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Introduction
• Non-zero neutrino masses and mixing angles 

provide a convincing evidence of physics beyond 
the Standard Model

• See-saw mechanism: a paradigm to 
understand neutrino masses

• The see-saw scenario involves a high-
energy scale  where lepton number L is not 
conserved → leptogenesis through out-of-
equilibrium L decay of  heavy particle X in 
presence of CP (Saharov conditions)

• sphaleron conversion to Baryon number
• if X is not so heavy:direct measurement of 

neutrino parameters at accelerators?
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Different types of seeDifferent types of see--sawsaw

• Type I: 3 singlet heavy fermions N:

•Type II: Higgs heavy triplet(s):

Dimension-5 effective operator:
with M typical scale of lepton number violation.

W=

non-SUSY SUSY SUSY
2 scalar triplets
or 1 triplet+1 νR

4 (triplet+striplet) 2 (triplet+striplet)

Type I + Type IIType I + Type IIType I + Type IIType I + Type II…………
MINIMAL CONTENTMINIMAL CONTENTMINIMAL CONTENTMINIMAL CONTENT
compatible to CPcompatible to CPcompatible to CPcompatible to CP::::



Type II see-saw, the simplest (?) case:
SM+1 scalar triplet SM+1 scalar triplet SM+1 scalar triplet SM+1 scalar triplet Δ

1 doublet
1 triplet

⇒ neutrino mass



minimization conditions:

lepton number explicitly broken

1 massless eigenstate (longitudinal dof of Z boson)
1 massive Majoron:



Type II see-saw, the simplest (?) case:
SM+1 scalar triplet SM+1 scalar triplet SM+1 scalar triplet SM+1 scalar triplet Δ

CP α Im( λ λ*  YΔ YΔ* ) = 0

1 triplet is not enough: type I + type II…

…or one additional triplet

+
YΔ YΔλ

Δ ΔΔ
λ*

H

H

+
YΔ

Δ Δ N
H

H
λ

T. Hambye and G. Senjanović, PLB582 (2004) 73



Type II see-saw, SUSY 
Superpotential:

Y=1
Y=-1

2 doublets & 2 triplets with opposite hypercharge:

no CP through Δ1 - Δ2  mixing

Δi Δj*
=0 for i≠j{ ⇒

2 triplets are not enough. 2 possibilities…



2 more triplets:

a,b=1,2

first possibility (T. Hambye, E. Ma, U. Sarkar, NPB602 (2001) 23):

{ ⇒ Δia Δib ≠0 for a≠b



Include the relevant soft SUSY terms:

where we assume:  AL,A1,A2 ≡ A0 for trilinear terms and  
mΔ=mΔ ≡m0 for Δ’s soft scalar massesc

Δ+=mass eigenstates with mass:-

2 consequences of SUSY breaking: CP violation (Im(A0)≠0)

second possibility (Δ1→Δ, Δ2→Δc) 

the mass matrix of Δ, Δc is diagonalized by:

(G. D’Ambrosio at al. PLB604 (2004) 199)

Δ – Δc mixing (B≠0)



•Type II: Higgs heavy triplet(s):
non-SUSY SUSY SUSY

2 scalar triplets
or 1 triplet+1 νR

4 (triplet+striplet) 2 (triplet+striplet)MINIMAL CONTENT:MINIMAL CONTENT:MINIMAL CONTENT:MINIMAL CONTENT:

Summarizing:

•reasonable 
•simple (economical)
•predictive (falsifiable?)
•non trivial phenomenology

type II see-saw + broken susy:  

More about this model later



Phenomenological analysisPhenomenological analysis



εi=free parameters

scalar triplet langrangian:

(particle content: T,l,H)
supersymmetric version. introduce 2 chiral superfields T and T 
with superpotential: 

_

(particle content: T,T,t,t,l,L,Hu,hu,Hd,hd )_ _ (upper case=scalars, lower 
case=leptons)

(Hu(d) couples to u(d)-type quarks)



in both cases:

⇒

K<1 → “fast” inverse decay, out of equilibrium decay at early 
times (M/T<1) , mild or no washout effect
K>1 → fast inverse decay keeps triplets in thermal equilibrium 
preventing leptogenesis until M/T>1, when their equilibrium 
density is exponentially suppressed  

minimal K if BL= BH:      mν=0.05→K~40>>1 need Boltzman eqns.



