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Neutrino mass origin?

appealing explanation: seesaw mechanism

! 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)

Right-handed singlet:
(type-I seesaw)

Scalar triplet:
(type-II seesaw)

Fermion triplet:
(type-III seesaw)
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3 basic seesaw models

requires experimental breakthrough on top of the    mass matrix  
measurements 

ν

leptogenesis



Lepton Flavour Violating processes           (L conserving)

                        expected small in seesaw models: dim-6 operator effect:

µ → eγ, τ → µγ, τ → eγ, µ → eee, τ → lll, µ → e atomic conversion, ...

mν ∼ YN
1

MN
Y T
N v2

if YN ∼ 1, mν = 0.1 eV

e.g. requiresMN ∼ 1014 GeV e.g. requiresYN ∼ 10−6

if MN ∼ 1 TeV, mν = 0.1 eV

                        but not necessarily: inverse seesaw models

Γ(µ → eγ) ∝ Y 4
N

m5
µ

M4
N

very suppressed!!

Γ(µ → eγ) ∝ Y 4
N

m5
µ

M4
N

Ld=6 = Y †
N

1
M2

N

YN (L̄H) /∂(HL)

                        LFV conserve L

                        violate Lmν



                              Approximately L conserving framework

                                    assume a L conserving setup with not too large 
and large Yukawas   

 assume L is broken by a small perturbation    and/or 

no L violation

µ

                          neutrino masses directly proport. 
                       to a small source of L violation
                       and/or     rather than inversely

              proport. to a large mass  

µ

M

Y ′

Y ′

MN ∼ 100 GeV− 100 TeV

YN ∼ 10−2 − 1

mν = 0

mν ∼ 0.1 eV

Br(µ → eγ) ∼ 10−11 ∼ experimental upper limit



Approximately L conserving type-I seesaw model

example with n N  and n N  : 

if       is large,        not too high:                       

INVERSE SEESAW texture
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1 2 LN1 = +1 , LN2 = −1

no L violationmν = 0

Br(µ → eγ) ∼ 10−11 ∼ experimental upper limit

    “inverse seesaw” as in
Mohapatra, Valle ’86    

        Gonzalez-Garcia, Valle ‘89 
                   Branco, Grimus, Lavoura ’89

            Kersten, Smirnov ’07
            Abada, Biggio, Bonnet, 

  Gavela, T.H. ‘07
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soft L breaking

    “inverse seesaw” as in
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Approximately L conserving type-I seesaw model

example with n N  and n N  : 
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If we observe some lepton flavour viol. processes: seesaw?

•
But ways out do exist:

In models where several processes are related to a single        coefficientcij
d=6

independently of         ones in case their ratios are fixed:cij
d=5

following constraints on the εαβ coefficients:3
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YΣ|µe ! 1.1 · 10−4 (32)
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1
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YΣ|τµ ! 1.5 · 10−2 (33)

|εeτ | =
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2
|Y †
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1

M †
Σ

1

MΣ
YΣ|τe ! 2.4 · 10−2 . (34)

Comparison of l→ l′γ and l→ 3l′ decays

The bounds of Eqs. (32)-(34) from l → l′γ decays turn out to be on the same
parameters ε as the ones obtained from µ→ 3e or τ → 3l decays, derived in Ref. [10].
This can be understood from the fact that, at order 1/M2

Σ, for example for µ → eγ
and µ → 3e, there is only one way to combine two Yukawa couplings and two inverse
MΣ mass matrices to induce a µ-e transition along a same fermionic line: through the
combination εeµ (i.e. the flavour structure of the µ-to-e fermionic line is the same for
both processes, it corresponds to a µ which mixes with a fermion triplet which mixes
with an electron). This can also be understood from the related fact that the number
of independent parameters contained in the coefficients of the dimension five operators
(proportional to the neutrino mass matrix) and dimension six operators (encoded in
the εαβ [10]) of the low energy theory (obtained in the limit of large fermion triplet
mass) equals the number of independent parameters of the original theory. This implies
that any physical transition studied at order 1/M2

Σ, necessarily has to be proportional
to the dimension six operator coefficients, and there is only one which gives a µ to e
transition: εeµ.

As a result we obtain the following fixed ratios for these branching ratios:

Br(µ→ eγ) = 1.3 · 10−3 · Br(µ→ eee) , (35)

Br(τ → µγ) = 1.3 · 10−3 · Br(τ → µµµ) = 2.1 · 10−3 · Br(τ− → e−e+µ−) , (36)

Br(τ → eγ) = 1.3 · 10−3 · Br(τ → eee) = 2.1 · 10−3 · Br(τ− → µ−µ+e−) . (37)

The ratios are much smaller than unity because l→ 3l′ is induced at tree level through
mixing of the charged leptons with the charged components of the fermion triplets
[10], while l→ l′γ is a one-loop process. The results of Eqs. (35)-(37) hold in the limit
where MΣ " MW,Z,H , as they are based on Eq. (31). Not taking this limit, i.e. using
Eq. (63) of the Appendix, for values of MΣ as low as ∼ 100 GeV, these ratios can vary
around these values by up to one order of magnitude. Numerically it turns out that
the bounds in Eqs. (32)-(34) are thus not as good as the ones coming from µ → eee,
τ → eee and τ → µµµ decays, which give |εeµ| < 1.1 · 10−6, |εµτ | < 2.9 · 10−4, |εeτ | <
5.1 · 10−4 respectively (using the experimental bounds: Br(µ → eee) < 1 · 10−12 [1],

3Note that these bounds show that the approximation we made in the above to work only at first
order in Y 2v2/M2

Σ is justified.
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proportional to the        coefficient:

type-III seesaw:

cij
d=6

= 3.1 · 10−4 · Rµ→e

many models can lead to it and in general the dim. 6 coefficients are not known

                     would be the striking sign of new physics at a nearby scale and a  
                          very strong hint for the seesaw but not necessarily a proof at all:

             and similarly for 
              type-I and type-II 

           seesaw models



If we observe some lepton flavour viol. processes: seesaw?

