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∃ Neutrinos Oscillations

Paradigm : neutrinos
• are massives
• mix among each other

Q? How to explain such tiny masses ?

 ∃ Elegant solution : Seesaw mechanism :    
Add Majorana heavy fields to the SM

Ex: Seesaw Type I :  Heavy Right-Handed 
neutrinos fields

∃ Baryon Asymmetry of the Universe

Assume : 
1. production of symmetric Universe @ end 

of inflation.
2. free evolution untill now

But : 
1. CMB acoustic peaks
2. BBN

i.e. ∃ 10 000 000 001 b for 10 000 000 000 b

Q? Why something rather than (almost) nothing ? 

Why Leptogenesis ?
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3. Out-of-equilibrium decay     η

4. Sphalerons: L asymmetry transferred to baryons 
[Kuzmin, Rubakov, Shaposhnikiv, 1985] [Harvey & Turner, 1986]

Plain Vanilla Leptogenesis

Baryogenesis through Leptogenesis [Fukugita & Yanagida, 1986] : Baryogenesis through Leptogenesis [Fukugita & Yanagida, 1986] : 

 ↳ Using the NR See-Saw fields, Leptogenesis fulfill the 3 Sakharov’s Conditions [1967] ↳ Using the NR See-Saw fields, Leptogenesis fulfill the 3 Sakharov’s Conditions [1967]

1. L violation source
2. CP violating source :  Γ(NR➝LH) ≠ Γ(NR➝LH*)
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Final Baryon asymmetry:

Y fin
B = Y fin

L rL→B = Y eq
N εCP η rL→B

Relevant parameters
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Linking CP violation ?Linking CP violation ?
▶ Casas-Ibarra parameterization of Yukawa [NPB 618(2001)171]▶ Casas-Ibarra parameterization of Yukawa [NPB 618(2001)171]

CP @ LE CP @ HE

f(U) ✘

⇒ ∄ direct link between CP  [Branco et al. 2001, Rebelo 2002, Davidson et al. 2007]⇒ ∄ direct link between CP  [Branco et al. 2001, Rebelo 2002, Davidson et al. 2007]

Observing NR ?Observing NR ?Observing NR ?Observing NR ?
1. Hierarchical NR Leptogenesis ok if m(NR) > 108 GeV 

[Davidson-Ibarra, 2002] ✘

2. Degenerate NR Leptogenesis ok @ low scales [Pilaftsis, 2002]                 
but m(να) require λ suppressed ✘

Testing Leptogenesis

 If not testable, could leptogenesis at least be falsified ?

λ =
√

mN R
√

mν U † PMNS

εCP ∼
∑

j !=i

Im
[
λ†λ

]
"= f(U)
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Proposition: 

Why a WR ?
1. Majorana neutrinos are naturally present in Grand Unified Theories:

SO(10) → ... 

 → SU(3)C × SU(2)R × SU(2)L ×U(1)Y 

  → SU(3)C × SU(2)L ×U(1)Y

 

New gauge fields : WR

2. LHC arrival !
2. Tevatron fixed m(WR) > 800 GeV [CDF Collaboration, note 8747 (2007)]

3. LHC will probe m(WR) < 3-4 TeV [CERN-LHCC-2006-021]

Leptogenesis in Gauge Framework

L ! g√
2
Wµ

R

(
ūRγµdR + N̄γµ lR

)

The observation of WR @ LHC would disprove Leptogenesis

Left-Right Sym. Model
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Scatterings Diagrams

Gauge

Decays Diagrams CP Violation Efficiency

Yukawa

Gauge

Effects of a low Scale WR

NR

lR

WR

NR

D̄R

lR

WR

UR

WR

dR

NR

uR

eR

WR

uR

NR

dR

eR

WR

NR

NR

eR

eR

WR

eR

NR

dR

uR

NR

L

H

η ≤ 1

η ≤ Γ(l)
tot

Γ(l)
tot + Γ(WR)

tot

“Average △L produced per decay” 

εCP =
Γ− Γ

Γ(l)
tot + Γ(WR)

tot

=
Γ− Γ

Γ(l)
tot

Γ(l)
tot

Γ(l)
tot + Γ(WR)

tot

ε(0)
CP ≡

ΓN→LH − ΓN→L̄H∗

Γ(l)
tot

Dilution !