Inverse decay is NOT the only effect:
•(L-conserving) Δ Δ annihilations to gauge bosons and 
light particles ((s)leptons,Higgs(inos))are also important

_

This effect is well known, but may be often neglected, since for 
T<<M the Δ’s are non relativistic, and annihilations are 
proportional to the Δ density squared (Fry, Olive, Turner, 
PRD32(1980)2977).
However, in our case the above argument does not hold. This 
is due to the fact that, in order to explain neutrino masses, 
especially for low M, the Yukawa couplings that enter in decays 
are much smaller than the gauge couplings that enters in 
annihilations.



Decays vs. annihilations: a back-of-the-envelope estimation
Boltzmann equation for triplet density (z≡M/T) :

(s=entropy of the Universe)
What matters is wether annihilations can keep Δ’s in thermal 
equilibrium longer than decays →the ratio of the 2 contributions at 
the freeze-out temperature zf for inverse decays:

zf≈9.2 for K≈40

2



So in the Bolzmann approximation, the 2 contributions are 
proportional to the following functions (z≡M/T) :

(K1,2=modified Bessel functions)

•Decay amplitude:

•Annihilation amplitude:

(→1 for z>>1)

σ(t)=reduced annihilation cross section averaged over initial 
triplet states and summed over coannihilating particles

,

Δ Δ → fermions,higgs,gauge bosons
supersymmetric version: Δ Δ + Δ Δc + Δ Δ + Δ Δc →(s)fermions, 
higgs(inos), gauge bosons,gauginos

~ ~



Diagrams contributing to the annihilation cross section:

supersymmetrynon susy model



Annihilation amplitude, arbitrary scale, no thermal massesAnnihilation amplitude, arbitrary scale, no thermal masses

supersymmetry

standard model

low temperature approx (z>>1):

(susy)
(non SUSY)

SM→SUSY: ~ factor of 8 increase, bigger than ~2 from naïve 
expectation (“contact term” for scalars + Δ Δ→gauginos+gauge
bosons)

~



Thermal evolution of YThermal evolution of YThermal evolution of YThermal evolution of YΔΔΔΔ:::: departure of triplet density from departure of triplet density from departure of triplet density from departure of triplet density from 
equilibrium valueequilibrium valueequilibrium valueequilibrium value (supersymmetric case)(supersymmetric case)(supersymmetric case)(supersymmetric case)

Boltzmann 
approx, no 
annihilation

annihilation 
includedlog 10(M triplet)=8,7,6,5,4,3

due to annihilation, departure from 
equilibrium always <<1 (<2 x10-3)

annihilations 
freeze out at z≈20



Thermal evolution of YThermal evolution of YThermal evolution of YThermal evolution of YThermal evolution of YThermal evolution of YThermal evolution of YThermal evolution of YΔΔΔΔΔΔΔΔ: analytical approximation: analytical approximation: analytical approximation: analytical approximation: analytical approximation: analytical approximation: analytical approximation: analytical approximation

In the limit (YΔ- YΔeq)/ YΔ<<1 (small departure from equilibrium):



Boltzman equations for asymmetries (T=triplet, Pi=light particles):
initial conditions:T-(0)=P-

i(0)=0, T+(0)=P+
i(0)=2

source term proportional to:



non supersymmetric case
Contour plots for εL needed for successful leptogenesis

symmetry Bl→1-Bl
unitarity conditions: εL+εH=0, |εL|=|εH|<2 min (BL,BH)

high mass: freeze out determined by inverse decay,strong
dependence on BL,BH
low mass: freeze out determined by annihilation, mild 
dependence on BL,BH

small ε whenever BL,BH <<1



but:  <1

small ε if  BL,BH <<1 (i.e. high efficiency) since:
K>>1

one of the 2 channels is “slow” and decays out of 
equilibrium producing an asymmetry with high efficiency  

2 T-(z)+L-(z)+H-(z)=0
T-(∞)=0 → |L-(∞)|=|H-(∞)|

eventually the asymmetry of the other “fast” channel 
becomes the same as the “slow” one, since:

(asymmetry of “fast” channel is stored in triplet asymmetry T-
which is released at late times when T’s decay)



εL needed for successful leptogenesis as a function of triplet 
mass M (non supersymmetric case)

M(GeV)

εL

unitarity constraint
λL or λH >1

efficiency drops due 
to annihilation
Out-of-equilibrium value, 
YL=10-10=Teq ε~1/g* ε →
ε~g*10-10=102 * 10-10= 10-8

g* ~102=relativistic 
degrees of freedom



εL needed for successful leptogenesis as a function of triplet 
mass M (supersymmetric case, λd=εd=0)

at low mass one order of 
magnitude higher due to 
higher annihilation cross 
section
λd=εd≠0? (2 doublets in the 
game)
main effect: at higher 
masses lepton asymmetry 
may vanish due to 
cancellations among 
different asymmetries → no 
upper bound on ε



