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The SM with the SEE-SAW

Minimal extension of the SM: add 3 right handed neutrinos, α = 1, 2, 3.

LY = −1
2MNαN̄ c

αN c
α − (λαi Nα ℓi Φ̃

† + hi ei ℓi Φ
† + h.c.)

Basis: MN =diag(M1, M2, M3); diagonal charged lepton Yukawas hi.

Explain the suppression of ν masses via the seesaw: Mν = − (v λ)T 1
MN

(v λ)

In terms of the diagonal light ν mass-matrix mν ≡ diag(m1, m2, m3):

λαj = 1
v

[√
MN · R · √mν · U †

]
αj

(with R
T
R = 1, UU

†
= 1) [Casas Ibarra NPB618 (2001) hep-ph/0103065]

The seesaw model has 18 independent parameters (3 Mα, 3 mνi , 3+3 complex angles in R and

U ). 3+6 parameters can be measured (in principle) at low energy, 3+6 are confined to high

energy.



The Sakharov conditions, ⇒ YB ≡ nB−n̄B

s ≈ (8.7 ± 0.4) × 10−11

In the SM with the seesaw the conditions are naturally satisfied:

1. L/ : The Majorana nature of MN is a source of lepton number violation (∆L = 2)

2. CP : Complex Yukawa couplings λαi induce CP violation in the interference between tree level and
loop decay amplitudes. E.g. for N → ℓΦ decays:

Nα

Φ

ℓj

Nα

Φ

ℓl

Nβ

Φ

ℓj ℓl

Φ
Nα Nβ

Φ

ℓj

3. For a mass scale MN ∼ 1011±3 GeV deviations from thermal equilibrium in the primeval expanding
Universe can occur at the time the Nα decay: ΓN (N → ℓΦ) < H(T ∼ MN )

4. EW-Sphalerons are SM processes that, in the EW symmetric phase, violate B and L (but conserve
∆i = B/3 − Li) and convert part of the L-asymmetry into a B-asymmetry.

Whether ‘SM+SeeSaw’ leptogenesis is able to explain the Baryon Asymmetry
of the Universe is just a quantitative question.



Flavor

We have two types of CP violating effects in N1 decays

Γ1 ≡ Γ(N1 → ℓi Φ), Γ̄1 ≡ Γ(N1 → ℓ̄′i Φ̄), (i = 1, 2, 3)

(1) Leptons ℓ and antileptons ℓ̄′ are produced at different rates: Γ1 6= Γ̄1

(2) The states ℓ and ℓ̄′ produced are not CP conjugate: CP(ℓ̄′) ≡ ℓ′ 6= ℓ

The second effect is important when the reaction rates of charged lepton Yukawas (hτ,µ,e) are faster than
the rates of N1 Yukawas (λ1i) (T ≪ 1013GeV) and of the Universe expansion:

Γ(Φ ↔ ℓτ τ̄R) > Γ1(N1 ↔ ℓiΦ)
&

Γ(Φ ↔ ℓτ τ̄R) > H.

Then a density matrix for ℓe,µ,τ builds up.
For medium-low mass scales (MN < 1012GeV) flavor effects determine the final value of the Baryon
asymmetry through (1) and - in a more subtle and interesting way - inducing new and possibly large effects
related to (2).

It is quite remarkable that the different effects of the two types of CP violation
can be disentangled rather clearly



TeV Scale Leptogesis only from Flavor Effects.

A particular realization of these possibilities occurs when an additional mass scale related to the
breaking of a new symmetry, is presented below the mass MN1

of the lightest Majorana neutrino.
[Aristizabal, Nardi, Losada PLB659 (2008) hep-ph/0103065]

Assume that at a scale close to the leptogenesis scale a horizontal U(1)X symmetry forbids direct
couplings between ℓ and N ⇒ℓ̄PRNΦ 

 
 .

−L = · · · + F̄aMaFa + hia ℓ̄iPRFaΦ + λαaN̄αFaS + h.c.

e.g. as enforced by the assigment: X(ℓi, FRa
, FLa

) = +1, X(S) = −1 and X(Nα, Φ) = 0.

Fa ≡ (FRa
, FLa

)T , are heavy vectorlike fields, singlets with respect to SU(2)L × U(1)Y and charged
under U(1)X . S, is responsible for the breaking of U(1)X with 〈S〉 ≡ σ.

