
Lepton ßavour and the matter-antimatter
asymmetry of the Universe

¥ Introduction

¥ lepton ßavour effects in standard leptogenesis

¥ scalar triplet leptogenesis in the single ßavour approximation

¥ ßavour-dependent scalar triplet leptogenesis

¥ a predictive scheme for scalar triplet leptogenesis

StŽphane Lavignac (IPhT Saclay)

New physics paradigms after Higgs and gravitational wave discoveries
7th International Conference on New Frontiers in Physics (ICNFP2018)
Kolymbari, Crete, 10 July 2018

based on SL and B. Schmauch, arXiv:1503.00629 + to appear
(and also Dev, Di Bari, Garbrecht, SL, Millington, Teresi, arXiv:1711.02861) 



Introduction
The baryon asymmetry of the universe (BAU)

                                             

must be explained by some dynamical mechanism !  baryogenesis

SakharovÕs conditions:

(1) and (2) are present in the SM

(1) B+L anomaly ! transitions between vacua with different (B+L) possible
at T�] Mweak, where nonperturbative (B+L)-violating processes (electroweak 
sphalerons) are in equilibrium

Electroweak baryogenesis fails in the SM because (3) is not satisÞed [also 
CP violation is too weak] !  need either new physics at Mweak to modify 
the dynamics of the EWPT, or generate a (B-L) asymmetry at T > TEW

(1) B violation
(2) C and CP violation
(3) departure from thermal equilibrium

nB � n øB

n�
' nB

n�
= (6.04 ± 0.08)⇥ 10! 10 (Planck)



Leptogenesis (generation of a B-L asymmetry above TEW, which is then 
converted into a B asymmetry by EW sphalerons) belongs to the second class

Attractive mechanism since connects neutrino masses to the BAU:

the B-L asymmetry is generated in out-of-equilibrium decays of heavy states 
involved in neutrino mass generation, such as the heavy Majorana neutrinos
of the (type I) seesaw mechanism

                                                  !

This mechanism contains all ingredients for baryogenesis (L violation due to 
heavy Majorana mass, CP violation due to complex heavy neutrino couplings)

Other realizations are possible, e.g. with an EW scalar triplet (type II seesaw)

m! !
y2v2

M R

Minkowski Õ77 - Gell-Mann, Ramond, Slansky Õ79
Yanagida Õ79 - Glashow Õ79 - Mohapatra, Senjanovic Õ80

[Fukugita, Yanagida Ô86]



Review of standard leptogenesis

Generate a B-L asymmetry through the out-of-equilibrium decays of the 
heavy Majorana neutrinos responsible for neutrino mass

Seesaw mechanism:

                                     !

                           (Majorana) !  decays both into l!  and l"

(M ! )"# = !
!

i

Yi" Yi#

M i
v2 (v = "H #)

Lseesaw = −
1
2

M i øNi Ni −
! øNi Yi! L ! H + h.c.

"

! tree (Ni ! LH ) = ! tree (Ni ! øLH ! ) =
M i

16!
(Y Y  )ii

N c
i ! C øN T

i = Ni

[Fukugita, Yanagida Ô86]



CP asymmetry due to interference between tree and 1-loop diagrams:

                        !

CP asymmetry in N1 decays (hierarchical case                       ):

The generated asymmetry is partly washed out by L-violating processes:

!( Ni → LH ) ≠ !( Ni → øLH ⋆)

Covi, Roulet, Vissani Õ96
BuchmŸller, PlŸmacher Ô98

¥ inverse decays
¥ ΔL=2 N-mediated scatterings

¥ ΔL=1 scatterings involving the top or gauge bosons

LH ! N1

LH ! øL øH , LL ! øH øH

M 1 ! M 2, M 3
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Figure 6.1: Diagrams for various 2! 2 scattering processes: (a) scatterings with the top-quarks, (b), (c)
scatterings with the gauge bosons (A = B, Wi with i = 1 , 2, 3), (d) ! L = 2 scatterings mediated by N1.

6.3 The O(h2
t !

2) and O(h2
t ! 4) terms

In this section, we include processes involving the top Yukawa coupling ht . Processes involving gauge
bosons can be included in a similar way and we add them in our Þnal expressions.

We denote the left-handed third-generation quark doublet by q3, and the SU(2)-singlet top by t. The
inclusion of 1 ! 3 decays and inverse decays such asN1 ! ! ! øq3t, and of N1! ! ! q3øt scatterings mediated
by Higgs exchange, follows lines analogous to those presented in the previous section. For theO(h2

t #2)
contributions to the evolution of the N1 density, we obtain:

!
úYN 1

"

II
= " (yN 1 " 1)

#
$N →3 + $2↔2

top

$
. (6.32)

Here,
$N →3 #

%

"

($N 1
#β øq3 t + $N 1

ø#βq3 øt ), (6.33)
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6.3 The O(h2
tλ

2) and O(h2
t λ

4) terms

In this section, we include processes involving the top Yukawa coupling ht . Processes involving gauge
bosons can be included in a similar way and we add them in our final expressions.

We denote the left-handed third-generation quark doublet by q3, and the SU(2)-singlet top by t. The
inclusion of 1 ↔ 3 decays and inverse decays such as N1 ↔ ! ! q̄3t, and of N1! ! ↔ q3 t̄ scatterings mediated
by Higgs exchange, follows lines analogous to those presented in the previous section. For the O(h2

t #2)
contributions to the evolution of the N1 density, we obtain:
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II
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top
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%
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6.3 The O(h2
t !

2) and O(h2
t ! 4) terms

In this section, we include processes involving the top Yukawa coupling ht . Processes involving gauge
bosons can be included in a similar way and we add them in our Þnal expressions.

We denote the left-handed third-generation quark doublet by q3, and the SU(2)-singlet top by t. The
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t #2)
contributions to the evolution of the N1 density, we obtain:
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úYN 1

"

II
= " (yN 1 " 1)

#
$N ! 3 + $2" 2

top

$
. (6.32)

Here,
$N ! 3 #

%

"

($N 1
#! øq3 t + $N 1

ø#! q3 øt ), (6.33)

37

✏N1 !
! (N1 " LH ) # ! (N1 " øLH ! )
! (N1 " LH ) + ! (N1 " øLH ! )

$
3

16⇡

!

k

Im[(Y Y  )2
k1]

(Y Y  )11

M 1

M k
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The evolution of the lepton asymmetry is described by the Boltzmann eq.

Typical evolution:
Maximal Temperature of the Early Universe 17
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Fig. 10. Evolution of heavy neutrino abundance NN1 and lepton asymmetry NB�L

for typical leptogenesis parameters: M1 = 1010 GeV, !m1 = 8⇡�1(vEW )/M1)2 eV,
✏1 = 10�6; the inverse temperature z = M1/T is the time variable. The dashed
(full) lines correspond to thermal (vacuum) initial conditions for the heavy neutrino
abundance; the dotted line represents the equilibrium abundance. From Ref. [47].

Here the dilution factor d ! 0.01 accounts for the increase of the photon
number density between leptogenesis and today, and the e�ciency factor
f ! 10! 2 is a consequence of washout e↵ects due to lepton number chang-
ing scatterings in the plasma.

It turns out that for the relevant range of neutrino masses, the final
baryon asymmetry is determined by decays and inverse decays of the heavy
neutrinos [46]. In the “one-flavour” approximation, where one sums over
lepton flavours in the final state, the Boltzmann equations take the simple
form

dnN

dt
+ 3HnN = "

"
nN " neq

N

#
�N , (5.8)

dnL

dt
+ 3HnL = " ✏1

"
nN " neq

N

#
�N . (5.9)

Here nN (neq
N ) and nL (neq

L ) are the (equilibrium) number densities2 of heavy
neutrinos and leptons, respectively. Note that the CP asymmetry ✏1 results
from a quantum interference. On the contrary, washout terms, which are
neglected in Eqs. (5.8) and (5.9), are tree level proesses.

2 Note that in Fig. 10 number densities N N1 and NB�L are plotted for a portion of
comoving volume that contains one photon.

[BuchmŸller, Di Bari, PlŸmacher Õ02]

YX ⌘ nX

s
YL ⌘ Y` � Y¯̀ z ⌘ M1

T
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Can leptogenesis explain the observed baryon asymmetry?

    (assuming                          )

  region of successful leptogenesis
  in the                plane

                            controls washout

                      

!                                               depending on the initial conditions��
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Figure9: Allowed range of ÷m1 and mN1 for leptogenesis in the SM and MSSM assuming
m3 = max( ÷m1, matm) and ξ = m3/ ÷m1. Successful leptogenesis is possible in the area inside
the curves (more likely around the border).

In fact , even if N1 init ially has a thermal abundancy ρN1 / ρR ! gN1 / g∗ " 1, its contribut ion
to the total density of theuniversebecomes no longer negligible, ρN1 / ρR ! (gN1mN1 )/ (g! T),
if it decays strongly out of equilibrium at T " mN1 . For the reasons explained above, this
e! ect gives a suppression of η (rather than an enhancement), and for very small ÷m1 the
case (1) and (# ) give the same result .

The lower panel of Þg. 8 contains our result for the e" ciency |η| of thermal leptogenesis
computed in cases (0), (1) and (# ) as funct ion of both ÷m1 and mN1 . At mN1

>! 1014 GeV
non-resonant # L = 2 scat terings enter in thermal equilibrium strongly suppressing η.
Details depend on unknown ßavour factors.

