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The facts

|. Neutrino oscillations imply that
neutrinos have mass and mix (CPV?)!

This requires new physics BSM which might be lepton
number violating.
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2 other CPV Majorana phases.
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The facts

2. There is evidence of the baryon asymmetry:

In the Early Universe

As the temperature drops, only quarks are left:

np =2 "B _ (6.14+0.08) x 10710
Ty

Planck, 1303.5076

Is there a link between
light neutrino physics and
the baryon asymmetry?




The theory

In order to generate dynamically a baryon asymmetry,
the Sakharov’s conditions need to be satisfied:

- B (or L) violation;
- C, CP violation;

- departure from thermal equilibrium.




The theory

- = (or L) violation;

If neutrinos are Majorana particles, L is violated.
Conversely, Majorana masses require L violation.

See-saw models require L violation (typically the
Majorana mass of a heavy right-handed neutrino). They
can be embedded in GUT or at the TeV scale or below.

In the SM also L is violated at the non-perturbative level.
A lepton asymmetry is partially converted into a baryon
asymmetry for T>100 GeV by sphaleron effects.




The theory

- C, CP violation;

If C were conserved:
(X —=Y“+B°)=I(X =Y + B)
and no baryon asymmetry generated:

dB

We have observed CPV in quark sector (too small) and
we can search for it in the leptonic sector.




The theory

- out of equilibrium
In equilibrium

(X —-Y+B)=I'(Y +B — X)

A generated baryon asymmetry is cancelled exactly by
the antibaryon asymmetry.

When particles get out of equilibrium, this does not
happen.

T < Mx




A successful model of
baryogenesis:

Leptogenesis in models
at the origin of neutrino
masses




A successful model of
baryogenesis:

Leptogenesis in models
at the origin of neutrino
masses

Provides a source of L violation




Neutrino masses BSM

In the SM, neutrinos do not acquire mass and mixing:

muﬂl@ MV%L

Dirac mass Majorana mass
Dirac Masses: £ = —y,L - Hvg + h.c.
y V2m, 0.2 eV 10-12 oot o
y o~ ~ ~ epton number
. vH 200 GeV violation!

Majorana Masses: — . — e il ol vICuy
M M
A D=5 Majorana mass can arise as the low
energy realisation of a higher energy theory

M (new mass scale!).
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The simplest see saw mechanism: type |

* Introduce a right
handed neutrino N
Couple it to the Higgs
and left handed neutrinos

L=-Y,NL-H 1/2‘\—'&\[D

When the Higgs gets a vev:

0 Y, v %
Lo (w7 NT)<YTU g )(;)
/ 1 GeV?

__ _ Tarar—1 2
my = U miU" = ~Y, Mp Y0 ~ e~ ~0.1eV

The light neutrino acquires a tiny mass!




Leptogenesis

At T>M, the right-handed neutrinos N are in equilibrium
thanks to processes which produce and destroy them:

N < (H
When T<M, N drops N
out of equilibrium H/\.‘ - N N
N —(tH 4 et
N N
A lepton asymmetry N “/\‘_ a
can be generated if RS L’ 0 e

I'(N - ¢H) #T'(N — (°H°)

Sphalerons convert it into a baryon asymmetry.
Fukugita, Yanagida, PLB 174; Covi, Roulet,Vissani; Buchmuller, Plumacher;Abada et al,, ...



In order to compute the baryon asymmetry:

|. evaluate the CP-asymmetry
I'N —-/(H)—-T(N¢— (cH®)
€ =
I'(N - /(H)+T'(N¢ — (cH°)

2. solve the Boltzmann equations to take into account
the wash-out of the asymmetry

nL = ke
3. convert the lepton asymmetry into the baryon one
k
B = —cse~107° — 107 e
)

ForT < 10~ GeV, flavour effects are important.




Is there a connection
between low energy

CPV and the baryon
asymmetry?




The general picture

€ depends on the CPV phasesin Y,

and in the U mixing matrix via the see-saw formula.

m, = U*m;UT = —YVTM]leVU2

Let’s consider see-saw type | with 3 NRs.

High energy
Mpr 3 O
Y, 9 6

- 3 phases missing!

Low energy
Uu 3 3




Specific flavour models

In understanding the origin of the flavour structure, the
see-saw models have a reduced number of parameters.

It may be possible to predict the baryon asymmetry
from the Dirac and Majorana phases.

FLAVOUR P.

See saw :
L
models 2 Leptogenesis
N
P 4
Y 4

‘I

V masses

mixing (U)




Does observing low energy CPV imply a baryon asymmetry?

It has been shown that, thanks to flavour effects, the low
energy phases enter directly the baryon asymmetry.

In see-saw type | with flavour effects, if we observe
CPV, can we conclude that a lepton asymmetry was
generated! And that this could be as large as what

observed!?
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The CP-asymmetry can depends only on the low
energy CPV phases:

in the NH spectrum (m|<<m2<<m3), with M|<<M2<<M3 and MI<5 |07 | GeV,

er < M1 f(Rij) [023823012 Sin (%) B 633812@ (5 B %
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Large thetal3 implies that delta can give an even
dominant contribution to the baryon asymmetry. Large

CPV and NH are needed. For IH or QD spectrum, the
CP-aS)’mmetl’)’ iS Suppressed. A more detailed numerical study is ongoing.




Conclusions

* Leptogenesis requires
- L violation (nu-less double beta decay, colliders...)

- C/CPV (LBL and nu-less double beta decay (?))
1 - out-of-equilibrium (expansion of the Universe)

* In presence of flavour effects (see-saw type |, M< 10"
GeV), low energy phases enter directly in leptogenesis.

b a

The observation of L violation and
of CPV in the lepton sector would
be a strong indication (even if not a

proof) of leptogenesis as the origin
of the baryon asymmetry.




The CP-asymmetry in one-flavour approximation

For high T > 10 °GeV, charged lepton Yukawa
interactions are out-of-equilibrium and flavours are

indistinguishable. Only the total decay asymmetry is
relevant.

€ depends on the CPV phases in

and therefore in the U mixing matrix (but not directly)
via the see-saw formula.

m, = U m;UT = —Y,/T]W}?YVU2



Taking flavour into account

The different charged lepton enter in equilibrium when
'~ H

for taus:T ~ 10°GeV
for muons:T ~ 10° GeV.

In this case, each lepton asymmetry needs to be
evaluated separately:

M,

1
I(Yi(Y, Y)Y ) —
(Y Y—‘-) ; 1 )13 ]E)M]

€y X

and then summed.




