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Recipe to calculate the BAU in leptogenesis I

1- Take your favourite neutrino model (4,,M)
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Recipe to calculate the BAU in leptogenesis I
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3- Solve the Boltzmann equations to obtain N;-%
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Recipe to calculate the BAU in leptogenesis I

1- Take your favourite neutrino model (4,,M)
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2- Calculate ¢, K = —L
M
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3- Solve the Boltzmann equations to obtain N;-%

AN5 1 (2) Ki(2) o 1K) NS ()
o = —eK e K02 (Nn, (2) = Nji (2)) — 5 K ZKQ(Z) NT Np_p(2)
dNp, (2) Ky (z)

— K
dz b ZKQ(Z)

(N, (2) = Ny, (2))



Recipe to calculate the BAU in leptogenesis I

1- Take your favourite neutrino model (4,,M)
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3- Solve the Boltzmann equations to obtain N;-%
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4-Calculate the baryon-to-photon ratio

C _
B — ?N,g—%



Recipe to calculate the BAU in leptogenesis I

1- Take your favourite neutrino model (4,,M)

m

2- Calculate ¢, K = —L
M

3 1 . M

— Im |(h,ht)2 | —

167 (huhl)ll Z.t: m |:( u)l&] Mg

'U2

my = (hh")1 197 m, ~ 107% eV
1

3- Solve the Boltzmann equations to obtain N;-%

dNp_r(z) Ki(z) 1 . Ki(z) Nﬁ%(z)

. = —cK i To(2) (NN, (2) = Ny (2)) — 2 K ZKQ(z) N Np-1(2)
dNNl( ) - K( ) eq
s = —K ZKQ( )(NNl( z) — Ny (2))

4-Calculate the baryon-to-photon ratio
ng = <NT=0
1B FoB-L

5-Compare with the experimental value! np = (6.1140.19) x 107"



Connection leptogenesis-neutrino masses I

The leptogenesis predictions depend on the high energy see-saw
parameters 4,,, M. On the other hand, these same parameters give

rise to neutrino masses and mixing angles:

1
~Liep = V5" hyL- H — —y;f M v§, + h.c.

1 M > (H)
1

~Log = —5(L- H)" [BIM ™ hy | (L - H) + hec.

M, = hl M h, (H°)?

What can are the implications for leptogenesis of the

observed neutrino masses and mixing angles?




The connection is not simple...

e The high energy leptonic Lagrangian contains 12+6 new parameters

One can always choose a basis where the right-handed mass matrix
is diagonal and real (but not the Yukawa coupling):

M has 3 real parameters
h, has 9 real parameters and 6 phases

e The effective Lagrangian contains 6+3 new parameters

M, has six real parameters (3 masses, 3 angles)
and three phases

Half of the parameters have been lost in the decoupling process
(six real parameters and three phases).




Parametrization of the “lost” parameters:

Work in the basis where the right-handed neutrino mass matrix
is diagonal:

M, = hT Dy} by, (H)? = Uy, Do UL,

The most general Yukawa coupling which solves this equation is:

Orthogonal matrix: R’/R=1
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Parametrization of the “lost” parameters:

Work in the basis where the right-handed neutrino mass matrix
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M, = hE Dy} b, (H)? = Uy, D U,

The most general Yukawa coupling which solves this equation is:
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Parametrization of the “lost” parameters:

Work in the basis where the right-handed neutrino mass matrix
is diagonal:

M, = hE Dy} b, (H)? = Uy, D U,

The most general Yukawa coupling which solves this equation is:

Casas, Al
Right-handed “Fixed” by
neutrino masses experiments
CoC —(C1583 — §189¢C §183 — C189C
3 real parameters \2,3 R ) 1\52, 3 Hfl X 1 2 3
R = CoS83 C1C3 — 5159253 —51C3 — C159253
E?Q af?ltt‘g f‘lég

3 real parameters and 3 phases



Does leptogenesis make any prediction?

How: to test/rule-out leptogenesis?



Does leptogenesis make any prediction?

How: to test/rule-out leptogenesis?

Even though the connection between leptogenesis and low energy
neutrino data is very vague, this parametrization allows to extract
very valuable information about leptogenesis.