Our results in Þg. 8 can be summarized with simple analyt ical Þts

1
η

$
3.3 %10−3 eV

÷m1
+

!
÷m1

0.55 %10−3 eV

" 1.16

in case (0) (40)

valid for mN1 " 1014 GeV. This enables the reader to study leptogenesis in neutrino mass
models without set t ing up and solving the complicated Boltzmann equat ions.

Implications

Experiments have not yet determined the mass m3 of the heaviest mainly left -handed
neutrino. We assume m3 = max( ÷m1, matm). Slight ly di! erent plausible assumpt ions are
possible when ÷m1 $ matm, and very di! erent Þne-tuned assumpt ions are always possible.

20

M1 ≥ (0.5 − 2.5) × 109 GeV

[Giudice, Notari, Raidal, Riotto, Strumia Õ03]

÷m1 !
(Y Y  )11v2

M 1

( ÷m1, M 1)

M 1 ! M 2, M 3

[Davidson, Ibarra Õ02]



Flavour effects in leptogenesis

ÒOne-ßavour approximationÓ (1FA): leptogenesis described in terms of a single 
direction in ßavour space, the lepton       to which N1 couples

This is valid as long as the charged lepton Yukawas ! "  are out of equilibrium

At                      ,  ! "  is in equilibrium and destroys the coherence of            
!  2 relevant ßavours:      and a combination     of     and 

At                    , ! "  and ! µ are in equilibrium !  must distinguish     ,      and

!  depending on the T regime, BEÕs for 1, 2 or 3 lepton ßavours

Flavour-dependent CP asymmetries and washout rates:

!  ßavour-dependent Boltzmann equations

Barbieri, Creminelli, Strumia, Tetradis Õ99
Endoh et al. Õ03 - Nardi et al. Õ06 - Abada et al. Õ06
Blanchet, Di Bari, Raffelt Õ06 - Pascoli, Petcov, Riotto Õ06

T ! 1012 GeV

T � 109 GeV

! N 1

! N 1

! ! ! a ! e ! µ

! e ! µ ! !

✏
↵
N 1

=
! (N1 ! `↵H ) " ! (N1 ! ø̀

↵
øH )

! (N1 ! `↵H ) + ! (N1 ! ø̀
↵

øH )

!

↵

✏
↵
N 1

= ✏N 1

!

!

Y1! øN1! ! H ! yN 1
øN1! N 1 H
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! N 1 !
!

!

Y1! ! ! /y N 1
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Proper description of ßavour effects: density matrix

explicitly ßavour-covariant formalism: Boltzmann equations covariant 
under ßavour rotations

However, only really needed at the transition between 2 different ßavour 
regimes; otherwise there is always a natural basis choice in which the BEÕs 
for the density matrix reduce to a set of BEÕs for ßavour asymmetries

E.g. at                      in the basis                      , the asymmetry in      evolves 
independently of the other asymmetries   

At                                     , fast ! "  - induced interactions such as
destroy the quantum coherence between     and the other lepton ßavours

diagonal entries = ßavour asymmetries 

off-diagonal entries = quantum correlations between ßavours
(! ! )"#

! ! ! ! Y! ! " Yø! !

! ! U! ! ! ! U! ! l UT

T > 1012 GeV (! N 1 , ! ! 1, ! ! 2) ! N 1

109 GeV < T < 1012 GeV q3 ! ! ! tR "R

! !



Flavour effects lead to quantitatively different results from the 1FA

Spectacular enhancement of the Þnal asymmetry in some cases, such as 
N2 leptogenesis (N2 generate an asymmetry in a ßavour that is only mildly 
washed out by N1)  [Vives Õ05 - Abada, Hosteins, Josse-Michaux, SL Õ08 - Di Bari, Riotto Õ08]

[Abada, Josse-Michaux Õ07]

red:  1FA
black: ßavoured case
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Figure 4: Evolution of the asymmetries as a function ofz = M 1/T in the (+ , + , ! ) solution, with the o ! -diagonal
entries of the A matrix included (left panel) and omitted (right panel). The thin lines represent the three lepton
ßavour asymmetries:Y! e in blue (medium grey), Y! µ in green (light grey), Y! ! in purple (dark grey), while the
thick red (medium grey) and black lines stand for YB and Y 1F A

B ! L , respectively. The input parameters are chosen
as in Fig. 2, and the B ! L breaking scale isvR = 1014 GeV.

matrix. Neglecting the o! -diagonal entries of theA matrix for the moment, and omitting for simplicity
the scattering terms in W1(z), one obtains:

Y d
! !

" e
3"
4 A !! ! 1! (Y! ! )N 2

, (59)

where we have used
! !

0 dz z3K 1(z) = 3 ! / 2. Since" 1e # 1 # " 1µ(" ) , the asymmetry in the electron
ßavour is almost una! ected by N1-induced washout, while (Y! µ )N 2

and (Y! # )N 2
are exponentially

diluted, namely by a factor of order 10" 11. The Þnal baryon asymmetry is14:

YB "
10
31

Y d
! e

"
10
31

0.92 (Y! e )N 2
" ! 1.2 $ 10" 10 , (60)

in good agreement with the numerical result. In the one-ßavour approximation instead, the B ! L
asymmetry generated inN2 decays is completely washed out byN1-related processes:

Y 1F A
B ! L " e" 3"

4 ! 1 (Y 1F A
B ! L )N 2

" 6 $ 10" 35 (Y 1F A
B ! L )N 2

, (61)

so that the dominant contribution to Y 1F A
B ! L actually comes fromN1 decays, in spite of the smallness of

#1 (an analogous statement can be made aboutY! µ and Y! # in the ßavour-dependent treatment). All
these results are illustrated in the right panel of Fig. 4.

Let us now add the e! ect of the o! -diagonal entries in theA matrix. The contribution to Y! ! of the
second term in the right-hand side of Eq. (57) has been evaluated in Ref. [51], in the non-supersymmetric
case:

Y od
! !

"
1.3" 1#

1 + 0.8(! A## " 1# )1.17

"

$#= #

A#$ Y d
! $

. (62)

This ßavour mixing does not a! ect Y! e , but prevents the complete depletion ofY! µ and Y! # :

Y od
! µ ( # )

" 0.12Y d
! e

" ! 4.4 $ 10" 11 . (63)

The Þnal baryon asymmetry is only marginally a! ected, reaching YB " ! 1.5 $ 10" 10. These analytic
estimates are conÞrmed by the numerical results shown in theleft panel of Fig. 4.

14 As explained earlier in this section, the sign of YB is not relevant since it can be reverted by changing the sign of ! u
2

(if one neglects the small contribution of ! CKM to YB ).
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[Abada, Hosteins, Josse-Michaux, SL Õ08]

if the total wash-out is strong, we can still have ßavours that are weakly washed-out, hence dominating the
baryon asymmetry and allowing a successfull leptogenesis.Thus, by the inclusion of ßavour in leptogenesis
no upper-bound on ÷m can be derived.
Notice that for ÷m(m1) ! atm in Þgure 8(9), the points drop below the upper-boundMN 1 ! 5 " 1011 GeV.
Indeed, asm1 ! atm , mmax ! m1 ! m2 ! m3, and the upper-bound onMN 1 scales as 1/m1, c.f eq. (32).
In the one ßavour approximation, a bound on the light neutrino mass was derived in [7], and this no
longer holds when ßavours are accounted for [10]. However, in [13] a bound on the neutrino mass scale of
about 2 eV is derived in the ßavoured leptogenesis context inthe strong wash-out regime and hierarchical
wash-out factors 1# κ! # κ" and equal CP-asymmetries. In this work, we imposem# to be lighter than
the cosmological bound

!
m# " 1 eV and we do not explore conÞgurations leading to higherm# . This can

be seen in Þgure 9, which represents the allowed parameter space (MN 1 -m1 ) in di ! erent cases. The black
points are the result when ßavours are included, whereas redones represent the one-ßavour approximation.
We clearly see that the cosmological bound is saturated whenßavours are considered, and this does not
occur in the one-ßavour approximation. In Þgure 9, form1 above matm , the solutions have in general a
speciÞc ßavour alignement: the ßavoured CP-asymmetries are almost equalϵe+ µ $ ϵ$ and the individual
wash-out factors are hierarchical 1# κ!

<$ 10κ" and the total wash-out is strong. It is well known that
such conÞgurations of wash-out parameters achieve sucessfull leptogenesis in the ßavoured case whereas
the unßavoured one fails. For such speciÞc conÞgurations, e! ect of the o! -diagonal terms of theA-matrix
on YB is maximisal (c.f Þg 7) but nevertheless is only a correctionwithout important impact.
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Figure 9:
Successfull leptogenesis:M 1-m1 space, in the dynamical case (left panel) and in the thermal case (right panel).
The vertical lines represent

p
! m2

atm (in blue) and
p

! m2
sol (in green).

