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•• FromFrom cosmologicalcosmological observations observations thethe mattermatter--antimatterantimatter
densitydensity isis deduceddeduced ::

•• SakharovSakharov’’s conditions must s conditions must bebe fulfilledfulfilled : : 
•• B violationB violation
•• C C andand CP violationCP violation
•• DepartureDeparture fromfrom thermal thermal equilibriumequilibrium

Baryon Baryon asymmetryasymmetry ofof thethe UniverseUniverse

hard to satisfy
within the SM



Massive neutrinos Massive neutrinos throughthrough thethe
SeeSee--SawSaw mechanismmechanism

•• WeWe addadd rightright--handedhanded neutrinos (N) neutrinos (N) ofof MajoranaMajorana type type 
withwith massmass scalescale M >> M >> MewMew

•• Light Light masses are masses are generatedgenerated throughthrough thethe seesee--sawsaw
mechanismmechanism



SakharovSakharov’’s conditions : s conditions : fulfilledfulfilled

•• L L isis violatedviolated
EquilibriumEquilibrium sphaleronsphaleron interactions interactions convertconvert L L intointo BB

•• CP violation in N CP violation in N decaysdecays

•• OutOut--ofof--equilibriumequilibrium if if < H(M). < H(M). RequiresRequires smallsmall
couplingscouplings YY



LeptogenesisLeptogenesis in in thethe standard standard picturepicture : : 
thethe «« oneone--flavourflavour approximationapproximation »»

•• TheThe evolutionevolution ofof thethe lepton lepton asymmetryasymmetry isis governedgoverned by by thethe
Boltzmann Boltzmann equationsequations for for thethe abundanciesabundancies : : 

•• TheThe lepton lepton asymmetryasymmetry isis partiallypartially convertedconverted intointo a baryon a baryon 
asymmetryasymmetry throughthrough sphaleronsphaleron interactions : interactions : 

•• If                                    , If                                    , thethe lepton lepton asymmetryasymmetry isis stronglystrongly
washedwashed--outout, , wewe cannotcannot generategenerate enoughenough baryon baryon asymmetryasymmetry..



Thermal rateThermal rate

•• Interaction Interaction termterm involvinginvolving chargedcharged lepton lepton YukawasYukawas::

•• Thermal rate :  Thermal rate :  

•• If If thisthis rate rate isis inin--equilibriumequilibrium, , itit cancan projectproject thethe lepton lepton 
asymmetryasymmetry onto onto flavourflavour--spacespace..
For For thisthis wewe needneed to compare to compare withwith typicaltypical
interactions interactions ofof leptogenesisleptogenesis..
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•• TheThe flavoursflavours are relevant if are relevant if thethe interaction rates interaction rates involvinginvolving thethe
chargedcharged lepton lepton YukawaYukawa are in are in equilibriumequilibrium, , andand if : if : 

•• DependingDepending on Mon M11, , differentdifferent flavourflavour structures are possible :structures are possible :
:  :  flavoursflavours are are indistinguishableindistinguishable. . 

: : YukawaYukawa interactions are in interactions are in 
equilibriumequilibrium. . TheThe flavourflavour cancan bebe distinguisheddistinguished, but , but 
neitherneither thethe nornor thethe e e flavoursflavours cancan. . 

: : YukawasYukawas are in are in equilibriumequilibrium. . AllAll flavoursflavours
are are dinstinguishabledinstinguishable..

Lepton Lepton flavoursflavours



WeWe must must studystudy flavouredflavoured asymmetriesasymmetries andand thereforetherefore considerconsider ::

•• flavouredflavoured CP CP asymmetriesasymmetries ::

•• FlavouredFlavoured washwash--outout strenghtsstrenghts : : 

•• BE for BE for flavouredflavoured asymmetriesasymmetries : : 

FlavouredFlavoured quantitiesquantities

The baryon asymmetry : 

Notice that :



•• TheThe baryon baryon asymmetryasymmetry dependsdepends on on howhow eacheach individualindividual
asymmetryasymmetry isis washedwashed--outout : if for : if for exampleexample

•• YYBB willwill bebe mainlymainly composedcomposed ofof YY22, , andand thereforetherefore weaklyweakly
washedwashed--outout..

Influence on Influence on thethe baryon baryon asymmetryasymmetry

Y1 is strongly washed-out and too small

Y2 is wealky washed-out and may be sufficient



Influence on Influence on thethe baryon baryon asymmetryasymmetry

1 >> 1
2 < 1



BoundBound on light neutrino on light neutrino massmass

•• In In thethe standard standard picturepicture, a , a boundbound on on mm hadhad beenbeen
derivedderived fromfrom thethe necessitynecessity thatthat thethe washwash--outout
shouldshould notnot bebe tootoo strongstrong. This . This scenarioscenario ofof
LeptogenesisLeptogenesis couldcould have have beenbeen ruledruled--outout for for higherhigher
measuredmeasured mm ..

•• WhenWhen wewe includeinclude lepton lepton flavoursflavours, , wewe do do notnot have have 
suchsuch constraintsconstraints on on , , soso mm isis onlyonly upperupper--
constrainedconstrained by by cosmologicalcosmological observations.observations.



Conclusion : Conclusion : 

•• For                          , lepton For                          , lepton flavoursflavours are are 
relevant.relevant.

•• TheThe baryon baryon asymmetryasymmetry cancan bebe enhancedenhanced
comparedcompared to to thethe standard standard picturepicture

•• No No upperupper--boundbound on on mm