• Minimal flavour violation: the flavour structure of the higher dimensional BSM
induced operators can be determined from the flavour
structure of the lowest dimension flavour structure

originally assumed in the quark sector to allow for 
new low scale physics without flavour changing problems 

       for leptons the context is     : we do have an evidence 
       for new physics (neutrino masses) but the effect is so 

     tiny that the new physics associated is not expected 
   to bring any flavour changing problem       no need 

for MFV to avoid flavour violation but yet would 

!=

lead to predictivity 

                    all dim-6 induced processes could be 
                         predicted up to an overall normalization

from the knowledge of mνij



Minimal Flavour Violation in lepton sector

1) Large flavour violation with small L violation: a hierarchy between L-viol.•
     scale         and flavour-viol.ΛLN

ΛF

• 2) The flavour structure of the dim-6 coefficients fixed by the dim-5 one

scale      : ΛLN >> ΛF

minimal setup: quadratically

Cirigliano, Grinstein, Isidori, Wise 05’

extended setup: linearly

cd=6 ∝ cd=5 cd=5 cd=6 ∝ cd=5

      an explicit UV realization: 
type-II seesaw model

              an explicit UV realization: 
              type-I seesaw model with

       2 extra assumptions:       
                 and no CP violation so that

MN ∝ I

cd=6 = Y †
N

1

M2
N

YN =
1

M2
N

Y T
N YN =

1

MN
cd=5



A seesaw model automatically of the MFV type: the type-II model

2) Flavour changing L conserving processes:•

•1) Neutrino masses:

! masses beyond the SM : tree level

2 x 2 = 1 + 3

Scalar Triplet 

Seesaw ( or type II)

! masses beyond the SM : tree level

2 x 2 = 1 + 3
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Seesaw ( or type II)
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! masses beyond the SM : tree level

2 x 2 = 1 + 3

Scalar Triplet 

Seesaw ( or type II)

! masses beyond the SM : tree level

2 x 2 = 1 + 3

Scalar Triplet 

Seesaw ( or type II)

Y †
∆

∆

! masses beyond the SM : tree level

  

          m! ~ v2 cd=5 = v2 Y
N 
Y

N 
/M

N
     

T

Fermionic Singlet 

Seesaw ( or type I)

2 x 2 = 1 + 3

Which allows YN~1  --> M~MGut
                    

! masses beyond the SM : tree level

  

          m! ~ v2 cd=5 = v2 Y
N 
Y

N 
/M

N
     

T

Fermionic Singlet 

Seesaw ( or type I)

2 x 2 = 1 + 3

Which allows YN~1  --> M~MGut
                    

cd=5
ij = −2 Y∆ij

µ∆

M2
∆

← = −mνij

v2

cd=6
ijkl = − 1

M2
∆

Y †
∆ijY∆kl ∝ cd=5†

ij cd=5
kl

and there is effectively a separation of scale:  ΛF ∼M∆ ΛLN ∼M2
∆/µ∆

of minimal setup type:
see e.g. TH, Gavela, Hernandez, Hernandez 09’



MFV in type-I model? The simplest realization

There exists a particularly minimal and predictive MFV type-I seesaw model!

INVERSE SEESAW texture
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A model with 2 right-handed neutrinos:   LN1 = +1 , LN2 = −1

hard L breaking

cd=6 = Y †
N

1
M2

N

YN

separation of scales:

B. Gavela, TH, D. Hernandez and P. Hernandez, JHEP 09’
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soft L breaking

cd=5 = −mν

v2

= Y T
N

µ2

M2
N

YN

+(Y ′
N

T 1

MN
YN + Y T

N
1

MN
Y ′
N )

ΛF ∼ MN ΛLN ∼ M2
N/µ2 , MN/Y ′



The simplest MFV type-I model

counting of parameters in the pure hard case: 

rephasing             and the 3 N1, N2 Li

MN → 1 real + 1 phase → 1 real ← 1 normalizat.
YN → 3 real + 3 phases → 3 real ← 1 normalizat. + 2 flavour param.
Y ′

N → 3 real + 3 phases → 3 real + 2 phases ← 1 normalizat. + 2 flavour param. + 2 phases

to be compared with the          matrix from 2 N’s:mνij

the full flavour structure of the model can be reconstructed from        ! mνij

the full flavour structure of dim-6 effects can be reconstructed!

mνi → 2 real ν masses ← 1 normalizat. + 1 flavour param.
θij → 3 real mixing angles ← 3 flavour param.

δ ,α1 → 1 CKM + 1 Majorana phase ← 2 phases

this remains true in the full hard + soft case too



Predictions

in terms of the 3 unknown parameters of mνij : θ13, δ, α
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Figure 1: Normal hierarchy. Left: Ratio Beµ/Beτ for different values of the CP
phase δ = 0 (solid) and δ = π/2 (dashed), with the two pairs of curves corresponding
to α = 0 and α = π/4 as denoted. Right: the same for the ratio Beµ/Bµτ .