5 Conclusion

The behaviour of individual lepton asymmetries in the case of vanishing initial N1 abundance has been
analysed in [11]. In this study we give semi-analytical results including Þne-tuning corrections that depend
on ßavour alignment. We extend the study to the case ofN1 initially in thermal equilibrium, and conÞrm
that in this case, when o! -diagonal entries of the conversion B/3 %L! & L are neglected, the e" ciency
factor for a given ßavour is independent of the wash-out of other ßavours.
Independently of the thermal history of the decaying right-handed neutrino, we observed that misalignment
of ßavours can greatly enhance the baryon asymmetry, when compared to the one-ßavour approximation,
for an identical wash-out strenght.We also include o! -diagonal entries of the B/3 % L! & L conversion
that couple ßavours among themselves. Even if this inclusion only modiÞes the baryon asymmetry by a
few percent, thus allowing to safely disregard these terms for YB computation, we nevertheless stressed
that the individual lepton asymmetries are very sensitive to such interdependencies. Finally, we studied
the lower bound on the N1 mass and the leptogenesis allowed parameter space. We conÞrm the lower
bound to be $ 4 " 108(9) GeV for a thermal (vanishing) initial N1 abundance. We have also shown that
the parameter space is enlarged, as the ßavour (mis)alignment allows for higher values of the wash-out (or
equivalently of ÷m).
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Type II seesaw mechanism:

                                             electroweak triplet

generates a neutrino mass matrix

Also leads to leptogenesis provided another heavy state couples to lepton 
doublets !  generation of a CP asymmetry in triplet decays possible

Scalar triplet leptogenesis

! =
!

! + /
!

2 ! ++

! 0 " ! + /
!

2

"Type I+II seesaw mechanism:

Right-handed neutrino mass matrix: 

     vR <‡�ª! R�«��scale of B-L breaking

    ! R = SU(2)R triplet with couplings fRij to right-handed neutrinos

vL is small since it is an induced vev: 

In a broad class of theories with underlying left-right symmetry (such as    
SO(10) with a        ), one has             and             

������������������������  left-right symmetric seesaw mechanism

! L = SU(2)L triplet with
couplings fLij to lepton doublets

vL ! " ! L # $ v2vR /M 2
! L

M R = f R vR

M ! = f L vL !
v2

vR
Y T f ! 1

R Y " M II
! + M I

!

SO(10) models with a left-right symmetric seesaw

Y = Y T126H f L = f R ! f
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�↵
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Figure 1: Tree-level and one-loop Feynman diagrams responsible for the ßavored CP asym-
metry ✏

`i
�↵

in the pure type-II seesaw scenario.

the interference between the tree-level and wave-function corrections shown in Fig.1, it
therefore consists of two pieces: a lepton number and ßavor violating one (scalar loops)
and a purely ßavor violating part (lepton loops). The total ßavored CP asymmetry in�↵

decays can then be written as

✏
`i
�↵

= ✏
`i ( !L, !F )
�↵

+ ✏
`i ( !F )
�↵

, (13)

where the two pieces read

✏
`i ( !L, !F )
�↵

=
1

2⇡

!

�!= ↵

Im
"#

Y  
↵Y�

$
ii

µ"
�↵

µ��

%

m2
�↵

Tr[Y↵Y  
↵ ] + |µ�↵ |2

g(m2
�↵

/m 2
��

) , (14)

✏
`i ( !F )
�↵

=
1

2⇡

!

�!= ↵

m2
�↵

Im
&#

Y  
↵Y�

$
ii

Tr[Y↵Y  
� ]

'

m2
�↵

Tr[Y↵Y  
↵ ] + |µ�↵ |2

g(m2
�↵

/m 2
��

) , (15)

with

g(x) =
x(1 � x)

(1 � x)2 + xy
(16)

and y = ( �Tot
��

/m ��
)2. Note that the CP asymmetry in Eq. (14) is in-line with what

has been found in [19]. This piece, which we refer to as purely ßavored CP violating
asymmetry, satisÞes the total lepton number conservation constraint

!

i

✏
`i ( !F )
�↵

= 0 , (17)

and so the total CP asymmetry can consequently be written as

✏�↵ =
!

i = e,µ,⌧

✏
`i
�↵

=
!

i = e,µ,⌧

✏
`i ( !L, !F )
�↵

. (18)

In terms of triplet decay observables the total ßavored asymmetries can be recasted ac-
cording to

✏
`i
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= � 1
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Figure 2: Tree-level and one-loop Feynman diagrams accounting for the ßavored CP asym-
metry ! ! i

! ↵
in scenarios featuring type-I and type-II interplay.

! g(m2
! ↵

/m 2
! �

) . (19)

If flavor e! ects are operative, that is to say if leptogenesis takes place below 1013 GeV,
the purely flavored CP asymmetry in (15) will play a role in the generation of the B " L
asymmetry. These asymmetries, conserving total lepton number, involve only the Y"

Yukawa couplings and not the lepton number violating parameter µ! ↵ . Hence, as also
noted in Ref. [19], they are not necessarily suppressed by the smallness of the neutrino
masses. As can be seen by comparing (14) and (15), when the condition

µ!
! ↵

µ! �
# m2

! ↵
Tr[Y" Y  

# ] (20)

is satisfied, the purely flavored CP asymmetry overshadows the lepton number violating
piece, therefore leading to a regime where leptogenesis is entirely driven by flavor dy-
namics. In terms of scalar triplet interactions, this means that a purely flavored scalar
triplet leptogenesis scenario naturally emerges whenever the triplets couple substantially
less to SM scalars than to leptons, B "

! $ B "
$ for at least one value of " . Note that

although PFL scenarios in type-I seesaw can be defined as well, they di! er significantly
from the purely flavored scalar triplet leptogenesis scenario in that the latter just require
suppressed lepton number violation in a single triplet generation i.e. suppression of lepton
number breaking interactions in the full Lagrangian is not mandatory, as can be seen by
noting that condition (20) can be satisfied even if µ! ↵ /m ! ↵ # Y" for a single value of " .

We now turn to the case where the new states beyond the scalar triplet are RH
neutrinos. In these scenarios the tree-level triplet decay involves only a vertex one-loop
correction as shown in Fig. 2. The interference between the tree and one-loop level
diagrams leads to the following CP asymmetry [14, 15]:

! ! i
! = "

1

4#

!

" ,j

MN↵

Im
"
µ! Y ij $!

" i $
!
" j

#

m2
! Tr[Y Y  ] + |µ! |2

ln

$
1 +

m2
!

M 2
N↵

%
. (21)

Here the triplet generation index, being superfluous, has been dropped. In contrast to
what has been found in the previous case, the resulting flavored CP asymmetry violates
lepton flavor as well as lepton number. So, unless a specific (and somehow arbitrary)
flavor alignment is assumed, so that

&
i ! ! i

! = 0, in these “hybrid” schemes PFL scenarios
are not definable.

6

RH neutrinos

additional triplets

L = !
1
2

!
f↵� ! `↵`� + µ !  

HH + h.c.
"

! M
2
� Tr( !   ! )
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Can parametrize the effect of the heavier state(s) (assumed to be much 
heavier than the triplet) in a model-independent way:

                                                !

The ßavoured CP asymmetries are given by:

            

Main differences with standard leptogenesis (with RH neutrinos):

(i) the triplet has gauge interactions !  competition between annihilations
                  and decays                                   (2 decay modes)    

(ii) the heavy decaying state is not self-conjugate !  possibility of an 
asymmetry       

(mH)!" =
1
2
!"

v2

⇤

m! = m! + mH m� =
�H f ↵�
2M�

v2
�H ! µ/M!

∆ ∆

ℓα

ℓβ

H

H

ℓα

ℓβ

fαβ
καβ

Λ

Figure 1:

where we included a factor 2 in the definition of ϵH and in ϵαα for later convenience.
The flavour-dependent CP asymmetries ϵαβ come from the interference between the 2
diagrams of Fig. 1. With the definition (12), they can be expressed in terms of m∆

and mH as:

ϵαβ =
1

4π

M∆

v2
√

BℓBH

Im
[

(m†
∆)αβ(mH)αβ

]

m̄∆
, (13)

where m̄∆ =
√

tr(m∆m
†
∆). The total CP asymmetry is given by: [

! ! = 2
!

! ! "

! ( "   ! " ! " " ) " ! ( " ! " c
! " c

" )

! ! + !
!  

= 2
! ( " ! HH ) " ! ( "   ! H   H   )

! ! + !
!  

. (14)

]

ϵ∆ !
∑

α,β

ϵαβ = ϵH . (15)

where the second equality follows from CPT invariance. (SL: Benoöõt, peux-tu v«eriÞer si
tu es dÕaccord avec lÕ«equation ci-dessus? Je ne me rappelle plus si tu as ajout«e un facteur
2 dansϵ∆ pour tenir compte du fait que ces d«esint«egrations sont! L = 2)

1.3 Washout
The washout of the asymmetry occurs through the inverse decays of the triplet and
the ! L = 2, 2–2 scatterings ℓℓ " H†H† and ℓH " ℓcH†, mediated by the triplet in
the s- and t-channel, respectively, as well as by the higher order operator responsible
for mH.