1) Upper bound on the CP asymmetry (=Lower bound on
the lightest right-handed neutrino mass)

2) Upper bound on the overall neutrino mass scale (*)

(*) Or may be not



1- Upper bound on the CP asymmetryl

Consider the scenario with hierarchical right-handed neutrinos.
In this limit, the CP asymmetry produced in the decay of the
lightest right-handed neutrino is:

- & (huéi) > Tm|(hu R [f (% ) e (%)]

11 i=2,3

In the limit of hierarchical right-handed neutrinos M{<«<M,, M3

3 1 M,
€1 = T67 (I, h*) Zlm[ (hyh, )1;,] 7
3 M,

€1 —

Im |(h, M! RL);

167 (HO)2 (h hb )1 Z m {(hy My R

Substituting the previous parametrization of the neutrino Yukawa coupling:

3 M, Y;miIm(R3))
167 <HO>2 Zj mj\le\z

€1 —

My

which is bounded from above by: ||| < on (H0> 5(m3 —my)

Davidson, Al



Very important! The bound becomes more strict if the neutrino masses
are large.

- 3 M 3 My (mj—mi) 3 M
€] < — —(ms —my) = — -5 = — :
167 (HO) 167 (H?)?2 mg3 + my 167

Fixed by experiments
More later about this!

e However, if neutrinos are hierarchical. Then

3 M 1 \/A?na%tm

<
S o (e

The CP asymmetry is bounded from above by the mass of the lightest
right-handed neutrino and the square root of the atmospheric mass splitting.

Direct window on the scale at which neutrino masses are generated,
from the requirement of successful leptogenesis.




The baryon asymmetry from leptogenesis can be approximated by:
N >~ 0.96 X 10 %61k
where 15=(6.11+0.19)x10-10 (WMAP)

3 My Ay,

From the upper bound on the CP asymmetry (ST 167 (HO)2

A lower bound on the lightest right-handed neutrino mass follows:
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Neutrine masses are generated at

VERY high energies




Implications for inflation

To produce thermally the right-handed neutrinos the Universe

must have been very hot in the past:
SM

101 F

'—'.

<
—
-

TRH in GeV

'—'.

-
-
=

100°0L
10°

allowed

100

my, 1 GeV

T

1

oL

Giudice et al.

Inflation must have reheated the Universe to temperatures
larger than 10°-1010 GeV = constraint on inflationary models



Implications for SUSY scenarios

DRAMATIC!

The leptogenesis requirement that the lightest right-handed
neutrino mass has to be larger than 10° GeV rules out many

SUSY scenarios (among them, many scenarios with neutralino
dark matter!)

More details later...



2- Upper bound on the neutrino mass I

e The upper bound on the CP asymmetry can be rewritten as:

3 M 3 M (mzj—mi) 3 M Aml,,

< — — =
al < 157 <H°>2’(m3 ") = Tor (H°)* mg+my 167 (H°)? m3 +my

Neutrino experiments fix the atmospheric mass splitting. Then, if
the scale of neutrino masses increases, the CP asymmetry produced
is smaller. It is more difficult to generate a BAU!

e Furthermore, the washout rate due to AL=2 scatterings goes as:

AW oc Mym°
me = mf + m% + m%

The larger the scale of neutrino masses, the larger the washout.

Is there a neutrino mass at which leptogenesis just doesn't work?




1 16
c)Buchmijller, Di Bari,

M. /GeV

m_ =~ 0.051eV
| 10

For m>0.20 eV, leptogenesis is no longer possible.

This corresponds to m;>0.11 eV
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KATRIN sensitivity:m>0.2 eV

For m>0.20 eV, leptogenesis is no longer possible.

This corresponds to m;>0.11 eV

If vO2[3 or tritium 3 decay experiments find a signal
in the near future, leptogenesis will be disfavoured.



The role of flavour on leptogenesis I

So far we have calculated the lepton asymmetry. Is it justified to
talk about a lepton asymmetry, when we know that there are three
leptonic flavours?

YES, but only when Tz 1012 GeV.

The lepton Yukawa coupling e}fm hs,, (L. - H) can be strong enough
to keep processes as ¢; ep, — H €r.€r, — HV in equilibrium

The interaction rate is: I'a =~ 5 x 107 3h2T

Therefore, the tau Yukawa interactions enter equilibrium at T[11012 GeV
and the muon Yukawa interactions at TC110° GeV.



What happens at 109<sT<1012 GeV?

The tau Yukawa interactions are in equilibrium, while the muon
and electron Yukawa interactions are out of equilibrium. The flavour
of the lepton in the decay N;—H L, matters!!

The charged lepton Yukawa interactions break the coherent evolution of
the lepton doublets, L,, between the decay and the inverse decay—

below T~1012 GeV flavours are distinguishable.

Every leptonic flavour asymmetry evolves differently, and we
have to deal with different flavour asymmetries, a set of
Boltzmann equations, etc.