For the explicit parametrization of the PMNS matrix U , we will use that in eq. (36).
Again, up to terms of O(

√
r, s13) we find

Y T
N "

y√
2




c12eiα + s12e−iα

c12

(
c23e−iα − s23s13ei(α−δ)

)
− s12

(
c23eiα + s23s13e−i(α+δ)

)

−c12

(
s23e−iα + c23s13ei(α−δ)

)
+ s12

(
s23eiα − c23s13e−i(α+δ)

)



 . (44)

From the central values of the atmospheric and solar parameters [21], for the
inverted hierarchy under study it follows that

∣∣∣
εyy′v2

Λ

∣∣∣ ∼ 0.049 eV →
∣∣∣
εyy′

Λ

∣∣∣ ∼ 8.1 × 10−13 TeV−1. (45)

Having reconstructed the full Yukawa vectors, it is now possible to make predic-
tions for other lepton flavour violating processes. It is interesting to estimate the
rate for li → ljγ processes and establish how do they depend on the unique free
real parameter, θ13, and on the neutrino mass hierarchy. We will analyze the ratios

Bji ≡
Γ(li → ljγ)

Γ(li → ljνiν̄j)
∼ |u∗

i uj|2 =
1

y2
|YNi

YNj
|2 . (46)

In Figs. 1 and 2 we show the results for the ratios Beµ/Beτ and Beµ/Bµτ as a
function of θ13, for the normal and inverted hierarchies. The most striking feature
is the strong dependence on the Majorana phase α of one of these ratios for both
hierarchies: Beµ/Beτ in the case of normal hierarchy, and Beµ/Bµτ for inverted
hierarchy. In fact, within the ranges of δ and θ13 studied, the following prediction

13
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Figure 2: Inverted hierarchy. Left: Ratio Beµ/Beτ for different values of the CP
phase δ = 0 (solid) and δ = π/2 (dashed), with the two pairs of curves corresponding
to α = 0 and α = π/4 as denoted. Right: the same for the ratio Beµ/Bµτ .

holds for the normal hierarchy:

Beµ !
9

2
Beτ α = 0,

Beµ !
5

2
Beτ α = π/4,

Beµ ! Beτ α = π/2 . (47)

while Bµτ > Beµ. In contrast, a mild dependence on the δ phase holds for any θ13

value within the allowed range.
A different situation is found for the inverse hierarchy where, i.e. for vanishing

θ13 = 0,

Beµ " Bµτ α = 0 ,

Beµ ! 2Bµτ α = π/4,

Beµ # Bµτ α = π/2 , (48)

while Beµ = Beτ holds. A significant dependence on δ may also develop for θ13 $= 0
for the two ratios considered depending on the value of the Majorana phase α

The α-dependence of the ratios considered has been plotted in Fig. 3 for both
hierarchies, for δ = 0, s13 = 0.2.

Note that the absolute normalization of the branching ratios is unconstrained,
since neutrino masses only fix the combination yy′v2/Λ, while the branching ratios
depend on y2v2/Λ2. Λ not far from the TeV scale is thus a viable possibility, and
these branching ratios could therefore be measurable, provided y′ is small enough
to account for the tiny neutrino masses.
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Figure 3: Left: Ratio Beµ/Beτ for the normal hierarchy (solid) and the inverse
hierarchy (dashed) as a function of α for (δ, s13) = (0, 0.2). Right: the same for the
ratio Beµ/Bµτ .

0.05 0.1 0.15 0.2
s13

0.001

0.002

0.003

0.004

0.005

0.006

!mee!"eV#

0.05 0.1 0.15 0.2
s13

0.02

0.04

0.06

0.08

0.1

!mee!"eV#

Figure 4: Left: |mee|(eV ) for the normal hierarchy as a function of sin θ13 and for
(δ, α) = (0, 0) (solid), (0, π/4) (dotted) and (π/2, 0) (dashed). Right: the same for
the inverse hierarchy.
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Bµτ
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Beτ
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Inverted

Normal

Normalmee mee

Beµ ≡
Γ(µ→ eγ)

Γ(µ→ eνµν̄e)

Bµτ ≡
Γ(τ → µγ)

Γ(τ → µντ ν̄µ)

B. Gavela, TH, D. Hernandez and P. Hernandez, JHEP 09’

Beτ ≡ Γ(τ → eγ)

Γ(τ → eντ ν̄e)



Leptogenesis in approximately L conserving seesaw models???

at first sight very difficult:

•
•

•

 leptogenesis at low scale:          MN ∼ TeV

 large                                                 the N are in deep thermal equilibrium     YN ΓN >>> H|T=MN

L broken by a small perturbation      we would expect suppression of CP-asym.

at second sight: leptogenesis appears to be generically 
successful in these models

S. Blanchet, TH and F.-X. Josse-Michaux, JCAP 10‘



Apparent contradiction in approximate L models

to saturate                                           we need  

     are in deep thermal equilibrium

Br(µ→ eγ)Exp < 1.2 · 10−11 YN ∼ 10−(1−2)

MN ∼ TeV

ΓTOT
N

H(T = MN )
∼ 108

huge    suppression expected: η η ∼ 10−10

forget about successful leptogen.