All the interaction terms also preserve a U(1) (accidental) global symmetry L: L(ℓL, FRa
, FLa

, NR) = +1
and L(S, Φ) = 0. After U(1)X and electroweak symmetry breaking

−Mij =
h

h∗ σ
MF

λT v2

MN
λ σ

MF
h†

i

ij
, −Mij =

h

λ̃T v2

MN
λ̃

i

ij
, λ̃ =

“

λ σ
MF

h†
”

αi

The light neutrino masses have an aditional suppression factor ( σ
MF

)2 and are of fourth order in the

fundamental couplings λ and h. The matrices λ and h both contain physical phases that are important to

leptogenesis. Besides the electroweak breaking scale v, we have the following new scales: the mass scale

of vectorlike fields MF , the lepton number breaking scale MN1
, the horizontal symmetry breaking scale σ.



The different possibilities, MN1 < MN2 < MN3

⋆ Standard leptogenesis: MF , σ >> MN1
Af-

ter integrating out the F fields one obtains the
standard seesaw Lagrangian containing the
effective operator: λ̃αiN̄αℓiΦ.
Then CP asymmetry comes from the inter-
ference between tree and loop diagrams:

Nα

Φ

ℓj

Nα

Φ

ℓl

Nβ

Φ

ℓj ℓl

Φ
Nα Nβ

Φ

ℓj

ǫN1
=

3

16π[λ̃λ̃†]11

3
X

β=1

MN1

MNβ

ℑm[λ̃λ̃†]β1

the amount of B asymmetry that can be gen-
erated from N1 dynamics can be written as:

nB

s
∼ −ǫN1

η

η is the efficiency factor that accounts for
amount of L asymmetry that survives the
washout process.
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⋆ Variations on leptogenesis: σ<MN1
, MFa

>MN1

N1 Fk lj

S Φ

N1 Fl

S

lcm

Φ
Fl lj

Φ

The CP asymmetry is

ǫj =
3

128π[λ̃λ̃†]11

3
X

i=1

ℑm[[hr2h†]ij λ̃1iλ̃
∗
1j ]

ℑm[λ̃hr2h†λ̃†]11 = 0 ⇒ ǫN1
=

P

j ǫj = 0.

The loop is L-conserving (Dirac type dia-
gram) ⇒ ǫN1

= 0.

Leptogenesis can occur only through the
effects of lepton flavor dynamics combined
with the violation of lepton number that is
provided by the washout processes.

⋆ Others cases see: [Aristizabal, Nardi, Losada

PLB659 (2008) hep-ph/0103065]



Boltzmann’s Equations (σ < MN1 and MFa > MN1)

The set of Boltzmann’s Equations (BE) for YN1
and Y∆Li

= Yℓi
− Yℓ̄i

is

ẎN1
= −

`

yN1
− 1

´

X

i=e,µ,τ

“

γN1

SΦℓi
+ γN1S̄

Φℓi
+ γN1Φ̄

Sℓi
+ γ

N1ℓi

S̄Φ̄

”

Ẏ∆Li
= ǫi

`

yN1
+ 1

´

X

i=e,µ,τ

“

γN1

SΦℓi
+ γN1S̄

Φℓi
+ γN1Φ̄

Sℓi
+ γ

N1ℓi

S̄Φ̄

”

− ∆yℓi

“

γN1

SΦℓi
+ γN1S̄

Φℓi
+ γN1Φ̄

Sℓi
+ yN1

γN1ℓi

S̄Φ̄

”

where Ẏ = zHs dY
dz

, z = M1

T
, Y = n

s
and y = Y

Y eq . The relevant processes (decay and scatterings) are:

N1

S

ℓi

Φ N1

S̄ ℓi

Φ N1

Φ̄ ℓi

S N1

ℓ̄i Φ

S

They are of order (λh)2. The important point is that decay and scatterings are the same order (differently
from the standard case γD ∼ λ2, γS ∼ λ2g2).



Processes with N1 intermediate state

The factor (yN + 1) in the source term, when N1

is equilibrium we can get Y∆Li
6= 0 which violate

the Sakarov’s criteria. We need to include the pro-
cesses the order higher, which have a intermediate
Mayorana neutrino N1 on-shell, in this model the pro-
cesses with N1 on-shell are [3 ↔ 3] and [2 ↔ 4],
they have terms that in the source term are the or-
der O((λh†)2).
The on-shell processes have been written as (re-
member γ = γon + γoff ):