When including flavour in the computation, one should also add 2–2 scatterings
which do not modify the total lepton number but violate lepton flavour, namely ℓαℓβ "
ℓγℓδ, ℓαℓcγ " ℓcβℓδ, ℓα! " ℓβ! , ℓα! † " ℓβ! † and ℓαℓcβ " !! †.
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Boltzmann equations (neglecting the off-shell scatterings                                )

            = scalar triplet branching ratios into leptons (Higgs)

First studies of lepton ßavour effects by Gonz‡lez-Felipe, Joaquim, Ser™dio Õ13 
and Aristizabal Sierra, Dehn Hambye Õ14, but ßavour non-covariant formalism

single-ßavour approximation [Hambye, Raidal, Strumia Õ05]

!! ! øH øH, !H ! ø! øH
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Case                : even though triplet decays remain in thermal equilibrium, 
an asymmetry is generated because the decay mode                is out of 
equilibrium  !  an asymmetry      develops, followed by      and

The observed BAU can be reproduced for

      = size of the triplet contribution to neutrino masses
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Figure 3: Left panel: interaction rates ! DL , ! DH , ! A , |! sub
T s |, ! T t in units of Hn ! : a value belowO(1)

is ÔslowÕ on cosmological time-scale. Right panel: evolution of ! T (indistinguishable from ! eq
T , black

dashed line),! T ! ! eq
T , " L , " H , " T . Asymmetries are plotted in units of "L . We take M 1 = 1010 GeV,

÷mT = ( " m2
atm )1/ 2 " 0.05 eV, #L = 0 .1 giving #H " 2 á10! 4 and e! ciency $ " 0.38.

number is violated by the contemporaneous presence of#L and #H , so that the lepton asymmetry is
washed-out only when both partial decay rates to leptons andHiggses are faster than the expansion
rate. Otherwise, even for a fast total decay rate, a quasi maximal e# ciency can be obtained in large
portions of the parameter space.

To demonstrate how a large e# ciency $ # 1 arises, we plot in Þg. 3 the interaction rates as function
of temperature (left panel) as well as the evolution of the abundances of ! T , ! T ! ! eq

T , " L , " H ,
" T (right panel) for M T = 1010 GeV, ÷mT = matm and #L = 0 .1. This choice of parameters implies
BL $ 1 % BH # 10! 5 and very di$erent decay rates! DL & BL ! D and ! DH & BH ! D . It happens
that only ! DL is faster than the expansion rate, so that the washout of the produced L asymmetry is
not e$ective. Furthermore, gauge scatterings do not give a signiÞcant suppression despite being much
faster than the expansion rate, because they are not much faster than ! D (see Þg. 3a): triplets decay
before annihilating. While gauge scatterings keep triplets in equilibrium, all asymmetries grow much
larger than ! T ! ! eq

T . Altogether the resulting e# ciency in this example is quasi-maximal: $ " 0.38.

Let us present a more technical explanation of the behavior discussed above. In general, Boltzmann
equations reduce to thermal equilibrium (giving a vanishingly small e# ciency $) when the source terms
in their right-handed sides have coe# cients much larger than the expansion rate. From their explicit
form one can see that whenBL ' 0 or when BH ' 0 the combinations of " L , " H , " T that are forced
to vanish become linearly dependent, so that one combination gets not washed out and can store a
large lepton asymmetry. This behavior is possible becauseBL and BH can be di$erent from each
other, which results in the additional Boltzmann equation, eq. (13d).3 We can analytically explain the

3An aside comment: Boltzmann equations for decays of right-h anded sneutrinos have a similar form as leptogenesis
from decays of scalar triplets. In the sneutrino case the new e! ect discussed here is typically negligible, because unbroken

7

[Hambye, Raidal,
Strumia Õ05]

BH ! B!

! ! HH

M� > 2.8⇥ 1010 GeV (m̄� = 0.001 eV)

M ! > 1.3 ! 1011 GeV ( øm! = 0 .05 eV)

M ! = 1010 GeV

øm! = 0 .05 eV

! !
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Contrarily to the type I seesaw case, in scalar triplet leptogenesis there is no 
preferred basis in which the BEÕs for the density matrix           reduce to BEÕs 
for ßavour-diagonal asymmetries (except at                    , where all quantum 
correlations between lepton ßavours are destroyed by Yukawa couplings)

In particular, no well-deÞned one-ßavour approximation at 
[basic reason: no basis in which the triplet couples to a single lepton ßavour]

If write BEÕs for the individual ßavour asymmetries in two different bases, will 
Þnd a different result for the Þnal baryon asymmetry

Flavour-dependent scalar triplet leptogenesis
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(M� = 5 ! 1012 GeV) [SL, B. Schmauch]

T > 1012 GeV



Derivation of the ßavour-covariant Boltzmann equations    [SL, B. Schmauch]

 We use the closed-time path (CTP) formalism, which has already been used to 
derive quantum Boltzmann equations for standard leptogenesis

The Boltzmann equations are obtained from the Schwinger-Dyson equations:

where the GÕs are GreenÕs functions path-ordered along the closed time contour

and the ΣÕs are lepton doublet self energies

The washout term due to inverse decays is obtained
from the one-loop lepton doublet self-energy
while the washout terms from 2-2 scatterings
and the source term arise from 2-loop contributions
to the lepton self-energy

At the end of the computation, we take the limit
            to obtain the classical Boltzmann equations

[Buchmuller, Fredenhagen Õ00 - De Simone, Riotto Õ07 - Garny et al. Õ09 - Cirigliano et al. Õ09 - Beneke et al. Õ10 ...]

One can show that ! n!" is the zeroth component of the currentJ µ
!" = : ø! ! " µ! " : (or

more precisely of its average!J µ
!" "):

! n!" = !J 0
!" " = ! : !  

! ! " : " . (3.35)

We will use this fact to derive an evolution equation for ! n!" . Noticing that

!#µJ µ
!" " = # tr

!
(i

#$
/#x + i

%#
/#y)G>

"! (x, y)
"

y = x
, (3.36)

where the trace is taken over spinorial andSU(2)L indices, and using the Schwinger-Dyson
equations (3.15) and (3.16) to express the right-hand side of Eq. (3.36) in terms of the
self-energy functions" > and " <, one obtains

!#µJ µ
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d4w tr

!
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# G>
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"# (x, w)" >

#! (w, x)
"

. (3.37)

Since we consider a homogeneous and isotropic medium, the divergence of the current
reduces tod! n!" /dt . Finally, we incorporate the expansion of the universe by making
the following replacement in the above equation:

!#µJ µ
!" " $

d! n!"

dt
+ 3H ! n!" = sHz

d(! $)!"

dz
. (3.38)

We thus obtain the quantum Boltzmann equation for the density matrix ( ! $)!" :

sHz
d(! $)!"

dz
= #

#
d3w

# t

0
dtw tr

!
" >

"# (x, w)G<
#! (w, x) # " <

"# (x, w)G>
#! (w, x)

# G>
"# (x, w)" <

#! (w, x) + G<
"# (x, w)" >

#! (w, x)
"

. (3.39)

This equation is both quantum and ßavour-covariant, but we are only interested in ßavour
e#ects. We shall therefore take the classical limit by keeping only the contributions to "
involving an on-shell intermediate part. This procedure will provide us with a ßavour-
covariant Boltzmann equation of the form8 (3.2).

8Strictly speaking, the Boltzmann equation for the 3 & 3 density matrix ( ! ! )"# is valid only in the regime
where the quantum correlations between the di#erent lepton ßavours are not a#ected by the charged lepton
Yukawa interactions, i.e. at T > 1012 GeV. When this condition is not satisÞed, one must either add a term
accounting for the e#ects of the Yukawa-induced processes on the right-hand side of Eq. (3.2), or impose that
the appropriate entries of the density matrix ! ! vanish (see discussion later in this section and Section 5 for the
relevant Boltzmann equations). Furthermore, the e#ect of spectator processes such as sphalerons and Yukawa
interactions, which impose relations among the various particle asymmetries in the plasma, is not included at
this stage (it will be discussed in Section 4).
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One can show that ! n!" is the zeroth component of the currentJ µ
!" = : ø! ! " µ ! " : (or

more precisely of its average!J µ
!" "):

! n!" = !J 0
!" " = ! : !  

! ! " : " . (3.35)

We will use this fact to derive an evolution equation for ! n!" . Noticing that

!#µ J µ
!" " = # tr

!
(i

#$
/#x + i

%#
/#y)G>

"! (x, y)
"

y = x
, (3.36)

where the trace is taken over spinorial andSU(2)L indices, and using the Schwinger-Dyson
equations (3.15) and (3.16) to express the right-hand side of Eq. (3.36) in terms of the
self-energy functions" > and " < , one obtains

!#µJ µ
!" " = #

#

C
d4w tr

!
" >

"# (x, w)Gt
#! (w, x) # " øt

"# (x, w)G>
#! (w, x)

# G>
"# (x, w)" t

#! (w, x) + Gøt
"# (x, w)" >

#! (w, x)
"

= #
#

d3w
# t

0
dtw tr

!
" >

"# (x, w)G<
#! (w, x) # " <

"# (x, w)G>
#! (w, x)

# G>
"# (x, w)" <

#! (w, x) + G<
"# (x, w)" >

#! (w, x)
"

. (3.37)

Since we consider a homogeneous and isotropic medium, the divergence of the current
reduces tod! n!" /dt . Finally, we incorporate the expansion of the universe by making
the following replacement in the above equation:

!#µJ µ
!" " $

d! n!"

dt
+ 3H ! n!" = sHz

d(! $)!"

dz
. (3.38)

We thus obtain the quantum Boltzmann equation for the density matrix ( ! $)!" :

sHz
d(! $)!"

dz
= #

#
d3w

# t

0
dtw tr

!
" >

"# (x, w)G<
#! (w, x) # " <

"# (x, w)G>
#! (w, x)

# G>
"# (x, w)" <

#! (w, x) + G<
"# (x, w)" >

#! (w, x)
"

. (3.39)

This equation is both quantum and ßavour-covariant, but we are only interested in ßavour
e#ects. We shall therefore take the classical limit by keeping only the contributions to "
involving an on-shell intermediate part. This procedure will provide us with a ßavour-
covariant Boltzmann equation of the form8 (3.2).