N1,2

this is what we get from usual Boltzmann equations



“Usual” Boltzmann equations

s

z

dYL

dz
= εN

( YN

Y EQ
N

− 1
)

· γD

H(T = MN )
− YL

2Y EQ
l

· γD

H(T = MN )
− 2

YL

Y EQ
l

· γoff−shell
∆L=2

H(T = MN )

γD

H(T = MN )
≡ ΓTOT

N

H(T = MN ))
K1(z)
K2(z)

nEQ
N (z)}

∼ 108

YL = (nl − nl̄)/s

each decay produces a 

each inverse decay produces a 

∆L = εN

∆L = −εN

if more   than   : more               inverse decays than      l l̄ lH → N l̄H∗ → N

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

= εN
( YN

Y EQ
N

− 1
)
· γD
H(T = MN )

− 2
YL

Y EQ
l

· γfull
∆L=2

H(T = MN )

" εN
( YN

Y EQ
N

− 1
)
· γD
H(T = MN )

− YL

2Y EQ
l

· γD
H(T = MN )

z ≡ MN

T

huge washout

Apparent contradiction in approximate L models

main condition to avoid an efficiency suppression: ΓTOT
N < H(T = MN )



Apparent contradiction in approximate L models

but with                      suppose                           YN ∼ 10−(1−2)

ΓTOT
N

H(T = MN )
∼ 108

Y ′
N = µ1 = µ2 = 0

L is conserved!

                how comes a decay could washout a L asymmetry 
if there is no L violation in the model??



Solution of the apparent contradiction

 proper calculation of the             scattering contribution∆L = 2
! masses beyond the SM : tree level

Fermionic Singlet 

Seesaw ( or type I)

2 x 2 = 1 + 3

+

2

! masses beyond the SM : tree level

Fermionic Singlet 

Seesaw ( or type I)

2 x 2 = 1 + 3

+

2

! masses beyond the SM : tree level

Fermionic Singlet 

Seesaw ( or type I)

2 x 2 = 1 + 3

+

! masses beyond the SM : tree level

Fermionic Singlet 

Seesaw ( or type I)

2 x 2 = 1 + 3

+
N1 N1N2 N2+ + . +h.c.( )

∗

on-shell part:
    inverse decay of N1

on-shell part:
    inverse decay of N2

!= 0 even if L conser. != 0 even if L conser.

   interference term: gives also a 
    resonance part always omitted
!= 0 even if L conser.

= 0
if L conser.

 no washout if L is conserved even if the N are deeply in thermal equilibrium!!

In practice the washout turns out to be controlled by the            mass splitting: 

δ =
M2 −M1

ΓTOT
N1

>> 1 γon−shell
∆L=2 =

γD

4
huge washout

small washout

usual inverse decay term

δ =
M2 −M1

ΓTOT
N1

<< 1 γon−shell
∆L=2 =

γD

4
· 2δ2

1 + δ ΓTOT
N1

/MN1 + δ2

 especially if 
MN1 ∼ MN2

N1 −N2

Blanchet, TH, Josse-Michaux 10‘



Naturalness of small mass splitting in approximate L models

 automatic in approximate L models!
INVERSE SEESAW texture

!
L
            N

1
          N

2
 

!L

N
1

N
2

* Toy: 1 light ! 

Mohapatra, Valle, Glez- Garcia

0

Y ′
N

v√
2

µ1

µ2

∝ small L violating perturbations

protected by L symmetry

δ =
M2 −M1

ΓTOT
N1

=
µ

ΓTOT
N1

seen by diagonalizing the neutral state mass matrix which results from Eqs. (1)–(2)

Mν =




0 Y T

α v Y
′T
α v

Yα v µ1 M
Y ′
α v M µ2eiα



 , (3)

and which, at first order in µ1, µ2 and Y ′, gives the following light neutrino mass matrix
(with v = 174 GeV):

mν = v2
(
Y ′T 1

M
Y + Y T 1

M
Y ′

)
− v2

(
Y T 1

M
µ2e

iα 1

M
Y

)
. (4)

For M ∼ 1TeV a neutrino mass of order 0.1 eV typically requires Y ′Y ∼ 10−12 and/or
µ2Y 2/M ∼ 10−12. For µ2 = 0 this model has also the nice and rather unique property to
allow for the full reconstruction of the flavour structure of the model from the values of
the light neutrino mass matrix entries [12]. For µ2 #= 0 it is not the case but still the full
flavour structure of the L-conserving rare lepton processes can be reconstructed, leading to
definite predictions for the various rare lepton processes, up to an overall normalization.

To consider leptogenesis in this framework, it is convenient to go to the basis where
the RH neutrino mass matrix is diagonal with real and positive entries. The Lagrangian is
then given by

L = iNi !∂Ni −
(
hiα Niφ̃

† #Lα +
1

2
MiNiN

c
i + h.c.

)
, (i = 1, 2; α = e, µ, τ). (5)

To first order in µ/M and Y ′, the mass eigenvalues are given by

M1,2 $ M ∓ 1

2
µ , (6)

where we defined µ1 + µ2eiα ≡ µeiφ, so that µ2 = µ2
1 + µ2

2 +2µ1µ2 cosα. As for the Yukawa
couplings, again to first order in µ/M and Y ′, we find

h1α $ i√
2
e−i(φ−λ)/2

[(
1 +

µ2
2 − µ2

1

4Mµ

)
eiφYα − Y ′

α

]
, (7)

h2α $ 1√
2
e−i(φ+λ)/2

[(
1− µ2

2 − µ2
1

4Mµ

)
eiφYα + Y ′

α

]
, (8)

where
λ = sinα

µ1µ2

µM
. (9)

3 Washout from ∆L = 2 scatterings

The RH neutrinos being unstable particles, one cannot in principle define asymptotic free
states for them. However, as shown in [13, 22], their interaction properties (decay, inverse
decay...) can be deduced from the ∆L = 2 scatterings mediated by on-shell heavy neutrinos
#αφ̃† ↔ #̄βφ̃. The corresponding γtot