The total lepton asymmetry in the one flavour approximation is:

f _ sph
ng = N, = —— ek
/ ]c B—L 4f
If flavours are propertly taken into account,
cbph f 3 sph oh
"'?B:Z 2 N&aw_zl_[ PR el Fe +r1 EmhﬂJrr ehh,r
o f

A, = B/3—



Different scenarios depending on the temperature:

=102 GeV.

e One flavour approximation valid. Boltzmann equations:

dNp_r(2) Ki(z) 1 Ki(z) Nyi(2)

7 = —e KX ZKQ(Z) (NNl (Z) — NJ?\% (Z)) o 5 I{ZKQ(Z) Nieq NB—L(Z)
ANy, (z) . Ki(2) eq
= —K ZKQ(Z) (Nn,(2) — Nyi(2))

e One CP asymmetry

3 1 | M
_ E : F\2 1
167 (hyhl)y 5 " [(hyhy)li] M;

€1

e One wash-out factor

o I'pilr—0  my

Hlp—p, — m,

2 2

o ; () v
where m; = (hh*)nﬁl My = 3T 1.66.9‘;/2% ~ 10 eV



Different scenarios depending on the temperature:

=102 GeV.

e One flavour approximation valid. Boltzmann equations:

dNp_r(2) Ki(z) 1 Ki(z) Nyi(2)

7 = —e KX ZKQ(Z) (NNl (Z) — NJ?\% (Z)) o 5 I{ZKQ(Z) Nieq NB—L(Z)
ANy, (z) . Ki(2) eq
= —K ZKQ(Z) (Nn,(2) — Nyi(2))

The baryon asymmetry produced is




Different scenarios depending on the temperature:

10°<I=102 GeV.

One flavour approximation not valid. Tau Yukawa couplings in equilibrium
= tau flavour distinguishable. Electron and muon flavour indistinguishable

e Two Boltzmann equations: a=T1, “e+u=2"

Tl e D (i (2) = NR(2) - Ko K ()N
ANy, (2) . Ki(2) eq
P Ks(2) (N (2) = N (2)

e Two CP asymmetries: €, €, = €.t€.
['(Ny — [ H) —T'(Ny — ISH)
['(Ny = I H)+ T (N, — ISH®)

3 1 | M,
~ — , Im |hy 1o (hyh!)1h:
167 (huhL)ll 522:3 [ 1 ( )1 scx)] M,

Cla —

e Two wash-out factors: Ky, Ky = K. +K|;.

I'p(Ny — [ H)|p— m __ . U2
K, = oM = laH)lr—0 _ Mo \yhara Mia = hiah,—
Hpr—, M M,




Different scenarios depending on the temperature:

10°<I=102 GeV.

One flavour approximation not valid. Tau Yukawa couplings in equilibrium
= tau flavour distinguishable. Electron and muon flavour indistinguishable

e Two Boltzmann equations: a=T1, “e+u=2"

Tl e D (i (2) = NR(2) - Ko K ()N
dNn, (z) . Ki(z) eq
P Ks(2) (N (2) = N (2)

The baryon asymmetry produced is




Different scenarios depending on the temperature:

Tau and muon Yukawa couplings in equilibrium = all lepton flavours
are distinguishable

e Three Boltzmann equations: a=¢, |, T,

Tl e D (i (2) = NR(2) - Ko K ()N
ANy, (2) . Ki(2) eq
P Ks(2) (N (2) = N (2)

e Three CP asymmetries
['(Ny — [ H) —T'(Ny — ISH)
['(Ny = I H)+ T (N, — ISH®)

3 1 . M,
~ , Im |hy 1o (hyh!)1h:
167 (huhL)ll 522:3 [ 1 ( )1 scx)] M,

Cla —

e Three wash-out factors

(N, — IH)|rey 0 _ 2
Ka _ D( 1 e )‘T 0 _ lov Where Mie = h’lcxhla
Hpr—, M M,




Different scenarios depending on the temperature:

Tau and muon Yukawa couplings in equilibrium = all lepton flavours
are distinguishable

e Three Boltzmann equations: a=¢, |, T,

dNa, (%) Kq(z)
- - = cxI
7 € 12:K2(
dNNl(Z)
dz

o L \
(Nw,(2) = Ni(2)) = 7 Ko 22K (2)Na, (2

o - Kl() eq
=—Kz K (2) (Nn, (2) — Ny, (2))

The baryon asymmetry produced is




In each regime, several possibilities can occur: the asymmetry
in some flavours could be strongly washed-out (K>1), while in others
could be weakly washed-out (K«1).

o | flavoured
% 10710 /\
z /
a: unflavoured
K, =0.45 K, = 1072 K,=25x1076
e, =2.5x 1076 € = —2 X 1076 € =10"7

1071 L

10710}

D

K, =10 K, =30
e =25x100 €, =-2x107°

K. =30

. e = 1077

K, =30
€, = —2x107°

K, =107
€. = 1077



What are the implications,

in practice?




