, decoherence



An alternative scenario: leptogenesis from     oscillations

3 step scenario:

1) Creation of right-handed neutrinos after reheating:

2)     oscillations: 

L ! YNa l̄aNRaH +
1

2
MNabN

c
RaNRb

diagonal Yukawa matrix basis

nNA = nN̄A
, nNB = nN̄B

, nNC = nN̄C
,

no L asymmetry at this stage

N NA ↔ NB , NA ↔ NC , NB ↔ NC ,

CP-violation in MNab

N̄A ↔ N̄B , N̄A ↔ N̄C , N̄B ↔ N̄C ,

nNA != nN̄A
, nNB != nN̄B

, nNC != nN̄C
,

nNA + nNB + nNC = nN̄A
+ nN̄B

+ nN̄C

but still with L approximately conserved:

         Akhmedov, Rubakov, Smirnov ’98

N



3) Assume: - on the one hand: YNA,B large enough for                     before  sphaleron decoupling:
Tsphaleron ! 140 GeV

nNA,B − nN̄A,B

nl − nl̄

asymmetries

lepton asymmetry

nb − nb̄ baryon asymmetry

ΓY uk.
NA,B

> H

Yukawa interact.

sphalerons

nl − nl̄

asymmetry

lepton asymmetry

nb − nb̄ baryon asymmetry

Yukawa interact. but only at                               when           

sphalerons

ΓY uk.
NC

< H

nNC − nN̄C

T < Tsphaleron NC

disappear by decaying to leptons

small enough for                    before  sphaleron decoupling:YNC

= −(nNA − nN̄A
)− (nNB − nN̄B

)

final net baryon asymmetry

 - on the other hand:

         Akhmedov, Rubakov, Smirnov ’98

An alternative scenario: leptogenesis from     oscillationsN



In practice: requires:        masses small:N

Ni ↔ N̄i                    processes 

1GeV ! mNA,B,C ! 100GeV

to avoid too fastto avoid        are
                    decaying during BBN

N ′s

                    putting                  asym. to nNi − nN̄i

Yukawa couplings in agreement with neutrino mass constraints

recently reconsidered in details with flavor effects included,....

works very well in multi GeV range

         Drewes, Garbrecht ’13

An alternative scenario: leptogenesis from     oscillationsN

0



Type-III leptogenesis: decays of fermion triplets:

                                               - generation of     masses unchanged:ν

>>
Σ0

i

νLj νLk

h h

Σ0
i ↔ Ni

                                               - leptogenesis diagrams involve both neutral and charged seesaw states:
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with ∆M2
ij = M2

Nj
− M2

Ni
. The factors Sj (Vj) comes from the one-loop

self-energy (vertex) contribution to the decay widths, Fig. 1. The Ij factors
are the CP-violating coupling combinations entering in the asymmetry.

2.2. The Efficiency Factor

Once the averaged ∆L produced per decay has been calculated, the sec-
ond ingredient to consider is the efficiency factor η. This factor allows to
calculate the lepton asymmetry produced from the CP-asymmetry,

nL

s
= εNi

YNi
|T>>MNi

η , (5)

where YNi
= nNi

/s is the number density of Ni over the entropy density,
with YNi

|T>>MNi
= 135ζ(3)/(4π4g∗) where g∗ = 112 is the number of de-

grees of freedom in thermal equilibrium in the “type-I” model before the Ni

decayed. If all right-handed neutrinos decay out-of-equilibrium, the lepton
asymmetry produced is just given by the CP asymmetry times the number
of Ni over the entropy density before the Ni decayed, i.e. η = 1. However,
the efficiency factor can be much smaller than one, if they are not fully out-
of-equilibrium while decaying, and/or if there are at this epoch L-violating
processes partly in thermal equilibrium. The processes which can put the
Ni in thermal equilibrium and/or violate L are the inverse decay process
and ∆L = 1, 2 scatterings. To avoid a large damping effect, it is necessary
that these processes are not too fast with respect to the Hubble constant.
For the inverse decay process (which is the most dangerous process, see e.g.
the discussion of Ref.6), this gives the condition: ΓNi

/H(T " MNi
) ≤ 1

with H(T ) =
√

4π3g∗/45T 2/MPlanck. In practice to calculate η we need to
put all these processes in the Boltzmann equations7,8 which allow a precise
calculation of the produced lepton asymmetry as a function of the temper-
ature T . The corresponding efficiency factor including finite temperature
effects can be found in Ref.8 in the limit where the right-handed neutri-
nos have a hierarchical spectrum MN1

<< MN2,3
. In this limit only the
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Figure 1. One-loop diagrams contributing to the asymmetry from the Ni decay.