∆L=2,α interaction rate enters in the Boltzmann equation
for the lepton flavour α as

s z H(z)
dY&α

dz
=

2∑

i=1

εiα

(
YNi(z)

Y eq
Ni
(z)

− 1

)
γD
Ni

−
2∑

i=1

Y&α(z)

Y eq
& (z)

2 γtot
∆L=2,iα , (10)
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CP-asymmetry in approximate L models

for                  a large asymmetry can be obtained only through resonanceMN ∼ TeV

     the condition to have a resonance of the  CP asymmetry 
is the same as to avoid washout: a small mass splitting

4 CP asymmetry

The CP asymmetry generated during the decays of Ni into the lepton flavour α is given
by [16]

εiα =
1

8π

∑

j !=i





Im

[
h∗
iαhjα

(∑
γ h

∗
iγhjγ

)]

∑
β |hiβ|2

f i,j
v +

Im
[
h∗
iαhjα

(∑
γ hiγh∗

jγ

)]

∑
β |hiβ|2

f i,j
c




 , (18)

where fv is the usual L-violating self-energy and vertex loop factor and fc is a L-conserving
self-energy loop factor. In the limit we are interested in, namely M2 ! M1, only the
self-energy correction is relevant, and we get f 2,1

v ! −f 1,2
v ! f 2,1

c ! −f 1,2
c ≡ fself with

[22, 25]

fself =
a2 − a1

(a2 − a1)
2 +

(√
a2c2 −

√
a1c1

)2 . (19)

It is instructive to express the CP asymmetry in terms of the parameters of the original
Lagrangian, Eqs. (1)–(2):

ε1α = ε2α ! − |Yα|2

4π

(
sinα

µ1µ2

2µM
+

∑
β Im(YβY ′∗

β eiφ)
∑

β′ |Yβ′ |2

)
fself . (20)

The above expression shows explicitly that the CP asymmetry in each flavour crucially
depends on the L-violating parameters, and therefore vanishes when L is conserved.5

At the singularity M1 = M2, the self-energy correction above, Eq. (19), has a reg-
ulator given by

√
a2c2 −

√
a1c1. In usual seesaw scenarios, one typically has |√a2c2 −√

a1c1| ! maxi(
√
aici) because the decay widths ΓN1,2 are very different from each other.

However, in our case, while the
√
aici do not vanish in the L-conserving limit,

√
a2c2−

√
a1c1

does. As a result |√a2c2 −
√
a1c1| % mini(

√
aici). Therefore the resonance, which occurs

for a2−a1 =
√
a2c2−

√
a1c1, i.e. for δ = δres ! 2Re(Y Y ′∗eiφ)/|Y |2−(µ2

2−µ2
1)/2Mµ % 1,

is obtained for a mass splitting much smaller than the decay width. Around the reso-
nance, where the CP asymmetry reaches its maximum value ε ∼ 1, the CP asymmetry
is no longer suppressed by the small L-violating parameters. In practice in the following
we will never need to use such a small mass splitting, since in this case, unless the CP
phases are highly suppressed, the baryon asymmetry produced by leptogenesis would be
far bigger than the observed value. Therefore, we will always stick to the natural range
|√a2c2 −

√
a1c1| % a2 − a1 % maxi(

√
aici), or equivalently δres % δ % 1. In this regime,

the self-energy contribution is simply given by

fself !
1

2δ
√
c
. (21)

It is remarkable that the conditions to get a large enough CP asymmetry and a suppressed
washout are the same: δ % 1.

5In models with more fermion singlets, a term in the self-energy diagram may remain in the limit of L
conservation, see e.g. B − L conserving models of leptogenesis [26] or models with an extra N3 [21, 27].
Unless an extra symmetry beyond L conservation is assumed to have a quasi-degeneracy between at least
3 fermion singlets, such a term turns out to be generically irrelevant for the generation of an asymmetry
at the TeV scale due to lepton flavour equilibration [27].
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[22, 25]

fself =
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depends on the L-violating parameters, and therefore vanishes when L is conserved.5

At the singularity M1 = M2, the self-energy correction above, Eq. (19), has a reg-
ulator given by
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is obtained for a mass splitting much smaller than the decay width. Around the reso-
nance, where the CP asymmetry reaches its maximum value ε ∼ 1, the CP asymmetry
is no longer suppressed by the small L-violating parameters. In practice in the following
we will never need to use such a small mass splitting, since in this case, unless the CP
phases are highly suppressed, the baryon asymmetry produced by leptogenesis would be
far bigger than the observed value. Therefore, we will always stick to the natural range
|√a2c2 −

√
a1c1| % a2 − a1 % maxi(

√
aici), or equivalently δres % δ % 1. In this regime,

the self-energy contribution is simply given by

fself !
1

2δ
√
c
. (21)

It is remarkable that the conditions to get a large enough CP asymmetry and a suppressed
washout are the same: δ % 1.

5In models with more fermion singlets, a term in the self-energy diagram may remain in the limit of L
conservation, see e.g. B − L conserving models of leptogenesis [26] or models with an extra N3 [21, 27].
Unless an extra symmetry beyond L conservation is assumed to have a quasi-degeneracy between at least
3 fermion singlets, such a term turns out to be generically irrelevant for the generation of an asymmetry
at the TeV scale due to lepton flavour equilibration [27].
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Using a narrow width approximation,4 the ∆L = 2 washout term is given by

γon
∆L=2,α =

1

z

M4
1

64 π4

1

4π
K1 (z) |Yα|2

∑

β

|Yβ|2 (15)

×
[
a21 + a22√

c
−

2
√
a1a2(

√
a1c1 +

√
a2c2)

(a2 − a1)2 + (
√
a1c1 +

√
a2c2)2

(
a3/21 + a3/22

)
+O(Y ′2, µ2)

]
.