8Strictly speaking, the Boltzmann equation for the 3 & 3 density matrix ( ! ! )"# is valid only in the regime
where the quantum correlations between the di#erent lepton ßavours are not a#ected by the charged lepton
Yukawa interactions, i.e. at T > 1012 GeV. When this condition is not satisÞed, one must either add a term
accounting for the e#ects of the Yukawa-induced processes on the right-hand side of Eq. (3.2), or impose that
the appropriate entries of the density matrix ! ! vanish (see discussion later in this section and Section 5 for the
relevant Boltzmann equations). Furthermore, the e#ect of spectator processes such as sphalerons and Yukawa
interactions, which impose relations among the various particle asymmetries in the plasma, is not included at
this stage (it will be discussed in Section 4).
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Closed time-path formalism

[W. Buchmüller & al. ’00, De Simone & al. ’07, Garbrecht & al. ’10]

C= time-path that goes from 0 to ∞ and back

t
+
−

G!" (x , y) = ⟨TCℓ! (x)ℓ̄" (y)⟩ Green’s function, time-ordered following
the contour .

Schwinger-Dyson equation expresses G as a function of the free
Green’s function G 0 and the 1PI self-energy !

1! ) Tr[(
−→
/∂x +

←−
/∂y )SD] −→ Quantum Boltzmann equation for (" #)!"

2! ) Classical limit
Benôıt Schmauch

!

! !! !

"

! L c

f !
!" ! #$ ! !

!" f #$

µ! µ

"

! H

H

"

!H

H

Figure 4: 2-loop contributions to the lepton doublet self-energy" !# giving rise to the CP
asymmetry E#! .

and tau Yukawa couplings, the source term for the ßavour asymmetry ! %! ! (! %)##

(! = e, µ, " ) reads

S## =
!

" !

" eq
!

" 1
"

#D

#

&

$#& , (3.56)

where $#&, not to be confused with E#&, is the CP asymmetry in the decay ! # ø%# ø%&

deÞned in Eq. (2.13). Comparing Eq. (3.55) with Eq. (3.56) and using Eq. (2.14), one
obtains the diagonal entries ofE:

E## =
#

&

$#& =
1

4&
M !

v2

$
B%BH

Im
%
(mH m 

! )##

&

øm!
. (3.57)

It is then easy to derive the full ßavour-covariant CP-asymmetry matrix E by reading its
dependence on the couplingsf #! and ' #! from Fig. 4, and by using its hermiticity and
covariance properties together with Eq. (3.57):

E#! =
1

8&i
M !

v2

$
B%BH

(mH m 
! " m! m 

H )#!

øm!
. (3.58)

The Þrst equality in Eq. (3.57) implies that the trace of this matrix is equal to the total
CP asymmetry in triplet decays:

tr E =
#

#,!

$#! = $! . (3.59)

This completes the derivation of the right-hand side of the ßavour-covariant Boltzmann
equation (3.2).

3.3 Full set of Boltzmann equations
Finally, Eq. (3.2) must be supplemented with the Boltzmann equations for " ! and ! !

(an equation for ! H is not needed since, as we are going to see in Section 4,! H can be
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Boltzmann equations for the density matrix                      [SL, B. Schmauch]

 

                                                                                  inverse decays

(4-lepton and lepton-triplet scatterings are purely ßavoured washout processes)

tures higher than 1012 GeV, the system of Boltzmann equations is:

sHz
d! !

dz
= !

!
! !

! eq
!

! 1
"

! D ! 2

#
! 2

!

! eq2
!

! 1

$

! A (101)

sHz
d" !"

dz
= ! E!"

!
! !

! eq
!

! 1
"

! D + W D
!" + W #H

!" + W 4#
!" + W #!

!" , (102)

sHz
d" !

dz
= !

1
2

%
tr( W D ) ! W H &

, (103)

with W D
!" , W #H

!" , W 4#
!" and W #!

!" given by the eqs. 56, 64, 65 and 66, and

W H = 2BH

!
" H

Y eq
H

!
" !

! eq
!

"
! D , (104)

so that

sHz
d" !

dz
= !

!
" !

! eq
!

+ B#
tr( f f   " #)

" 2
#Y eq

#
! BH

" H

Y eq
H

"
! D

= !
!

" !

! eq
!

+ B#
tr( f f   g#(" , " ! ))

" 2
#Y eq

#
! BH

gH (" , " ! )
Y eq

H

"
! D . (105)

After replacing (" #)!" and " H with g#
!" (" $%, " ! ) and gH (" $%, " ! ) in the right-hand

side of the equations, this system has a closed form and can besolved numerically.
When the temperature drops below 1012 GeV, the system becomes

sHz
d! !

dz
= !

!
! !

! eq
!

! 1
"

! D ! 2

#
! 2

!

! eq2
!

! 1

$

! A , (106)

sHz
d" 0

!"

dz
= ! E!"

!
! !

! eq
!

! 1
"

! D + ÷W D
!" + ÷W #H

!" + ÷W 4#
!" + ÷W #!

!" , #, $ = e, µ (107)

sHz
d" &

dz
= ! E&&

!
! !

! eq
!

! 1
"

! D + öW D
& + öW #H

& + öW 4#
& + öW #!

& , (108)

sHz
d" !

dz
= !

1
2

'
tr( ÷W D ) + öW D

& ! W H
(

. (109)

In what follows we will compare the results obtained with these Boltzmann equations
to those obtained after making some approximations.

Single ßavour approximation, no spectator process. First we neglect all
SM Yukawa interactions as well as the QCD and electroweak sphalerons, so that

" # = ! " , " H = ! " ! 2" ! , (110)
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tures higher than 1012 GeV, the system of Boltzmann equations is:

sHz
d! !

dz
= !

(

! !

! eq
!

! 1
)

γD ! 2

(

! 2
!

! eq2
!

! 1

)

γA (101)

sHz
d" αβ

dz
= ! Eαβ

(

! !

! eq
!

! 1
)

γD + WD
αβ + WℓH

αβ + W4ℓ
αβ + Wℓ!

αβ , (102)

sHz
d" !

dz
= !

1
2

(

tr( WD ) ! W H ) , (103)

with WD
αβ, WℓH

αβ , W4ℓ
αβ and Wℓ!

αβ given by the eqs. 56, 64, 65 and 66, and

W H = 2BH

(

" H

Y eq
H

!
" !

! eq
!

)

γD , (104)

so that

sHz
d" !

dz
= !

(

" !

! eq
!

+ Bℓ
tr( f f   " ℓ)
λ2
ℓY eq

ℓ

! BH
" H

Y eq
H

)

γD

= !
(

" !

! eq
!

+ Bℓ
tr( f f   gℓ(" , " ! ))

λ2
ℓY eq

ℓ

! BH
gH (" , " ! )

Y eq
H

)

γD . (105)

After replacing (" ℓ)αβ and " H with gℓαβ(" ρσ, " ! ) and gH (" ρσ, " ! ) in the right-hand
side of the equations, this system has a closed form and can besolved numerically.

When the temperature drops below 1012 GeV, the system becomes

sHz
d! !

dz
= !

(

! !

! eq
!

! 1
)

γD ! 2

(

! 2
!

! eq2
!

! 1

)

γA , (106)

sHz
d" 0

αβ

dz
= ! Eαβ

(

! !

! eq
!

! 1
)

γD + ÷WD
αβ + ÷WℓH

αβ + ÷W4ℓ
αβ + ÷Wℓ!

αβ , α, β = e, µ (107)

sHz
d" τ

dz
= ! Eττ

(

! !

! eq
!

! 1
)

γD + öWD
τ + öWℓH

τ + öW4ℓ
τ + öWℓ!

τ , (108)

sHz
d" !

dz
= !

1
2

(

tr( ÷WD ) + öWD
τ ! W H

)

. (109)

In what follows we will compare the results obtained with these Boltzmann equations
to those obtained after making some approximations.

Single ßavour approximation, no spectator process. First we neglect all
SM Yukawa interactions as well as the QCD and electroweak sphalerons, so that

" ℓ = ! " , " H = ! " ! 2" ! , (110)
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which can safely be neglected. By doing so, we keep only the terms which are kine-
matically allowed for on-shell particles:

!
!

d3z
! !

0
dtzTr[ ! >

!" (x, z)G<
"# (z, x)]

= !
1
2

!
d3p

(2! )32" $p

!
d3k

(2! )32" $k

!
d3l

(2! )32" $%

2f "
!& f "' (k.l )(2! )4#(4) (p ! k ! l )

"
"

(1 + ø$! (%p))$&' (%k)$#" (%l) + $! (%p)(#&' ! ø$'& (%k))( ##" ! ø$"# (%l))
#

. (51)

Then, dropping Bose enhancement and Fermi blocking factorswe obtain:

!
!

d3z
! !

0
dtzTr[ ! >

!" (x, z)G<
"# (z, x)]

= !
1
2

!
d3p

(2! )32" $p

!
d3k

(2! )32" $k

!
d3l

(2! )32" $%

2f "
!& f "' (k.l )(2! )4#(4) (p ! k ! l )

"
"

$&' (%k)$#" (%&) + $! (%p)#&' ##"

#
. (52)

The computation of the other terms of the right-hand side give similar results, and in
the end, remembering that

' D =
!

d3p
(2! )32" $p

!
d3k

(2! )32" $k

!
d3l

(2! )32" $%

(( 2
%+ ( 2

H )(k.l )

" (2! )4#(4) (p ! k ! l )
$

$eq
! (%p) + ø$eq

! (%p)
%

, (53)

we get for the washout term related to decays and inverse decays W D
#!