∗∗
Σ−,0,+

1 Σ−,0,+
1

Σ−,0,+
k Σ−,0,+

k

                                               - important difference: gauge scatterings:

>>
Σ−,0,+

1

Σ−,0,+
1

Σ−,0,+
1

Σ−,0,+
1

> >

f̄ ,W−

f,W+

W,Z

W,Z

>

>

> W,Z, γ

                                               are in thermal equilibr. for T ! 1013,14 GeV

                                               number of gauge scatter. per time per unit volume:
                                               number of decay per time per unit volume: γD

γA

                                               asymmetry produced suppressed by            factorγD/γA

                                                    TH,Lin,Notari,Papucci,Strumia ’03

Σi ≡ (Σ+
i ,Σ

0
i ,Σ

−
i )



Type-III seesaw bounds

Hierarchical      mass spectrum:

Quasi-degenerate      mass spectrum:

mΣ > 1.5 · 1010 GeV

mΣ > 1.6TeV mΣ ! 1TeVis above LHC reach:

Σ

Σ

                                                    TH,Raidal,Strumia ’06

                                                    Strumia ’09

                                                    TH,Lin,Notari,Papucci,Strumia ’03

                                                    Franceschini, TH, Strumia ’07, ...

    PS: flavor effects work the same way as in type-I except that when                they areγA > γD

totally irrelevant (gauge scattering are flavor blind)
                                                    Aristizabal, Kamenek, Nemvesek,  ’10

TH ’12



Type-II leptogenesis: decays of a scalar triplet:

                                              different from type-I leptogenesis in quite many respects:

∆L = (∆++
L ,∆+

L ,∆
0
L)

                                              - a single seesaw state        can account for all     masses from 2 types of couplings∆L ν

>>
νLj νLk

h h

∆L

Y∆

µ∆

                                              - a single seesaw state       cannot account for leptogenesis∆L

                                             need for another (heavier) seesaw state

                                             a second ∆L : ∆L1,∆L2                                             fermion singlet(s): ∆L +Ni

                                             L-R and SO(10) models

 (unlike type-I and III)

 (like type-I and III)

                                             in the hierarchical limit
m∆L1 << m∆L2 ,mNi

•Mνkl                                             from any heavier source of        : mν ∆L2 , Ni, ...

                                                    Ma, Sarkar ’98

                                                    TH, Raidal, Strumia ‘06

                                                    TH, Senjanovic ’03

                                                   TH, Ma, Sarkar ’02

                                                    Antusch, King ‘04

                                                    TH, Raidal, Strumia ‘06



Type-II leptogenesis: decays of a scalar triplet:

                                              - a       is not a self-conjugate particle multiplet∆L

 (unlike type-I and III)

                                              one more Boltzmann equation: for              n∆ − n∆̄ asymmetry

 doesn’t change the typical leptogenesis scale:

m∆ > 3 · 1010 GeV

m∆ > 1.6TeV

 Hierarchical mass spectrum:                                            :m∆L1 << m∆L2 ,mNi

m∆L1 ∼ m∆L2 Quasi-degenerate mass spectrum:                               :

 but does change a lot the asym. creation dynamics!

 creation of a            asym. first,  reprocessed in a    asym. later on∆− ∆̄ L

 allows to avoid any efficiency suppression: if Br(∆L → LL) >> Br(∆L → HH)

                                                    TH, Raidal, Strumia ’06

                                                    Strumia ’09

                                                    TH,Raidal,Strumia ’06

∆L = (∆++
L ,∆+

L ,∆
0
L)