γ
onΦℓS

Φ̄ℓ̄S̄
= P

N
ΦℓSγ

N
Φ̄ℓ̄S̄

+ P
S̄N
Φℓ γ

SN
Φ̄ℓ̄

+ P
Φ̄N
Sℓ γ

ΦN
S̄ℓ̄

+ P
ℓ̄N
SΦ

γ
ℓN
S̄Φ̄

γ
onSℓS

Φ̄ℓ̄Φ̄
= P

Φ̄N
Sℓ γ

SN
ℓ̄Φ̄

γ
onΦSS

ℓ̄ℓ̄Φ̄
= P

ℓ̄N
ΦS γ

SN
ℓ̄Φ̄

γ
onΦSΦ

ℓ̄ℓ̄S̄
= P

ℓ̄N
ΦS γ

ΦN
ℓ̄S̄

here P a2N
b2

=
γ

a2N

b2
γ

T

where γ
T

is the sum the

γA
B in the same order:

γ
T

=
X

i

γ
N
SΦℓ+γ

N
S̄Φ̄ℓ̄

+γ
S̄N
ℓΦ +γ

SN
ℓ̄Φ̄

+γ
Φ̄N
ℓS +γ

ΦN
ℓ̄S̄

+γ
ℓN
Φ̄S̄

+γ
ℓ̄N
ΦS .

diagrams for |∆Li| = 2:
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ℓi

ˆ

SℓiS ↔ Φ̄ℓ̄iΦ̄
˜

,
ˆ

ΦSS ↔ ℓ̄i ℓ̄iΦ̄
˜

,
ˆ

ΦSΦ ↔ ℓ̄iℓ̄iS̄
˜

.

N1

ℓ̄i

S̄

Φ

S

Φ

ℓi

N1

Φ

S

ℓ̄i

Φ̄

ℓi

S

N1

S

Φ

ℓi

Φ̄

ℓi

S̄

ˆ

ℓiS ↔ Φ̄S̄ℓ̄iΦ̄
˜

,
ˆ

ℓiΦ ↔ S̄S̄ℓ̄iΦ̄
˜

,
ˆ

ΦS ↔ ℓ̄iS̄ℓ̄iΦ̄
˜



Boltzmann’s Equations (σ < MN1 and MFa > MN1)
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`
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´

X
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γN1
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Φℓi
+ γN1Φ̄

Sℓi
+ γ

N1ℓi
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“

γN1
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where Ẏ = zHs dY
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, z = M1

T
, Y = n

s
and y = Y

Y eq . The relevant processes (decay and scatterings) are:

N1

S

ℓi

Φ N1

S̄ ℓi

Φ N1

Φ̄ ℓi

S N1

ℓ̄i Φ

S

The [3 ↔ 3] and [2 ↔ 4] processes give the contribution to

Y∆Li
= · · · − 2

P

i

“

γN1

SΦℓi
+ γN1S̄

Φℓi
+ γN1Φ̄

Sℓi
+ γN1ℓi

S̄Φ̄

”

so we can get the
`

yN1
− 1

´

factor in the B.E.



γ’s

We have written for the decay

γ
N1

SℓiΦ
= N

eq
N1

(z)
K1 (z)

K2 (z)
Γ

N1

SℓiΦ

Γ
N1

SℓiΦ
=

MN1

192π3

X

a,b

rarbh
∗

ibhiaλ1aλ
∗

1b

and scatterings

γ =
M4

1

512π5z

Z

∞

1

dx
√

xK1

`

z
√

x
´

σ̂ (x)

σ̂ =
X

a

r
2

ah
∗

iahaiλ
∗

1aλa1F
a

(x)

+ 2
X

a<b

rarbℜe[h
∗

iahbiλ
∗

1aλb1G
a,b

(x)].

With the transformations, h → κh and λ →
κ−1λ so that

γ
N1

SℓiΦ
→ γ

N1

SℓiΦ

γ
N1Φ̄

ℓiS
→ γ

N1Φ̄

ℓiS

γ
N1 ℓ̄i
SΦ

→ γ
N1 ℓ̄i
SΦ

but: γN1S̄
ℓiΦ

9 γN1S̄
ℓiΦ

.

100 10110-1

104
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z

γN1
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γS̄N1
ℓeΦ

γ ℓ̄eN1
ΦS

γ
zHs

= 1

ξDi
=

ΓDi
zHs

|z∼1

ξSi
=

ΓSi
zHs

|z∼1

ΓDi
= γN1

SΦℓi

ΓSi
= γN1S̄

Φℓi
+ γN1Φ̄

Sℓi
+ γN1 ℓ̄i

SΦ

⋆ the rates of e are ξSi
> 1 and ξDi

< 1.
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=
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⋆ for τ : ξSi
> 1 and ξDi

> 1.