W D
#! =

2B%

( 2
%

&
(f f   )#!

" !

! eq
!

+
1

4Y eq2
%

'
Y fY T f   ! øY f øY T f   + fY T f   Y ! f øY T f   øY

(

#!

)

' D . (54)

We can linearize this, using again the fact that ßavour-blind gauge interactions keep
the lepton densities close to their equilibrium values:

Y#! ! øY#! =( " %)#! ,

Y#! + øY#! =2Y eq
%

*
##! + O()2)

+
, (55)

which gives:

W D
#! =

2B%

( 2
%

&
(f f   )#!

" !

! eq
!

+
1

4Y eq
%

(2f " T
%f   + f f   " %+ " %f f   )#!

,
' D . (56)

From there we can easily deduce how to express this term for temperatures smaller
than 1012 GeV, by imposing the conditions (" %)e( = ( " %)µ( = ( " %)( e = ( " %)( µ = 0.
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W 4!
"# =

2
[tr( f f   )]2

!

tr( f f   )

"
2f ! T

! f   + f f   ! ! + ! ! f f  
#

"#

4Y eq
!

Tr( ! ! f f   )
Y eq

!
(f f   )"#

$

! 4!
4-lepton

scatterings

f ∗
!" κ#$ κ∗

!" f#$

µ µ∗

Figure 3: 2-loop contributions to the lepton doublet self-energy Σ!# , giving rise to the CP
asymmetry

The flavour structure of the other processes can be read on higher-order loop contri-
butions to the 1PI self-energy of the lepton doublets. The washout terms due to the
scatterings involving two leptons and two Higgs look like

W%H
#! = 2

{

1

tr(ff †)

[(

2f∆T
%f

† + ff †∆%+∆%ff †
)

#!

4Y eq
%

+
∆H

Y eq
H

(ff †)#!

]

γ∆%H

+
1

ℜ [tr(fκ†)]

[(

2f∆T
%κ

† + fκ†∆%+∆%fκ†
)

#!

4Y eq
%

+
∆H

Y eq
H

(fκ†)#!

]

γI%H

+
1

ℜ [tr(fκ†)]

[(

2κ∆T
%f

† + κf †∆%+∆%κf †
)

#!

4Y eq
%

+
∆H

Y eq
H

(κf †)#!

]

γI%H

+
1

tr(κκ†)

[(

2κ∆T
%κ

† + κκ†∆%+∆%κκ†
)

#!

4Y eq
%

+
∆H

Y eq
H

(κκ†)#!

]

γH%H

}

, (64)

where γ∆%H , γH%H and γI%H are respectively the contribution due to the triplet exchange,
the contribution of the 5d operator responsible for mH and the interference term be-
tween the two, so that γ%H = γ∆%H + 2γI%H + γH%H .

The washout term due to the 4-fermion scatterings is

W4%
#! =

2

[tr(ff †)]2

[

tr(ff †)

(

2f∆T
%f

† + ff †∆%+∆%ff †
)

#!

4Y eq
%

−
Tr(∆%ff †)

Y eq
%

(ff †)#!

]

γ4%, (65)

whereas the washout term due to lepton-triplet scatterings is

W%∆
#! =

1

tr(ff †ff †)

[

1

2Y eq
%

(

ff †ff †∆%− 2ff †∆%ff
† +∆%ff

†ff †
)

#!

]

γ%∆. (66)

As expected, these last two terms vanish if one goes to the single flavour approximation
α = β = 1.

2.2 Chemical equilibrium
Various SM reactions that contribute indirectly to the washout of the asymmetry have
to be included in the computation. For simplicity we assume that these SM processes
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(scatterings involving leptons and Higgs bosons)

(ßavour-covariant CP-asymmetry matrix)
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βσ καρ κ∗
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Figure 3: 2-loop contributions to the lepton doublet self-energy Σβα, giving rise to the CP
asymmetry

The flavour structure of the other processes can be read on higher-order loop contri-
butions to the 1PI self-energy of the lepton doublets. The washout terms due to the
scatterings involving two leptons and two Higgs look like

WℓH
αβ = 2

{

1

tr(ff †)

[(

2f∆T
ℓ f

† + ff †∆ℓ +∆ℓff †
)

αβ

4Y eq
ℓ

+
∆H

Y eq
H

(ff †)αβ

]

γ∆ℓH

+
1

ℜ [tr(fκ†)]

[(

2f∆T
ℓ κ

† + fκ†∆ℓ +∆ℓfκ†
)

αβ

4Y eq
ℓ

+
∆H

Y eq
H

(fκ†)αβ

]

γIℓH

+
1

ℜ [tr(fκ†)]

[(

2κ∆T
ℓ f

† + κf †∆ℓ +∆ℓκf †
)

αβ

4Y eq
ℓ

+
∆H

Y eq
H

(κf †)αβ

]

γIℓH

+
1

tr(κκ†)

[(

2κ∆T
ℓ κ

† + κκ†∆ℓ +∆ℓκκ†
)

αβ

4Y eq
ℓ

+
∆H

Y eq
H

(κκ†)αβ

]

γHℓH

}

, (64)

where γ∆ℓH , γHℓH and γIℓH are respectively the contribution due to the triplet exchange,
the contribution of the 5d operator responsible for mH and the interference term be-
tween the two, so that γℓH = γ∆ℓH + 2γIℓH + γHℓH .

The washout term due to the 4-fermion scatterings is

W4ℓ
αβ =

2

[tr(ff †)]2

[

tr(ff †)

(

2f∆T
ℓ f

† + ff †∆ℓ +∆ℓff †
)

αβ

4Y eq
ℓ

−
Tr(∆ℓff †)

Y eq
ℓ

(ff †)αβ

]

γ4ℓ, (65)

whereas the washout term due to lepton-triplet scatterings is

Wℓ∆
αβ =

1

tr(ff †ff †)

[

1

2Y eq
ℓ

(

ff †ff †∆ℓ − 2ff †∆ℓff
† +∆ℓff

†ff †
)

αβ

]

γℓ∆. (66)

As expected, these last two terms vanish if one goes to the single flavour approximation
α = β = 1.

2.2 Chemical equilibrium
Various SM reactions that contribute indirectly to the washout of the asymmetry have
to be included in the computation. For simplicity we assume that these SM processes
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For the 2! 2 matrix ! 0
! describing the asymmetry stored in thee" µ space, the washout

term due to decays and inverse decays is

÷W D
"# =

2B!

λ2
!

[

(f f †)"#
! ∆

" eq
∆

+
1

4Y eq
!

(

2f "$ f ∗
#$! ! τ + f "$ (f †! 0

! )$# + ( ! 0
! f )"$ f ∗

#$

)

+
1

4Y eq
!

(2 ÷f (! 0
! )T ÷f † + ÷f ÷f †! 0

! + ! 0
!

÷f ÷f †)"#

]

γD , (57)

where we deÞned

÷f =
(

f ee f eµ

f µe f µµ

)

. (58)

For the asymmetry stored in the τ doublet, the washout term is [

öW D
! =

2B "

λ2
"

!

" ( f f   ) ! !
! !

" eq
!

+
1

2Y eq
"

#

$
%

# , $

f !# f !
! $

&
( ! 0

" ) $# + ! " !

'
+ 2 | f ! ! | 2 ! " !

(

)

*

+ γD . (59)

]

öW D
$ =

2B!

λ2
!

⎡

⎣(f f †)$$
! ∆

" eq
∆

+
1

2Y eq
!

⎛

⎝

∑

" ,#

f $" f ∗
$β

(

(! 0
! )#" + ! ! τ δ"#

)

+ |f $$|2! ! τ

⎞

⎠

⎤

⎦ γD .

(60)

(SL: il manquait unδ"# et, sauf erreur de ma part, un facteur 2 «etait de trop)The same
procedure can be applied to the other terms to derive their form for 109 < T < 1012

GeV.
We also need the covariant expression of the CP asymmetry. Wenote E∆ the matrix

of CP asymmetries in! decay. From the computation of section1.2 we can guess that
its diagonal elements will be given by

E"" =
∑

%

ϵ"%

=
1

4π
M∆

v2

√

B! BH

∑

%

Im
[

(m†
∆)"%(mH)"%

]

øm∆
(61)

In the CTP formalism, the CP violation arises from 2-loop contributions to the self-
energy, shown in Fig. 3. Without going through the whole computation again (we
just want to know the dependence of the asymmetry matrix in the couplings), we
can see from the diagram that the generalization of this can be obtained by replacing
∑

%I m[µf ∗
"%κ"%] with

∑

%[µf ∗
"%κ#%" µ∗f #%κ∗"%]/ (2i ), so that:

E"# =
1

8πi
M∆

v2

√

B! BH
(m†

∆mH " m†
Hm∆)"#

øm∆
(62)

The total asymmetry ϵ∆ is just the trace of this matrix. Now we can deÞne the
covariant source term

S"# = E"#

(

" ∆

" eq
∆

" 1
)

γD (63)
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M ! = 5 ! 1012 GeV , m! = im ! , ! H = 0 .2



                                                                                  

M ! = 5 ! 1012 GeV

Figure 9: Baryon-to-photon ratio nB /n γ as a function ofλℓ for M! = 5 × 1012 GeV, assuming
Ansatz 1 (left panel) or Ansatz 2 with (x, y) = (0 .05, 0.95) (right panel). The red lines indicate
the result of the ßavour-covariant computation involving the 3× 3 density matrix ∆αβ , with
(solid red line) or without (dashed-dotted red line) spectator processes taken into account,
whereas the blue lines indicate the result of the single ßavour approximation, taking spectator
processes into account (blue dashed line) or not (blue dotted line).The equality of branching
ratios Bℓ = BH is realized forλℓ ≃ 0.15.