Type-II leptogenesis: flavor effects

                                             highly complex interplay of Boltzmann equations

                                             one example of interesting flavour feature for the case with a second scalar triplet:
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Figure 1: Tree-level and one-loop Feynman diagrams responsible for the flavored CP asym-
metry ε!i∆α

in the pure type-II seesaw scenario.

with Bα
! and Bα

φ standing for the ∆α triplet decay branching ratios to lepton and scalar
final states:

Bα
! =

∑

i=e,µ,τ

Bα
!i =

∑

i,j=e,µ,τ

B!ij =
∑

i,j=e,µ,τ

m∆α

8πΓTot
∆α

|Y ij
α |2 ,

Bα
φ =

|µ∆α |2

8πm∆αΓ
Tot
∆α

, (12)

where of course the relation Bα
! + Bα

φ = 1 holds. As can be seen directly from Eqs. (10)
and (11), for fixed m̃∆α and m∆α , Γ

Tot
∆α

exhibits a minimum at Bα
! = Bα

φ = 1/2. Thus,
the farther we are from Bα

! = Bα
φ = 1/2, the faster the scalar triplet decays.

2.2 CP asymmetries in triplet decays

As already pointed out, the one-loop corrections to the tree-level decay depend on the
details of the corresponding model. In purely triplet models, that is to say models entirely
determined by the Lagrangian in (2), the corrections to the leptonic tree-level decay
mode involve only wave-function type corrections [12]. The CP asymmetry follows from
the interference between the tree-level and wave-function corrections shown in Fig. 1, it
therefore consists of two pieces: a lepton number and flavor violating one (scalar loops)
and a purely flavor violating part (lepton loops). The total flavored CP asymmetry in ∆α

decays can then be written as

ε!i∆α
= ε!i( !L,!F )

∆α
+ ε!i( !F )

∆α
, (13)

where the two pieces read

ε!i( !L,!F )
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Y †
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) , (14)

ε!i( !F )
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2π

∑

β !=α

m2
∆α

Im
[(
Y †
αYβ

)
ii
Tr[YαY

†
β ]
]

m2
∆α

Tr[YαY
†
α ] + |µ∆α |2

g(m2
∆α

/m2
∆β

) , (15)

with

g(x) =
x(1− x)

(1− x)2 + xy
(16)
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As already pointed out, the one-loop corrections to the tree-level decay depend on the
details of the corresponding model. In purely triplet models, that is to say models entirely
determined by the Lagrangian in (2), the corrections to the leptonic tree-level decay
mode involve only wave-function type corrections [12]. The CP asymmetry follows from
the interference between the tree-level and wave-function corrections shown in Fig. 1, it
therefore consists of two pieces: a lepton number and flavor violating one (scalar loops)
and a purely flavor violating part (lepton loops). The total flavored CP asymmetry in ∆α

decays can then be written as
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                                             L conserving, flavour violating CP asym.                                             L violating, flavour violating CP asym.

εF/ij ≡
Γ(∆ → LiLj)− Γ(∆̄ → L̄iL̄j)

ΓTot
∆ + ΓTot

∆̄

εL/ij ≡
Γ(∆ → LiLj)− Γ(∆̄ → L̄iL̄j)

ΓTot
∆ + ΓTot

∆̄

>>

        as soon as the      couple more 
to leptons than to scalars 

Y∆αmn

µ∗
βµα

∝ Y 4
∆ ∝ Y 2

∆
µ2

m2
∆

∆

 Purely Flavoured Leptogenesis generically dominant for a very large part of parameter space

                                                    Aristizabal, Dhen, TH 14
                                                    Felipe, Joachim, Serodio 13

Y ∗
∆βij

Y∆βij Y∆βij



Type-I+ Type-II: contribution of      to     CP-asymmetry∆L N

                                             L-R and SO(10) models

                                             if                       the     decays dominate naturally leptogenesis
but still there is a triplet contribution to the CP-asymmetry

MN << m∆ N
Leptogenesis: beyond the minimal type I seesaw scenario 7

Figure 3. Diagram contributing to the asymmetry created by the decay of a ∆L

if there are several scalar triplets or a N . The third diagram also contribute to the
asymmetry of a N in presence of a heavier scalar triplet.