The first term in the parenthesis of Eq. (16) arises from the pure N1 and N2 contributions,
and yields inverse decay terms as in Eq. (11). The second term is an interference effect,
which is usually neglected in standard seesaw models. However, in the models we consider,
this cannot be done, since both contributions are of the same order.

Factoring out the L-conserving contribution to the γD
N1,2,α

inverse decay terms, which

up to O(Y ′2, µ2/M2) terms is given by γD
N,α ≡ (γD

N1,α + γD
N2,α)/2, one finally obtains for the

total washout

γon
∆L=2,α =

γD
N,α

4
· 2

(
1 + 2δ

√
c− 1 + 3δ

√
c

1 + δ
√
c+ δ2

+O(Y ′2, µ2)

)
=

γD
N,α

4
· 2 δ2

1 +
√
cδ + δ2

, (16)

where the mass splitting enters in the parameter δ ≡ (M2 − M1)/Γ1 = µ/(M
√
c) %

(a2 − a1)/2
√
c. There is an obvious cancellation in the parenthesis between the first two

terms (pure N1 and N2 contributions) and the third one (N1-N2 interference), leaving a
washout which vanishes in the L-conserving limit, δ → 0. Therefore, no matter how huge
the “naive” inverse decay term in Eq. (11) is, there is no washout in the L-conserving limit,
as expected. Conversely, for a large mass splitting δ ' 1, the interference term becomes
negligible, and one recovers the usual washout from inverse decays. This shows that the
interference term which is rightly neglected in typical seesaw models (see e.g. [23, 24]) can
be essential in the context of approximate L-conserving frameworks.

Practically, since the washout vanishes in the L-conserving limit, it remains small as
long as the L-violating perturbations, Y ′, µ1,2, remain small enough: it is suppressed as
long as δ ( 1. The relevant washout parameter including the interference term turns out
to be

Keff
α ≡ Kα · δ2

1 +
√
cδ + δ2

δ"1% Kα · δ2 . (17)

For the numerical example above with M ∼ 1 TeV and Kα ∼ 109, if δ ! 10−3 one ends
up with an effective washout Keff

α % Kα · δ2 ! 103, which is suppressed enough to keep a
substantial lepton asymmetry.

To sum up, in the class of models we are considering, the washout of the asymmetry
can be suppressed by many orders of magnitude, granted that the degeneracy parameter
δ is small enough. A splitting δ ( 1 is technically natural since it is controlled by L-
violating parameters. As a matter of fact, the radiative and thermal corrections to δ are
proportional to Y Y ′ and not to Y 2 as in typical seesaw scenarios. It is interesting to notice
that, contrary to usual seesaw models with two RH neutrinos where the total washout is
lower-bounded by the solar scale K1 +K2 " Ksol ∼ 9, the effective washout in Eq. (17) is
lower-bounded only by terms quadratic in the small L-violating parameters Y ′ and µ/M .
Therefore, Keff

α ( Ksol can be achieved in this case.

4Or equivalently, up to negligible terms, taking the residue of the integral in Eq. (12) at the physical
poles â1,2.

5

ai ≡ (MNi/MN1)
2

ci ≡ (ΓTOT
Ni

/MN1)
2

                                     despite that the CP-asymmetry is suppressed by the small L-violating 
entries one gets a large enough CP-asym if: 2 Re(YNY ′

N )/|Y 2| << δ ≡ M2 −M1

ΓTOT
N1

<< 1

      in the approximate L setup not only the numerator of the CP asymmetry 
  is suppressed by the small L violating entries but also the denominator 

Blanchet, TH, Josse-Michaux 10‘



Summing up: results on             imposing successful leptogenesisµ→ eγ

Figure 1: Contours of Br(µ → eγ) compatible with successful leptogenesis plotted against
µ2 and zb (left panel), and Keff and δ (right panel). The upper (lower) values correspond
to the normal (inverted) hierarchical neutrino spectrum. The green line shows the present
experimental limit Br(µ → eγ) ! 1.2× 10−11.

models, other channels like µ → eee or τ → 3l are expected to be more suppressed than
the radiative decays, see e.g. Ref. [30].

6 Softly broken L case: Y ′
α = 0

At the end of the previous section, by setting µ1 to 0 in Fig. 1, we numerically considered a
simple case where the CP asymmetry is proportional to the Y ′ couplings. It is interesting
to discuss what happens if we take Y ′ = 0 instead. This is the situation of the usual inverse
seesaw models [5]-[8] where L is assumed to be softly broken, and where in full generality
n pairs of N1,2 are usually assumed. In such a framework the Yukawa coupling matrix Y
in Eqs. (1)-(3) is an n × 3 matrix, µ1,2 are n × n matrices and Y ′ is a null n × 3 matrix.
It must be stressed that in this case too leptogenesis can be compatible with observable
flavour violation rates. This can be seen from the n = 1 case above which, through the
first term of Eq. (20), gives the CP asymmetry

ε1α = ε2α $ − |Yα|2

4π
sinα

µ1µ2

2µM
fself

δ#1$ − |Yα|2

16π

µ1µ2

µ2
sinα , (34)

where Eq. (21) was used in the last equality. It is worth mentioning again that the CP
asymmetry is not suppressed by the small L-violating entries in the limit of small splitting
δ & 1. The larger are the Yα couplings, the larger is the µ → eγ rate and the larger is the
CP asymmetry. Note that a non-vanishing value of both µ1 and µ2 is required in order to
have a non-zero CP asymmetry, since otherwise the phase α can be rotated away. As for
the washout, it is again suppressed as soon as δ & 1, Eq. (16).