Figure 10: Baryon-to-photon rationB /n γ as a function ofλℓ for M! = 1011 GeV, assuming
Ansatz 1 (left panel) or Ansatz 2 with (x, y) = (0 .05, 0.95) (right panel). The red lines indicate
the result of the ßavour-covariant computation involving the 2× 2 density matrix ∆0

αβ , with
(solid red line) or without (dashed-dotted red line) spectator processes taken into account,
whereas the blue lines indicate the result of the 2-ßavour approximation, taking spectator
processes into account (blue dashed line) or not (blue dotted line).The equality of branching
ratios Bℓ = BH is realized forλℓ ≃ 0.021.
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Figure 11: Isocurves of the baryon-to-photon rationB /n ! in the (! " , M! ) plane obtained
performing the full computation, assuming Ansatz 1 (left panel) orAnsatz 2 with (x, y) =
(0.05, 0.95) (right panel). The coloured regions indicate where the observed baryon asymmetry
can be reproduced in the full computation (light red shading) or in the single ßavour approxi-
mation with spectator processes neglected (dark blue shading). The solid black line corresponds
to B" = BH . Also shown are the regions where! H is greater than 1 or 4" .

spectator processes and including ßavour e! ects gives a muchmore accurate result than
doing the opposite. In Fig. 10, the triplet mass is M ! = 1011 GeV, hence theB ! L
asymmetry is essentially generated in the temperature regime 109 GeV < T < 1012 GeV
where the tau Yukawa coupling is in equilibrium, but the muon Yukawa coupling is not.
For Ansatz 1, the 2-ßavour calculation turns out to be a rather good approximation to
the ßavour-covariant computation, while neglecting spectator processes gives a very bad
estimate, except for small or large values of! " . For Ansatz 2, on the contrary, both ßavour
covariance and spectator processes have a signiÞcant impact on the baryon-to-photon ratio
(except again for extreme values of! " ), and neglecting one of them underestimates the
result by up to a factor 2. The 2-ßavour approximation without spectator processes
actually gives a much larger disagreement with the full computation.

Finally, we study in Fig. 11 the dependence of the generated baryon asymmetry on ! "

and M ! , both for Ansatz 1 and for Ansatz 2 with (x, y) = (0 .05, 0.95). The computation
is performed assuming that the third generation Yukawa couplings as well as the charm
Yukawa coupling are in equilibrium, which strictly speaking is true only in the temperature
range 109 GeV < T < 1012 GeV. From Fig. 11 one can conclude that successful scalar
triplet leptogenesis is possible for a triplet mass as low as4.4" 1010 GeV, to be compared
with 1.2 " 1011 GeV in the approximation where ßavour e! ects and spectator processes
are neglected. Other assumptions about the ßavour structure of the triplet couplings
to leptons may allow for a lighter scalar triplet. For comparison, we quote the lower
bounds found by Ref. [26] in the single ßavour approximationwith spectator processes
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M ! > 4.4 ! 1010 GeV (1.2 ! 1011 GeV without ßavour e! ects)
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Non-standard SO(10) model that leads to pure type II
seesaw mechanism !  neutrinos masses proportional to
triplet couplings to leptons:

This model also contains heavy (non-standard) leptons that induce a CP 
asymmetry in the heavy triplet decays

The SM and heavy lepton couplings are related by the SO(10) gauge symmetry, 
implying that the CP asymmetry in triplet decays can be expressed in terms of 
(measurable) neutrino parameters

    !  important difference with other triplet leptogenesis scenarios

A predictive scheme for scalar triplet leptogenesis

Type I+II seesaw mechanism:

Right-handed neutrino mass matrix: 

     vR <‡�ª! R�«��scale of B-L breaking

    ! R = SU(2)R triplet with couplings fRij to right-handed neutrinos

vL is small since it is an induced vev: 

In a broad class of theories with underlying left-right symmetry (such as    
SO(10) with a        ), one has             and             

������������������������  left-right symmetric seesaw mechanism

! L = SU(2)L triplet with
couplings fLij to lepton doublets

vL ! " ! L # $ v2vR /M 2
! L

M R = f R vR

M ! = f L vL !
v2

vR
Y T f ! 1

R Y " M II
! + M I

!

SO(10) models with a left-right symmetric seesaw

Y = Y T126H f L = f R ! f

(M ! )"# =
! H f "#

2M !
v2

[Frigerio, Hosteins, SL, Romanino Õ08]
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the total width of ! and its branching ratios are now given by

" ! =
1

32! 2 M !

!
" 2

! + " 2
H + " 2

øL

"
, (3.3.8)

B! =
" 2

!

" 2
! + " 2

H + " 2
øL

, (3.3.9)

BH =
" 2

H

" 2
! + " 2

H + " 2
øL

, (3.3.10)

B øL =
" 2

øL

" 2
! + " 2

H + " 2
øL

. (3.3.11)

The two new scalarS and T decay into a Standard Model lepton and a heavy an-
tilepton øL , or the CP-conjugate state. These decays preserve the total lepton number
as deÞned in table3.2, and the corresponding widths are

" S =
1

4!
c2

SM S" 2
S , (3.3.12)

" T =
1

8!
c2

T M T " 2
T , (3.3.13)

" " =

#$
$
%

&

"
(f f   )""

'

1 !
M 2

"

M 2
"

(

#(M " ! M " ) , # = S, T . (3.3.14)

! !

! !

! " ! !

! "

"
øL #

øL $

f !"
f !

$#

c! f #"

c! f $!

Figure 3.10: Diagrams contributing to the violation of CP in the decay of ! at one
loop. # denotes one of the two scalarsS or T.

Only ! has couplings that violate the total lepton number, therefore it appears as
the best candidate for leptogenesis. Let us compute the CP asymmetry in its decay
into leptons, which is deÞned like in eq. (3.2.8). The diagrams involved are displayed
in Þg. 3.10. Summing over ßavour, we get

$! =
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4!" 2
!

&

#,$
"

)
f #$(f   f f   )#$

*
+

c2
SG

,
M S

M !
,

M #

M !
,

M $

M !

-
+

c2
T

2
G

,
M T

M !
,

M #

M !
,

M $

M !

- .

,

(3.3.15)

! = S, T ! 54
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Avoiding the type I contribution is difÞcult: NRÕs belong to the matter 
representation (16), hence are always around and couple to lepton doublets

Way out: Ònon-standardÓ embedding of the SM fermions into SO(10) 
representations

              form a massive vector-like pair of matter Þelds

!  contains heavy lepton doublets and quark singlets and their VL partners

SM matter Þelds:

Neutrino masses: no coupling of the NRÕs to the SM leptons at tree level        
!  type II seesaw mechanism (in the presence of a 54 Higgs representation)

SO(10) models with type II seesaw mechanism

16i = 10i � . � 1i

10i = . � 5̄10
i

(510
i , ø516

i )

1016
i = ( Qi , uc

i , ec
i ), ø510

i = ( L i , dc
i ), 116

i = �c
i

WII =
1
2

f ij 10i 10j 54 +
1
2

! 10 10 54 +
1
2

M 54542 M� =
�(v10

u )2

2M�
f!

[Frigerio, Hosteins, SL, Romanino]



Assuming                                     , one obtains:

!       depends on measurable neutrino parameters

!  the CP violation needed for leptogenesis is provided by the CP-violating 
phases of the lepton mixing matrix (the Majorana phases to which neutrinoless 
double beta decay is sensitive)

An approximate solution of the Boltzmann equations suggested that successful 
leptogenesis is possible if the ‟reactorÓ mixing angle      is large enough (prior 
to its measurement by the Daya Bay experiment)

!  conÞrmed by the numerical resolution of the ßavour-covariant Boltzmann 
equations  [SL, B. Schmauch, to appear]

Dependence on the light neutrino parameters

! !

! ! !
1
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i )2
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Parameter space allowed by successful leptogenesis: normal hierarchy
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!  excludes a quasi-degenerate spectrum
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 !  inverted hierarchy disfavoured
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Conclusions

Lepton ßavour dynamics can never be neglected in scalar triplet 
leptogenesis, even when all charged lepton Yukawa couplings are out of 
equilibrium (at variance with standard leptogenesis with RHNs, for which 
the single ßavour approximation is very good)

Except at                   , where all quantum correlations between the 
different lepton ßavours are destroyed, it is not possible to describe 
accurately the ßavour dynamics in terms of individual ßavour asymmetries
!  must use ßavour-covariant Boltzmann equations

Flavour effects can signiÞcantly affect the generated baryon asymmetry 
(extreme case: purely ßavoured scalar triplet leptogenesis)

Non-standard embedding of the SM fermions in SO(10) representations 
provides a link between leptogenesis and low-energy neutrino parameters

T < 109 GeV
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Baryon number violation in the Standard Model
The baryon (B) and lepton (L) numbers are accidental global symmetries  
of the SM Lagrangian !  all perturbative processes preserve B and L

However, B+L is violated at the quantum level (anomaly) !  non-
perturbative transitions between vacua of the electroweak theory 
characterized by different values of B+L [but B-L is conserved]

In equilibrium above the EWPT [                                   ,              ]:

Exponentially suppressed below the EWPT [                                    ]:

Esph(T) = energy of the gauge Þeld conÞguration (ÒsphaleronÓ) that interpolates between two vacua

�<! �<" # " ! $

�L

NCS

�Lsph
! B = ! L = 3 ! NCS

�(T > TEW ) ⇥ �5
W T 4 �W � g2/4⇥

T > T EW ! 100 GeV ��⇥ = 0

0 < T < TEW , ⇥�⇤ �= 0

�(T < TEW ) � e�Esph(T )/T

[Kuzmin, Rubakov,
Shaposhnikov]

[Arnold, McLerran-
Khlebnikov, Shaposhnikov]



New contribution to the CP asymmetry in the ßavoured regime (models with 
several triplets)

(i) usual contribution: violates both L and L"  

(ii) new contribution: violates L"  but not L

If the triplets couple much more strongly to leptons than to Higgs bosons, 
then                                   !  purely ßavoured leptogenesis (PFL)

Purely ßavoured leptogenesis

[Gonz‡lez Felipe, Joaquim, Ser™dio, 1301.0288]
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Fig. 1. Tree-level and one-loop Feynman diagrams contribut ing to the CP asymmetry in a type
II seesaw framework.

asymmetries coming from the wave-function renormalization correction. We brießy
discuss some cases in which this contribution may be dominant.