One specific model: type II see-saw + 
broken susy (soft leptogenesis)

(S. Scopel. E. J. Chun, PLB636(2006)278)



In terms of the mass eigenstates, the Lagrangian of the model is:

The out-of-equilibrium decay Δ→LL,LL may lead to a lepton 
asymmetry in the Universe in presence of the CP violation:

~~
N.B.: only scalars couple through A’s

Sakarov conditions: L + CP + out-of-equilibrium decay



WashWash--out effectout effect
Equilibrium parameter K≡Γ±/H1 with:

=Hubble parameter at T=M
In this model K>>1, i.e. inverse decays keep Δ’s in thermal 
equilibrium for T<<M → lepton asymmetry suppression

•The minimum value of K is obtained for:
In particular, for λ1=0:

→ need to solve Bolzmann equations to evaluate L asymmetry



Boltzman equations for light particles Boltzman equations for light particles 

i=L,L,H1, H1,H2, H2 , gi,gΔ=dof~~~

,Bi=branching ratio to state i
cF,B= decay functions for fermions and 
bosons

=CP violation



Δ+
_ i

i

Δ-
_

Δ+
_ i

i
+

CP violation given by interference between tree-level and 1-
loop contributions

Π+-=absorptive part of 2-point function

(Γ=2B→ “resonant” effect)
(note that

due to unitarity)
i

i

_
Δ±Si±≡Δ±ii tree-level coupling 

_



Thermal masses

=0
Δ+ Δ-Im ( )L,Hi

~
L,Hi
~

⇒εi=0

only scalars couple through A’s
no CP violation for z<0.4 (however due to annihilation thermal 
equilibrium lasts longer, no consequence for leptogenesis)



N.B. In the SUSY limit (M>>MSUSY) and in the Boltzman 
approximation CP violation from decays to fermions and bosons 
cancel:

T→0
A non-vanishing  lepton asymmetry arises after taking into 
account the supersymmetry breaking effect at finite 
temperature, namely the difference between the bosonic and
fermionic statistics given by the  Bose-Einstein and Fermi-
Dirac distributions
In the limit: δBF

suppressed if 
|A|<<M



Decay and inverseDecay and inverse--decay amplitudesdecay amplitudes

Boltzman aprox.,
no thermal masses

Inverse
decay vanishes
at low temp.

Decay→1
Fermions

Bosons (kinematically forbidden at 
low z due to thermal masses)



Bosons minus fermions: the CP violating termBosons minus fermions: the CP violating termBosons minus fermions: the CP violating termBosons minus fermions: the CP violating termBosons minus fermions: the CP violating termBosons minus fermions: the CP violating termBosons minus fermions: the CP violating termBosons minus fermions: the CP violating term

•Finite –
temperature effect 
(0.4<z<30)
•High-temp: CP 
violating decay to 
scalars 
kinematically 
forbidden due to 
thermal masses
•Low temp: 
cancellation 
between CP 
asymmetries from 
fermionic and 
bosonic final 
states 

analytic approx (z>>1):

full 
calculation



CP violation due to SUSYCP violation due to SUSY--Breaking term: RBreaking term: RbbCCbb

Relevant only if Mtriplet≈O(TeV)



Lepton asymmetry produced by triplet decay

Required amount 
for successful 
baryogenesis

Im(A)=1 → 5 TeV

5
4 

3 
2 

1 
only decay 
and inverse 
decay
suppression due 
to annihilation

δBF+ δsoft=0

|δBF|>| δsoft|

| δsoft|>|δBF|



Comment: Im(A)>M → SUSY BADLY broken

•K>>32
•Striplet decoupling

(mild effect since annihilation dominates)

•Resonant leptogenesis:



Conclusions
•type-II seesaw with SUSY breaking induced CP violating 
terms can explain neutrino masses and baryogenesis with 1 
pair of Higgs triplets (reasonable ,simple, predictive)

•→strong suppression of lepton asymmetry unless MtripletO(TeV)

•detectable at LHC? (e.g. production and decay of Δ±±)

• when M<1010 very small values of Yukawa couplings, CP-
conserving  Δ- Δ annihilations through electro-weak couplings 
dominate over decays for z<10-20

_