of the decaying state, i.e. if the heavy states have a hierarchical mass spectrum

(as quarks and leptons in the SM), the contribution of this virtual state can be

fully parameterized by its contribution to the neutrino mass matrix (neglecting the

charged lepton mass effects). The CP-asymmetry is proportional to it. This stems

from the simple argument that the CP asymmetry comes from the absorptive part

of the loop diagram, where particles inside the loop are on-shell. Therefore, to

calculate the absorptive part, the heavy intermediate state can be integrated out,

even though there is a loop diagram. As a result the CP asymmetry is necessarily

proportional to the neutrino mass matrix induced by the heavy states, since in the

effective Lagrangian picture all the L violation is encoded in the single Weinberg

operator, no matter what is the heavy state [23]. This can be clearly seen from the

one loop diagram which all have as subdiagram one of the seesaw diagram of Fig. 1.

Moreover, since both tree level and one loop diagrams, put together, form a closed

loop, the L violation from the heavy state must be accompanied by L violation from

the decaying heavy state, which in order to close the loop can come only through

the combination of Yukawa couplings producing the neutrino masses. This implies

that the asymmetry must be proportional to the neutrino mass matrix induced by

the decaying state too.‖ Therefore, for the 3 possible types of decaying particles

one gets a CP asymmetry quadratic in neutrino mass matrix contributions and

inversely proportional to v4ΓD, where ΓD is the total decay width of the decaying

state. This means that an extra M3
D factor must come, with MD the mass of the

decaying state. For instance, for the 3 seesaw cases, we get the simple form:

εN = − 3

32π2

m3
N

ΓNv4
Im[(MN

ν )βα(MH
ν )

†
αβ] (3)

ε∆ = − 1

16π2

m3
∆

Γ∆v4
Im[(M∆

ν )βα(MH
ν )

†
αβ] [81, 30] (4)

εΣ = − 1

32π2

M3
Σ

ΓΣv4
Im[(MΣ

ν )βα(MH
ν )

†
αβ] [7] (5)

‖ Note nevertheless that obviously the decaying state, being on-shell, cannot be integrated-out, which
means that the numerical prefactor in front of both neutrino mass matrices in the CP asymmetry
has no reason to be the same in the 3 cases. Both the kinetic and mass terms of the decaying state
contribute and SU(2)L index contractions can be different.

can easily be dominant (e.g. if        dominated by type-II contribution)
and lead to successful leptogenesis

mν

                                                    TH, Senjanovic ’03

                                                    see also Antusch, King ’04



susy

SUSY seesaw leptogenesis works the same way as non-SUSY case up to factors of O(1)

What about SUSY for leptogenesis?

in addition it allows new scenarios: “Soft leptogenesis”

right-handed sneutrinos soft terms bring 
  new source of L violation and CP violation

Lsoft ! (−AYNiαÑi l̃αHu − 1

2
BMiÑiÑi + h.c.)− M̃2

ijÑ
∗
i Ñj
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Fig. 1. Feynman diagrams contributing to the RHSN self-energies at one-loop.
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Fig. 2. Feynman diagrams contributing to the RHSN decay vertex at one-loop.

Ignoring thermal effects and taking into account only the mass splitting in the
decay width and amplitudes, Eq. (23) becomes

εα(T = 0) =

∑

i=±,aα

(
|Âaα

i |2 − |Âāα

i |2
)
/Mi

∑

i=±,aβ ,β

(
|Âaβ

i |2 + |Âāβ

i |2
)
/Mi

, (24)

where Âaα

i is the amplitude for the decay of Ñi into aα.
To fully account for finite temperature corrections several different effects must

be considered:

(A) Thermal corrections to (s)leptons and Higgs(inos) propagators,
(B) Final state statistical factors,
(C) Thermal masses of (s)leptons and Higgs(inos),
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Ignoring thermal effects and taking into account only the mass splitting in the
decay width and amplitudes, Eq. (23) becomes

εα(T = 0) =
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(
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|Âaβ

i |2 + |Âāβ
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where Âaα

i is the amplitude for the decay of Ñi into aα.
To fully account for finite temperature corrections several different effects must

be considered:

(A) Thermal corrections to (s)leptons and Higgs(inos) propagators,
(B) Final state statistical factors,
(C) Thermal masses of (s)leptons and Higgs(inos),

CP asymmetry from 1-loop self energy and vertex diagrams 
  

can work typically within the range: 103 GeV ! mÑ ! 109 GeV

                       D’Ambrosio, Giudice, Raidal ’03; 
                         Grossman, Kashti, Nir, Roulet ’03; 

                                    

Boubekeur ’02; 

                       D’Ambrosio, Giudice, Raidal ’03; 
                         Grossman, Kashti, Nir, Roulet ’03; 

                                    

see recent review: Fong, Gonzalez-Garcia, Nardi ’12 

D’Ambrosio, TH, Hektor, Rossi, Raidal ’04; 



Testing low scale leptogenesis at colliders?

by producing low scale seesaw states at colliders?

                    type-I: very difficult:
Yukawa couplings are expected far too small  to allow     production

production mechanisms other than Yukawa

                    type-II and type-III: Drell-Yan pair production mechanisms

                       problem: production interactions tend to thermalize
                      the seesaw state            leptogenesis suppressions!

SM gauge interact, for type-II and III: m∆,Σ > 1.6TeV

too large for LHC

 production via     : similar bounds as for type-II/IIIZ ′N

 production via        : much more dramatic thermalization effect!N WR

(a)

(b)

(c)

(d)

Figure 1: Scatterings involving the WR.

cross sections:
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!
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 involves only one heavy external state instead of two
 only one Boltzm. suppression power instead of 2
 scattering is never slower than the decay mWR ! 18TeV

                                                    Frère, TH, 
                                                           Vertongen ‘07

                                         see Plumacher et al, 
                                           Frère et al, Babu et al
                                           Fileviez-Perez et al,...

N
YN ∼ 10−6 for MN ∼ 1TeV

in special cases larger       are allowed,YN

allowing      production + observable charged lepton flavor violationN
µ → eγ
µ → eee

RAl
µ→e, ...

Dev, Millington, Pilaftsis, Teresi ’14

                                               see J. Harz talk
 L-violating signal observation at LHC would lead to lower bound on washout



High scale leptogenesis tests?

in SUSY neutrino mass matrix knowledge and rare lepton flavour violating processes

allows to reconstruct in principle the full seesaw lagrangian 

the model can be overconstrained by the baryon asymmetry constraint

but basically impossible to do in practice and based on the difficult to 

test assumption of universality of soft terms

in specific GUT models one can have a closer relation between neutrino data and

leptogenesis: we miss a successful example of one-to-one correspondance

                e.g. normalization factors as overall seesaw scale are left 
     free and leptogenesis crucially depends on them

        Davidson, Ibarra ’03

                             or as well known if neutrinos are proven to have inverted hierarchy 
                                            or quasi-degenerate with no corresponding           signal, usual seesaw falsified0ν2β

        see for example Frigerio, Hosteins, Lavignac, Romanino ’08



Leptogenesis at TeV scale with non seesaw neutrino mass sources

several mechanisms: - resonance
- hierarchy of     -violating couplings with radiative neutrino masses
- 3-body decays with radiative neutrino masses

L

- ....
- radiative seesaw neutrino masses

                                                   TH ’02

                                                   TH ’02

                                                   Ma ’07; TH, Ling, Lopez-Honorez, Rocher ’08; Gu, Sarkar ’08

many possibilities: -               : - 3-body decays Ni + S+

- hierarchy of couplings

                                               TH ’02

                                                   Frigerio, TH, Ma ’02

- 4th generation of leptons: hierarchy of couplings                                                  Abada, Losada ’03

- soft leptogenesis: - resonance
- hierarchy of couplings with radiative mν

                                                   Boubekeur ’02; Giudice et al. ’03; Grossman et al ’04; 
              TH, March-Russel, West ‘04

                                                  Boubekeur, TH, Senjanovic ’04

-     type CP-violationε′                                                  Grossman, Kashti, Nir, Roulet ’04

-       + Dark Matter inert Higgs doublet: hierarchical couplings
                                                   Ma ’07; TH, Ling, Lopez-Honorez, Rocher ’08; Gu, Sarkar ’08

Ni

-  scalar singlet + scalar triplet

-  scalar singlet + extra fermion triplet

-  .....