The generalization to the inverse seesaw case with n > 1 pairs of N1,2 is straightforward.

10

•  approximately L conserving seesaw models can lead to large flavour violation in agreement 

• successful leptogenesis can be generically obtained: 

       - a large washout of the L asymmetry can be avoided despite the 
                      N are in deep thermal equilibrium: requires a small enough mass splitting 

- a small mass splitting is a prediction of the model

      - a large enough CP-asymmetry is obtained through 
resonance from the same small mass splitting

                                     an observable             process is compatible with successful leptogenesis (without SUSY)µ→ eγ

with small mν

normal hierarchy

inverted hierarchy

α = 0
θ13 = 10◦

MN = 250GeV

δ

  Blanchet, TH, 
          Josse-Michaux 10‘
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The 3 leptogenesis ingredients

•1) The CP-asymmetry:                 ← averaged ∆L produced per N decay

February 2, 2008 1:35 Proceedings Trim Size: 9in x 6in seesaw25hep

3

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

Ni

H

ll

Nj

H∗

lk

Ni

H

ll

Nj

H∗

lk

Figure 1. One-loop diagrams contributing to the asymmetry from the Ni decay.

∗∗

vertex diagram self-energy diagram

CP-violation from 2 one-loop diagrams:                

                            can be effective only
for 

                            can be effective for
                                 if                 (resonance) MN ! 108 GeV

MN ∼ 1 TeV
MN2 ∼MN1

εNi =
∑

k

Γ(Ni → LkH)− Γ(Ni → L̄kH∗)
ΓTOT

Ni

εNi =
1
8π

∑

j

∑
jl Im[YNikY †

NkjYNilY
†
Nlj ]∑

k |YNik|2
MNj

MNi
·
[
1− (1 +

M2
Nj

M2
Ni

) log(1 +
M2

Ni

M2
Nj

) +
M2

Ni
(M2

Ni
−M2

Nj)
(M2

Ni
−M2

Nj)2 + Γ2
Nj

M2
Ni

]



The 3 leptogenesis ingredients

• 2) The efficiency   :                 nL

s
= εNi ·

(nNi

s

)∣∣∣
T>>MNi

· η

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

η

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

s

z

dYN

dz
=

(
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

· γ∆L=2

H(T = MN )

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
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while the second case leads to:
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Eq. (160) shows that the neutrino mass is suppressed by an extra factor µ/MN1 , so that
the smallness of neutrino masses, and the argument of no fine tuning, do not require
tiny Yukawa couplings.

As for the first term in Eq. (161), it has the standard neutrino mass form, i.e.
with 2 Dirac masses in the numerator and one Majorana mass in the denominator,
but unlike the usual Seesaw formula, it involves only the product of 2 different Dirac
masses. Therefore, if one of them is smaller than the other, e.g. µ << mD1 , a small
neutrino mass can be obtained here too with a large Yukawa coupling in mD1, and
no fine-tuning. As for the second term in Eq. (161), which involves the independent
parameter MN2 , it also leads to suppressed neutrino masses, even if MN2 largely breaks
lepton number.

Now, in the limit µ → 0 the point is that the coefficient of the d = 5 operator
vanishes but that of the d = 6 operator does not. This can be seen from the fact that
the d = 6 operator takes the form (YN)†(M−2

N )(YN), see above, and doesn’t vanish in
this limit. Eq. (10) in all cases above, with for example mD1 = Y1v ∼ v and MN1 ∼ 1
TeV, becomes simply |Y1|2/M2

N1
∼ 1/M2

N1
which is large.

The one left-handed plus two right-handed neutrino example above can be general-
ized to the 3 left-handed plus 3 right-handed neutrino above. The condition for having
vanishing neutrino masses is to start with a 6 by 6 mass matrix which has rank 3.
Assuming that all entries of the Yukawa coupling matrix are independent (i.e. barring
cancellations between the various entries), it turns out that there is only one possibility
to have large Yukawa couplings with three massless light neutrinos and three massive
right-handed neutrinos. In the basis (νe, νµ, ντ , N1, N2, N3) it is





0 0 0 c 0 0
0 0 0 d 0 0
0 0 0 e 0 0
c d e f g a
0 0 0 g b 0
0 0 0 a 0 0




, (162)

plus permutations. This matrix has the particularity that only one of the 3 right-
handed neutrinos couples to light neutrinos at leading order (just as the 1 ν plus 2 N
case above). From a simple lepton number assignment there is only one way to justify
this pattern, which gives in addition f = g = 0, i.e. by taking Lνe = Lνµ = Lντ =
LN1 = −LN3 = 1 and LN2 = 0 21, 22. The matrix of Eq. (162) can be perturbed in many

21For completeness, it can be noted that the 3 light νs plus 2 heavy N case also leads to a unique
possible texture. It corresponds to take no N3, i.e. a = 0, and requires to take b = 0 in addition. It
can be justified from a L assignment if moreover f = 0 with L = 1 for all particles except N2 which
has L = −1.