2. Type II seesaw leptogenesis

In the type II seesaw mechanism, neutrino masses are generatedthrough the tree-
level exchange of hyperchargeY = 1 scalar SU(2)L triplets. As already pointed out,
a single triplet is enough to explain the low-energy neutrino spectrum. However, in
this case it is not possible to generate a leptonic CP asymmetry for leptogenesis,
since all the interference terms vanish at one loop. Thus, we need to add at least
another triplet to allow for the generation of a non-zero CP asymmetry 20. Here,
we will consider an extension of the SM in whichnL scalar triplets Ta are added.
Following the usual SU(2) representation, eachTa can be written in terms of the
corresponding charge eigenstatesT 0

a , T
+
a and T++

a as

Ta =

!

"
"
#

T 0
a −
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where LSM contains the SM terms andVT accounts for the scalar potential terms
involving the triplets,
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In the above equations,Dµ stands for the usual covariant derivative,φ = ( φ+,φ0)T

is the SM Higgs doublet (÷φ = iσ2φ∗), and ℓ = ( νL, lL)T is a SM lepton doublet.
Each Ta has two decay modes:T †

a → ℓ! ℓ" and T †
a → φ∗φ∗ (see Fig. 1a). For the

Þrst channel, neglecting the masses of the Þnal states, the tree-level decay rates are
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asymmetries coming from the wave-function renormalization correction. We brießy
discuss some cases in which this contribution may be dominant.

2. Type II seesaw leptogenesis

In the type II seesaw mechanism, neutrino masses are generatedthrough the tree-
level exchange of hyperchargeY = 1 scalar SU(2)L triplets. As already pointed out,
a single triplet is enough to explain the low-energy neutrino spectrum. However, in
this case it is not possible to generate a leptonic CP asymmetry for leptogenesis,
since all the interference terms vanish at one loop. Thus, we need to add at least
another triplet to allow for the generation of a non-zero CP asymmetry 20. Here,
we will consider an extension of the SM in whichnL scalar triplets Ta are added.
Following the usual SU(2) representation, eachTa can be written in terms of the
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Detailed study of PFL [Aristizabal Sierra, Dhen, Hambye, 1401.4347]

Assume                
Triplet decays generate ßavour asymmetries but no overall B-L asymmetry
Crucial role of the asymmetry      , which is generated through inverse 
decays thanks to the ßavour structure in the 
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Figure 11: Maximum attainable ÞnalB ! L asymmetry as a function of theR parameter,
for B! = 10! 5, m! = 1011 GeV and ÷m! = 0.05 eV. Neutrino data constraints have been
imposed as in Fig. (7).

type-I and type-II seesawsÑthe CP asymmetry in Eq. (21), being lepton number violat-
ing, will always deÞne a Ògeneral modelÓ. In what follows we will assume the asymmetry
is entirely generated via the decays of the lightest triplet, something that can be achieved
by taking a heavy mass spectrum obeying the following hierarchy:m! " M! ! ,N! .

In ÒgeneralÓ scenarios, since the CP asymmetries are lepton number breaking, suc-
cessful leptogenesis is possible in the absence of lepton ßavor e! ects, in contrast to PFL
where ßavor e! ects are mandatory. In what follows we will quantify the enhancement
that the inclusion of ßavor e! ects may have in the ÞnalB ! L asymmetry, and in order
to do that and to put the discussion in context we will start by brießy reviewing some
general well known results of the unßavored regime, which have been derived from kinetic
equations in which none of the SM reactions were taken into account (see Sec.3.1) [11].

In the unßavored case, an e" ciency function accounting for thez (temperature) evo-
lution of the unßavoredB ! L asymmetry can be deÞned11:

! (z) = !
Y! B ! L (z)

"! Y Eq
" (z0)

, (91)

where at freeze out! # ! (z $ % ). As in fermion triplet leptogenesis, in this case one can
also deÞne a gauge and a Yukawa regime, which boundaries in the ÷m! ! m! parameter
space plane are determined by the values ofB! , as displayed in Fig.12 (upper left-hand
side plot). While in the gauge regime triplet dynamics is dominated by gauge-mediated
triplet annihilation, in the Yukawa regime the dynamics is driven by Yukawa-induced

11With the procedure followed in Sec.3.2, but using instead the system of equations in (30) and (31),
an explicit expression for! (z) can be derived for the unßavored regime.
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Figure 6: Sketch of the type-II PFL mechanism. See text for further details.

4.1 PFL scenario e ! ciency

The problem of quantifying the e�ciency is—in principle—an eight parameters problem:
! `! ,a

! , m! , m̃! , B�, B`aa , B`! ! and B`a! , which reduces to six parameters due to the
constraints B` + B� = 1 and ! `! ⌘ ! `!

! = �! `a
! . Since the e�ciency does not depend on

! `! —see Eq. (74)—we will analyze the dependence of the e�ciency upon the 5 remaining
parameters: m! , m̃! , B�, B`aa and B`! ! .

We start by analyzing the dependence upon B`ij for fixed B�, m! and m̃! . We will
see that di↵erent flavor configurations (B`ij configurations) will produce a minimal or
maximal e�ciency. However, as we will latter show in Sec. 4.2, the configurations that
maximize the e�ciency do not necessarily maximize the final B �L asymmetry. We then
proceed by analyzing the dependence of the e�ciency with m̃! for fixed B�, m! and B`ij ,
and finally the dependence of the e�ciency with B� for fixed m̃! , m! and B`ij . This
will allow us to understand and distinguish the main features of the type-II seesaw PFL
scenario.

4.1.1 E ! ciency: B`ij dependence

In order to proceed, we first solve numerically the system of kinetic equations in (23)-(25)
for di↵erent flavor configurations. We then provide some physical arguments supporting
the special flavor configurations that maximize/minimize the e�ciency. For concreteness,
we fix three out of the five relevant parameters as follows:

B� = 10! 5 , m̃! = 5⇥ 10! 11 eV , m! = 1011 GeV . (79)

Once these parameters are fixed, the e�ciency is entirely dictated by the flavor config-
urations determined by the values of the B`ij parameters. It turns out that the flavor
dependence is well described by the quantity:

R ⌘ B`a

B`!

=
B`aa + B`a!

B`! a + B`! !

, (80)

24

      is then  converted into a B-L
asymmetry through decays
! !



Requires a CP asymmetry in triplet decays. In standard triplet leptogenesis, the 
fij Õs are not enough: need a second set of (ßavour) couplings, otherwise

!  introduce e.g. a second triplet with couplings fÕij to leptons
!  no direct connection between leptogenesis and neutrino masses

In our scenario, the states in the loop are heavy and the trace is incomplete

Assuming                                     , one obtains:

Leptogenesis

�! � Im[Tr(f f �f f �)] = 0

M 1 ! M ! < M 1 + M 2

✏� / Im [f11(f
⇤ff⇤)11] / Im [(m⌫)11(m

⇤
⌫m⌫m

⇤
⌫)11]
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the total width of ! and its branching ratios are now given by

" ! =
1

32! 2 M !

!
" 2

! + " 2
H + " 2

øL

"
, (3.3.8)

B! =
" 2

!

" 2
! + " 2

H + " 2
øL

, (3.3.9)

BH =
" 2

H

" 2
! + " 2

H + " 2
øL

, (3.3.10)

B øL =
" 2

øL

" 2
! + " 2

H + " 2
øL

. (3.3.11)

The two new scalarS and T decay into a Standard Model lepton and a heavy an-
tilepton øL , or the CP-conjugate state. These decays preserve the total lepton number
as deÞned in table3.2, and the corresponding widths are

" S =
1

4!
c2

SM S" 2
S , (3.3.12)

" T =
1

8!
c2

T M T " 2
T , (3.3.13)
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Figure 3.10: Diagrams contributing to the violation of CP in the decay of ! at one
loop. # denotes one of the two scalarsS or T.

Only ! has couplings that violate the total lepton number, therefore it appears as
the best candidate for leptogenesis. Let us compute the CP asymmetry in its decay
into leptons, which is deÞned like in eq. (3.2.8). The diagrams involved are displayed
in Þg. 3.10. Summing over ßavour, we get
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(3.3.15)

! = S, T ! 54
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