                                                   Gu, He, Sarkar, Zhang ’09

                                                   Patra ’09

-       + various scalarsNi                                                 Fong, Gonzalez-Garcia, Nardi, Peinado ’13

Some of these models are testable to a large extend at the price of giving up the seesaw and/or adding new fields



SummaryVery short conclusion

                                                                               Despite of the fact that to test leptogenesis remains a really tough problem,
                                                       even more difficult than to test the seesaw, leptogenesis 

                                                                                   remains very well motivated and the most straightforward explanation
                                            we have for the baryon asymmetry of the Universe

                   could have been very well realized in Nature!









Flavour leptogenesis: spectator process effects

     Nardi, Nir, Racker, Roulet ’06

                    even quark Yukawa interact. have 
                    an effect when in thermal equili‐

                           brium through  asym. redistribution

                    quite moderate effect

                    “spectator processes”

                    L asymmetry created in left‐handed lepton sector

                    part of L asymmetry transferred to right‐handed leptons

>
>>

>
>

N

lL, νL

H+, H0

lL, νL

H0∗, H−

lR

                    ‐ do not inverse decay to
                    ‐ do not undergo sphaleron transitions

N

                            only a part of  L asym. is
                                active in Boltzm. equat.

T ∼ 1015 GeV

T ∼ 1012 GeV

T ∼ 109 GeV

T ∼ 105 GeV

                    top Yukawa in therm. equil.

                    b, c, tau Yukawa, QCD instantons, 
                sphalerons in therm. equil.

                    s, muon Yukawa in thermal equil.

                    d, u, e in thermal equil.



Given the neutrino data: no relevant bound on        from leptogenesismν

 If for example                           the          are highly degeneratemν = 2.2 eV mνi

                                      to get such a          spectrum it is much
easier to assume 

mνi

MN1 ! MN2 ! MN3

               a resonance occurs in the asymmetry

               leptogenesis easily successful

mν ∼ Y T
N

1

MN
YN v2

         TH, Lin, Notari, Papucci, Strumia ’03

 An upper bound only if the       have hierarchical spectrum:Ni

         Buchmüller, Di Bari, Plumacher ’02, ’03
    Giudice, Notari, Raidal, Strumia ’03

      TH, Lin, Notari, Papucci, Strumia ’03

mν ≤ 0.12 eV

               2 suppression effects in this case

               washout        when        ↗ mν ↗                     when        mν ↗εN ↘

ΓN1/H(T = MN1) ≥ mMin
ν /10−3 eV εN1 ≤ MN1

3

8π

1

v2
∆m2

atm

mν3 +mν1

         Davidson, Ibarra ’02

                                 the                              one‐flavor bound for         hierarchical spectrum can be      
        largely relaxed (but was for an unlikely situation anyway)

mν ! 0.12 eV Ni
                                                   Riotto et al. ’06



Flavour leptogenesis: mass bounds with flavour

the                                              bound essentially unaffected •

                                 the                              one‐flavor bound for         hierarchical spectrum can be      
        largely relaxed (but was for an unlikely situation anyway)
•

MN1 ! 4 · 108 GeV

mν ! 0.12 eV Ni

                                                   see Antusch, Blanchet, Blennow, Fermandez-Martinez ’10
           Racker, Pena, Rius ’12

                                                   Riotto et al. ’06



                    effect of low energy phases: in one flavor approx. leptogenesis depends 
                                                            only on the 3 high energy phases

        with several flavours it depends in addition on 
the 3 low energy phases (in PMNS matrix)

        with flavour the PMNS Dirac phase alone can lead to successful leptogenesis

                                 without flavour such a non zero phase would also basically
                                 imply leptogenesis because no reason from the UV physics        

                                                point of view to have only the low‐energy phases: UV doesn’t care 
                 about low energy phenomenological phase values