22During the completion of this work, Ref. [45] appeared, which also considers this particular texture.
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Using a narrow width approximation,4 the ∆L = 2 washout term is given by

γon
∆L=2,α =

1
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×
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2
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a1c1 +

√
a2c2)2

(
a3/21 + a3/22

)
+O(Y ′2, µ2)

]
.

The first term in the parenthesis of Eq. (16) arises from the pure N1 and N2 contributions,
and yields inverse decay terms as in Eq. (11). The second term is an interference effect,
which is usually neglected in standard seesaw models. However, in the models we consider,
this cannot be done, since both contributions are of the same order.

Factoring out the L-conserving contribution to the γD
N1,2,α

inverse decay terms, which

up to O(Y ′2, µ2/M2) terms is given by γD
N,α ≡ (γD

N1,α + γD
N2,α)/2, one finally obtains for the

total washout

γon
∆L=2,α =

γD
N,α

4
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1 + 2δ

√
c− 1 + 3δ

√
c

1 + δ
√
c+ δ2

+O(Y ′2, µ2)

)
=

γD
N,α

4
· 2 δ2

1 +
√
cδ + δ2

, (16)

where the mass splitting enters in the parameter δ ≡ (M2 − M1)/Γ1 = µ/(M
√
c) %

(a2 − a1)/2
√
c. There is an obvious cancellation in the parenthesis between the first two

terms (pure N1 and N2 contributions) and the third one (N1-N2 interference), leaving a
washout which vanishes in the L-conserving limit, δ → 0. Therefore, no matter how huge
the “naive” inverse decay term in Eq. (11) is, there is no washout in the L-conserving limit,
as expected. Conversely, for a large mass splitting δ ' 1, the interference term becomes
negligible, and one recovers the usual washout from inverse decays. This shows that the
interference term which is rightly neglected in typical seesaw models (see e.g. [23, 24]) can
be essential in the context of approximate L-conserving frameworks.

Practically, since the washout vanishes in the L-conserving limit, it remains small as
long as the L-violating perturbations, Y ′, µ1,2, remain small enough: it is suppressed as
long as δ ( 1. The relevant washout parameter including the interference term turns out
to be

Keff
α ≡ Kα · δ2

1 +
√
cδ + δ2

δ"1% Kα · δ2 . (17)

For the numerical example above with M ∼ 1 TeV and Kα ∼ 109, if δ ! 10−3 one ends
up with an effective washout Keff

α % Kα · δ2 ! 103, which is suppressed enough to keep a
substantial lepton asymmetry.

To sum up, in the class of models we are considering, the washout of the asymmetry
can be suppressed by many orders of magnitude, granted that the degeneracy parameter
δ is small enough. A splitting δ ( 1 is technically natural since it is controlled by L-
violating parameters. As a matter of fact, the radiative and thermal corrections to δ are
proportional to Y Y ′ and not to Y 2 as in typical seesaw scenarios. It is interesting to notice
that, contrary to usual seesaw models with two RH neutrinos where the total washout is
lower-bounded by the solar scale K1 +K2 " Ksol ∼ 9, the effective washout in Eq. (17) is
lower-bounded only by terms quadratic in the small L-violating parameters Y ′ and µ/M .
Therefore, Keff

α ( Ksol can be achieved in this case.

4Or equivalently, up to negligible terms, taking the residue of the integral in Eq. (12) at the physical
poles â1,2.
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seen by diagonalizing the neutral state mass matrix which results from Eqs. (1)–(2)

Mν =




0 Y T

α v Y
′T
α v

Yα v µ1 M
Y ′
α v M µ2eiα



 , (3)

and which, at first order in µ1, µ2 and Y ′, gives the following light neutrino mass matrix
(with v = 174 GeV):

mν = v2
(
Y ′T 1

M
Y + Y T 1

M
Y ′

)
− v2

(
Y T 1

M
µ2e

iα 1

M
Y

)
. (4)

For M ∼ 1TeV a neutrino mass of order 0.1 eV typically requires Y ′Y ∼ 10−12 and/or
µ2Y 2/M ∼ 10−12. For µ2 = 0 this model has also the nice and rather unique property to
allow for the full reconstruction of the flavour structure of the model from the values of
the light neutrino mass matrix entries [12]. For µ2 #= 0 it is not the case but still the full
flavour structure of the L-conserving rare lepton processes can be reconstructed, leading to
definite predictions for the various rare lepton processes, up to an overall normalization.

To consider leptogenesis in this framework, it is convenient to go to the basis where
the RH neutrino mass matrix is diagonal with real and positive entries. The Lagrangian is
then given by

L = iNi !∂Ni −
(
hiα Niφ̃

† #Lα +
1

2
MiNiN

c
i + h.c.

)
, (i = 1, 2; α = e, µ, τ). (5)

To first order in µ/M and Y ′, the mass eigenvalues are given by
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2
µ , (6)

where we defined µ1 + µ2eiα ≡ µeiφ, so that µ2 = µ2
1 + µ2

2 +2µ1µ2 cosα. As for the Yukawa
couplings, again to first order in µ/M and Y ′, we find
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where
λ = sinα

µ1µ2

µM
. (9)

3 Washout from ∆L = 2 scatterings

The RH neutrinos being unstable particles, one cannot in principle define asymptotic free
states for them. However, as shown in [13, 22], their interaction properties (decay, inverse
decay...) can be deduced from the ∆L = 2 scatterings mediated by on-shell heavy neutrinos
#αφ̃† ↔ #̄βφ̃. The corresponding γtot

∆L=2,α interaction rate enters in the Boltzmann equation
for the lepton flavour α as
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