
Some Cutting-Edge

Neutrino Topics:

Majorana Neutrinos, the See-

Saw Mechanism, Sphalerons,

and Leptogenesis

Did neutrinos cause the matter-antimatter

asymmetry of the Universe?















Seesaw Mechanism

One of the most attractive ideas for explaining small neutrino masses is the one based on the

Minkowski, PLB 1977

Gell-Mann, Ramond & Slansky, 1979

Yanagida, 1979

Glashow, 1980

Mohapatra & Senjanovic, PRL 1980
The tiny masses of light neutrinos are naturally understood if we

introduce heavy Majorana neutrinos to the SM.

By integrating out the heavy right-handed neutrinos, one obtains

the small Majorana masses for light neutrinos

When the heavy Majorana neutrinos decay into leptons and

Higgs scalars they violate lepton number, and the

interference between the tree-level and the one-loop

amplitudes yields a non-zero CP-asymmetry. This leads to a

lepton asymmetry which is then partially converted into

baryon asymmetry by sphaleron processes.

Leptogenesis

Thanks to MIKE LESTER (and FRJ)

Fukugita & Yanagida, PLB 1986



     Adding to the SM (3) RH neutrinos with Yukawa couplings h and a  Majorana mass M,

     a usual Dirac mass mD = v * h  is also generated after SSB. For M >> mD :

    3 light     LH neutrinos:    3 light     LH neutrinos:

    3 heavy  RH neutrinos:        3 heavy  RH neutrinos:    NN11 ,    N ,    N22  ,   N  ,   N33
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Leptogenesis

Sphalerons 

Non-perturbative effects

Violate B+L

Conserve B-L

Efficient above the EW  scale

Can be converted into baryon number through

(SM)

(MSSM)

Kuzmin et al 1985

Khlebnikov et al 1985

Leptogenesis via heavy Majorana neutrino decay

Asymmetry in the lepton number

Seesaw Mechanism

Neutrino masses

Fukugita & Yanagida, PLB 1986



  In the SM  Baryon Number conserved at classical level but violated at  In the SM  Baryon Number conserved at classical level but violated at

  quantum level :  quantum level :

  Anomalies arise in the process of regularization of divergences.

  Impossible to do it preserving gauge and B and L symmetries.

  Instantons are minimal action configuration with non-vanishing values of

  the integral of the right –hand side of the above Eq.

  Instanton configurations may be regarded as semiclasical  amplitudes for

  tunelling effect between vacuum states with different baryon number
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Weak interactions:  Transition amplitude exponentially small.

No observable baryon number violating effects at T = 0



Non-equivalent Vacua and Static Energy

        in Field Configuration Space

The sphaleron is a static configuration with non-vanishing values of the

Higgs and gauge boson fields.

Its energy may be identified with the height of the barrier separating

vacua with different baryon number
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The quantity v is the Higgs vacuum expectation

value,   < H > = v.

This quantity provides an order parameter which

distinguishes the electroweak symmetry 

preserving and violating phases.



Baryon Number Violation at Finite TemperatureBaryon Number Violation at Finite Temperature

Anomalous processes violate both B and L number, but preserve B-L.
(Important for the explanation of the Baryon Asymmetry of the Universe)

•• At T = 0,  Baryon number violating processes exponentially suppressedAt T = 0,  Baryon number violating processes exponentially suppressed

•• At  very high temperatures  they are  highly unsuppressed,At  very high temperatures  they are  highly unsuppressed,

•• At Finite Temperature, instead, onlyAt Finite Temperature, instead, only Boltzman Boltzman suppressed suppressed
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KlinkhammerKlinkhammer and Manton and Manton’’84; Arnold and Mc Lerran84; Arnold and Mc Lerran’’88,88, Khlebnikov Khlebnikov and and Shaposhnikov Shaposhnikov  ’’8888



Baryogenesis at the Electroweak Phase transition

KuzminKuzmin,, Rubakov Rubakov and and Shaposhnikov Shaposhnikov, , ’’85-85-’’8787

Cohen, Kaplan and Nelson Cohen, Kaplan and Nelson ’’9393••  Start with B=L=0    at T>Start with B=L=0    at T>TcTc

••  CP violating phases createCP violating phases create chiral chiral baryon- baryon-antibaryonantibaryon asymmetry in the asymmetry in the

symmetric phase.symmetric phase.

•• Sphaleron Sphaleron processes create net baryon asymmetry. processes create net baryon asymmetry.

    SphaleronsSphalerons violate B+L but conserve B-L ; change net B into -L only for left handed violate B+L but conserve B-L ; change net B into -L only for left handed

••  Net Baryon Number diffuse in the broken phaseNet Baryon Number diffuse in the broken phase
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if              at T >if              at T > Tc Tc, independently, independently of the source of baryon asymmetryof the source of baryon asymmetry

To preserve the generated baryon asymmetry:

strong first order phase transition:strong first order phase transition:
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Baryon Asymmetry Preservation

Baryon number erased unless the baryon number violating processes are

out of equilibrium in the broken phase. frozen processes B 0 /!<"
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Electroweak Phase Transition

Higgs Potential Evolution in the case  

of a first order  Phase Transition

)v(Tc

• The critical temperature is the one 

for which the symmetry breaking 

vaccum has the same depth as the 

symmetry conserving one

• If the phase transition is second 

  order:
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• SM Baryon number violation: Anomalous Processes

• CP violation: Quark CKM mixing

• Non-equilibrium: Possible at the electroweak phase transition.

SM Electroweak Baryogenesis fufills the Sakharov conditions



Leptogenesis