The Numerical solution of the BE, simple example

With a set of couplings h/(4π) < 1 and λ/(4π) < 1, the solution the BE is:

100 10110-1

104

10-5

10-14

10-23

γ
zHs

z

γe

γµ

γτ

γ
zHs

= 1

MN1
= 2.5 TeV

MN2

MN1

= 4.0

MN3

MN2

= 1.5

r1 =
MN1

MF1

= 0.1

r2 =
MN1

MF2

= 0.01

r3 =
MN1

MF3

= 0.001

ǫ1 = −4.7 × 10−4

ǫ2 = −1.9 × 10−4

ǫ3 = +6.6 × 10−4



The Numerical solution of the BE, simple example

With a set of couplings h/(4π) < 1 and λ/(4π) < 1, the solution the BE is:

100 10110-1

10-8

10-11

10-14

10-17

|Y∆Li
|

z

|Y∆Le|
|Y∆Lµ|

|Y∆Lτ |

|Y∆L|

The final values of the asymme-
try densities (at z >> 1) are:

Y∆Le
= −7.1 × 10−10

Y∆Lµ
= −2.0 × 10−10

Y∆Lτ
= +0.3 × 10−10



Rescaling

Rescaling of λ and h that leave Mν invariant
play an important role:

λ −→
1

κ
λ

h −→ κh

the low energy parameters remains invariant:

λ̃ij −→ λ̃ij ⇒ Mij −→ Mij

but the CP asymmetries rescale as:

ǫi −→ κ2ǫi [ǫi ∼ (hr2h†)].

This rescaling defines large parameter space
regions (λ, h) compatible with low energy ν
data and allow to enhance: Y∆ℓi

−→ κ2Y∆ℓi

(κ > 1).

The strong condition
P

i ǫi = 0, =⇒ YB !
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This rescaling defines large parameter space
regions (λ, h) compatible with low energy ν
data and allow to enhance: Y∆ℓi

−→ κ2Y∆ℓi
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The strong condition
P

i ǫi = 0!

⇓

global rescaling κi → κ.

0.1 0.15 0.2 0.3 0.5 0.7 1
1.´10-11

2.´10-11

5.´10-11

1.´10-10

2.´10-10

5.´10-10

1.´10-9

2.´10-9

κ

Y ′
ℓ1

(κ) = κ2Yℓ1(κ = 1)

Yℓ1(κ)

=⇒We can write with excellent approximation

the relation Y ′
ℓi

(κ) = κ2Yℓi
(κ = 1).



Conclusions

The following points are relevant:

♣. M1 = 2 TeV implies a low scale for leptogenesis in contrast with the standard case (MN1
> 108 Gev).

♠. The flavor CP asymmetries is ǫi 6= 0, but
P

i ǫi = 0. In this case leptogenesis is due to flavor dynamics.

�. Succesful TeV scale leptogenesis.

♥. Rescaling of λ and h that leave Mν invariant play an important role.

⋆. Test at the LHC seems difficult.



Backup: Real Intermediate Substrate (RIS)

In the intervale ∆z and with the notation:
γi

j ≡ γ (i → j)

the BE can be written

∆Yℓ =
“

Yℓ̄γ̃
ℓ̄
ℓ + YN γN

ℓ − Yℓγ̃
ℓ
ℓ̄
− Yℓγ

ℓ
N

”

∆z

where : γℓ
ℓ̄
≡ γ̂ℓ

ℓ̄
+ γ̃ℓ

ℓ̄

and in same way

∆Yℓ̄ =
“

Yℓγ̃
ℓ
ℓ̄

+ YN γN
ℓ̄

− Yℓ̄γ̃
ℓ̄
ℓ − Yℓ̄γ

ℓ̄
N

”

∆z.

For ∆Yℓ − ∆Yℓ̄ ≡ ∆YL

∆YL =
ˆ

γD

`

YN1
− 1

´

ǫ − 2YLγNs

˜

∆z

we have written: γ̂ℓ
ℓ̄

= γℓ
NBN

ℓ̄
y γ̂ ℓ̄

ℓ = γ ℓ̄
NBN

ℓ ,
with

BN
ℓ =

γN
ℓ

γN
ℓ

+ γN
ℓ̄

, BN
ℓ̄

=
γN

ℓ̄

γN
ℓ

+ γN
ℓ̄

∆z

z

×
> <

N

> <= {

ℓ

Φ

N

ℓ̄

Φ̄ ℓ

Φ ℓ̄

Φ̄

γ̂ℓ
ℓ̄

on-shell γ̃ℓ
ℓ̄

off-shell
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