⤴

Strong Thermalization
⇒ Easier to produce neutrinos @ Reheating ✓
⇒ Harder decoupling @ Low T° (Washout) ✘

cp co
nserv

ing !
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⇒ dYL/dT° 
⇒ dYN/dT°

 Efficiency η

Degenerate Ni   [Pilaftsis, 2002]

Hierarchical NR [Davidson-Ibarra, 2002]

 ⇓

Inclusion in Boltzmann Equations

Boltzmann Input Parameters:
1. m(N)
2. m(WR)
3. λ

⇒ Yukawa interactions1. m(N)
2. m(WR)
3. λ ⇒ Gauge interactions

γ(l)
N

γ(WR)
N , γNu,d,e, γNN

εCP ≤ (3/16π)(mN/v2)
√

∆m2
atm

εCP ≤ 1
+
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Example of Gauge Effects

Case Content η YB

(a) Standard Leptogenesis 0,5 6.10-4

(b) (a)+WR decays in YN 3.10-8 4.10-11

(c) (b)+WR scatterings in YN 2.10-10 2.10-13

(d) (c)+WR scatterings in YL 2.10-18 2.10-21

(e) (d)+WR decays in YL 2.10-18 2.10-21

m(N) = 500 GeV m(WR) = 3 TeV λ = 10-3

LeptogenesisImpossible

Asymmetry Evolution

In
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⟶now

⟶now ⟶now
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Efficiency Results
M(WR) = 3 TeV

In any case : 
η < ηmin = 7.10-8

η~10-10

η ⬊⬊

Type I Leptogenesis
Disproved if WR 

Discovered @ LHC

m̃1 =
λ†λ v2

M1

2 body decay
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Bounds on m(wr) & m(nr)
For εCP = 1 For εCP = εDI

m(WR) ≥ 1011 TeV

m(WR) ⬈⬈

m(WR) ≥ 18 TeV

m(WR) ⬈⬈
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Summary

✦ We consider Type I Leptogenesis in its natural gauge 
framework

✦ Strong Gauge Dilution & Scatterings do play an 
important role in the lepton asymmetry creation

✦ Type I Leptogenesis
➡ could be disproved if WR observed @ LHC
➡ could work if m(WR) > 18 TeV
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Backup
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Boltzmann Equations
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New Effects: WR Decays WR Scatterings
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Interaction Rates Evolution
↔ H(T )
↔ neq

i (T )
γ(ab↔ 12)(T ) ∼

∫∫
dp̄adp̄b feq

a feq
b |M|2

at T ! mN feq
N ∼ e−mN/T

neq
N ∼ e−mN /T

γi

Hneq
i

(T )

γNe,u,d

Hneq
N

(T ) NOT Boltzmann suppressed !
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Efficiency Results
(for different WR masses)

M(WR)= 0.8 TeV M(WR)= 3 TeV M(WR)= 5 TeV

In any case : η < ηmin = 7.10-8

⇒ Type I Leptogenesis does not work

η~10-10

η~10-13

η~10-9
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Efficiency Results
(for WR effects in YN only)

M(WR)= 0.8 TeV M(WR)= 3 TeV M(WR)= 5 TeV

In any case : η < ηmin = 7.10-8

⇒ Type I Leptogenesis still does not work

η~10-12

η~10-10
η~10-9
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Efficiency Results
(for Z’ effects Only)

M(Z’)= 0.8 TeV M(Z’)= 3 TeV M(Z’)= 5 TeV

In this case : η could be > ηmin = 7.10-8

⇒ Type I Leptogenesis could work

η~10-4
η~10-4 η~10-4
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if m(N) < m(WR) : pp → X+WR → X+l-+N (N on-shell) → X+l-+l(+,-)+u+d [resonance @ m(N)]

if m(N) > m(WR) : pp → X+WR → X+l-+N (N off-shell) → X+l-+l(+,-)+u+d [resonance @ m(WR)]

WR @ colliders
Current Bounds LHC Expectations

[CERN-LHCC-2006-021]
[CMS-TDR-008-2]

[CDF Collaboration, note 8747 (2007)]
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The 3 seesaw models

Right-handed singlet:
(Type I)

Scalar Triplet:
(Type II)

Fermion Triplet:
(Type III)
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