 Pascoli, Petcov, Riotto ’06

Flavour leptogenesis:  effect of low energy PMNS phase



Flavour leptogenesis:        leptogenesis

                 “     leptogenesis”: in one flavour approx: asym. created by            very easily washed out by 

                    not true anymore with several flavours for special cases 
             with different flavour hierarchies between various 

N2,3 N1N2

Ni

              Vives ’05; Engelhard, Grossman, Nardi, 
Nir ’06; Blanchet, Di Bari ’08

                    interesting for SO(10) models which in simplest version give

mN1 < 108 GeVmN1 << mN2 << mN3

N2



Gauge scattering thermalization effect

∆∆̄ ↔ W+W−, ZZ, f f̄ , ...

ΣΣ̄ ↔ W+W−, ZZ, f f̄ , ...
put the             into thermal equilibrium∆, Σ

suppression effect as long as             gauge scatter before ∆, Σ

it decays, i.e. as long as:  γA

nEq
∆,Σ

! γD

nEq
∆,Σ

Leptogenesis beyond the minimal type I seesaw mechanism 9

gauge scattering, it is convenient to consider the Boltzmann equation for the sum of all

3 triplet components, YΣ ≡ nΣ/s. One gets:

sHz
dYΣ

dz
= −

( YΣ

Y eq
Σ

− 1
)
γD − 2

( Y 2
Σ

Y 2eq
Σ

− 1
)
γA , (12)

sHz
dYB−L

dz
= − γDεΣ

( YΣ

Y eq
Σ

− 1
)
− YB−L

Y eq
l

(γD
2

+ 2γsub
Σ

)
, (13)

In these equations z ≡ mΣ/T is the evolution variable, H = 1.66
√
g!T 2/mP l is the

Hubble constant and the suffix eq denotes the equilibrium value. Y eq
l stands for the

equilibrium number of a two degrees of freedom fermion (Y eq
l = Yγ). The γi are the

reaction densities for the various processes (i.e. the number of reactions occuring per

unit volume per unit time). γD = neq
Σ ΓΣK1(z)/K2(z) is the decay/inverse decay reaction

rate. γsub
Σ comes from the ∆L = 2 scattering processes, LL ↔ H∗H∗ and LH ↔ L̄H∗,

see Ref. [11]. γA is the gauge scattering reaction density from the ΣΣ̄′ ↔, GG′, f f̄ , HH̄

processes, with G(′) all possible gauge bosons. Summing over the 12 SM fermions we

get [11, 26, 22] the following reduced cross section

σ̂A =
6g4

72π

[45
2
β − 27

2
β3 − (9(β2 − 2) + 18(β2 − 1)2) ln

1 + β

1− β

]
(14)

with β =
√
1− 4/x and x = s/m2

Σ and

γ(a b ↔ 1 2) =
T

64 π4

∫ ∞

smin

ds
√
s σ̂(s) K1

(√
s

T

)
. (15)

Since the gauge scatterings do not violate L they appear only in the YΣ Boltzmann

equation, Eq. (12).
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Figure 3. γ/Hneq
Σ and γ/Hnγ thermalization rates, as relevant for Eqs. (12) and (13)

respectively. γD/Hneq
Σ,γ depend only on m̃ whereas γA/Hneq

Σ,γ depend only on mΣ.

In absence of the γA term the efficiency is exactly the same as for the right-handed

neutrinos, except that all interaction rate terms are multiplied by 3. This holds also for

at                                    ,         gets more Boltzmann z = m∆,Σ/T > 1 γA

γDsuppressed than 

before                 (where                    ) ,       suppressed by                γA = γD YL γD/γA

after                 ,        Boltzm. suppressed by little amount ofYL

             remaining               ∆, Σ Y eq
∆,Σ

model and flavor independent bound on  lepton asymmetry produced                                                    TH ’12

YL ! ε∆,Σ

∫ zA

zin

dY Eq
∆,Σ

dz

γD
4γA

dz + ε∆,ΣY
Eq
∆,Σ ! ε∆,Σ Y Eq

∆,Σ(zA) (zA/4 + 1)

 factor              
z ! zA

z ! zA