1- Flavour effects can be very important when computing the
predictions in specific models.

For example, consider a model with two right-handed neutrinos.
The most general Yukawa coupling compatible with the low
energy data is:

Right-handed

. “Fixed” by
neutrino masses

) experiments

R 0 cos@ £ sin 6
0 —sinf Ecosb

(normal hierarchy)

R — cos : § Hiﬂé 0 (inverted hierarchy)
—sinf Ecosf 0



flavoured unflavoured

Yp
M, =10"2GeV

YCOI'IV’
B
M;=10'""GeV

normal hierarchy ., 6,3 =0.1,0 =n/4, 6 =7/3

The differences are maximal:

e Along the axes: R is real or pure imaginary )
In the one flavour approximation €; oc Imsin®0

';Jl;: h.ul:?, — (]
X hUlQ — (]

e Around texture zeros in the neutrino Yukawa matrix



flavoured unflavoured

Yo
M;=10""GeV

inverted hierarchy, 13 = 0.1, =7/4, ¢ = 7/3
The differences are maximal:

e Along the axes: R is real or pure imaginary )
In the one flavour approximation €; oc Imsin®0

';Jl;: h.ul:?, — (]
X hUlQ — (]

e Around texture zeros in the neutrino Yukawa matrix



2- Flavour effects provide a new insight in the connection
between leptogenesis and low energy CP violation.

Take the most general Yukawa coupling compatible with the
low energy neutrino observations.

1
(H)

Dy R\/D,, U}

lep

h, =

In the one flavour approximation:

3 1 o1 M
_ E: Fy2 1
“U 7 T6n (hohl)1 tm [(h“h“)“] M;

()

]

3 M, X;milm(RY)
B 167 <HD>2 Zj mj\le\Q

€1

No trace of U\g,. There is no connection between leptogenesis
and the low energy phases and mixing angles.



2- Flavour effects provide a new insight in the connection
between leptogenesis and low energy CP violation.

Take the most general Yukawa coupling compatible with the
low energy neutrino observations.

1
(H)

Dy R\/D,, U}

lep

h, =

Taking flavours propertly into account:
3 1 . _ 1

€la ~ — — " Im |y (hoh)) ks,
167 (huh:t)ll 5 [ 1 ( )1 scx)] M.i

|

3 M 1 Im { Z,B,p ?n,yz?nf)ﬁz[’z,ﬂ ["'Tcxp Rl,ﬁ’ Rlp}
167 v? > s mpa| R 5]

Ea —

There is still a dependence on Ue,! If CP violation is observed
in the neutrino sector, leptogenesis will gain support.



3- Bound on the lightest right-handed neutrino mass
(and on the reheating temperature)

In the one flavour approximation, the CP asymmetry is bounded

from above by:
3 M

1l < 167 Ty

(mg —my)

Taking flavours properly into account, the CP asymmetries in
each flavour are bounded from above by:

Approximating the BAU by

csph f 3 1 1 1
Oy AT =181} 101181 =181} -
B — § : f Aﬁa - _H [Cp €le Ke T+ Cp €1p Ky + P €y h—"’i"]

&

One finds that:

3 3 Myms | o e bph /[’\ sph [ B
‘?7}5" 4f1f)’ﬂ' HD |: / I’ . 74 h,u‘l_f | If—




3- Bound on the lightest right-handed neutrino mass
(and on the reheating temperature)

In the one flavour approximation, the CP asymmetry is bounded

from above by:
3 M
le1] < ™ <HD>2(mg —my)

Taking flavours properly into account, the CP asymmetries in
each flavour are bounded from above by:

3 Mims K,

1< Y
ol S oo N\ R

Approximating the BAU by




All decays into

1011 one flavour o =
> \ 3
QO -
O, 1010 Decays into all =
£ flavours with equal 3
branching ratios .
107 . E
108 -1 0 1 ””"IQ -

10 10 10 10



-
-l

Miz 2x10° GeV (3x10° GeV )

-
-‘-

Mz 4x108 GeV (6x108 GeV )

10 10
K

-
o
W




1011
S
O
=10"°
s
=
Miz 2x10° GeV (3x10° GeV )
9 —
10°F A 5
Mz 4x108 GeV (6x108 GeV ) f
10
107 10° 10 10 10°
K

No substantial change compared to the one flavour approximation




4- Bound on the neutrino masses ﬂ
@)

In the one flavour approximation, the CP asymmetry is bounded
from above by:

3 ]Url 3 M 1 Am 2

€] < M3 —Mq) = atim
1] < 167 (HD)Q( ’ 2 167 (H°)? ms + my

Suppressed for heavy neutrinos (degenerate neutrinos)

Taking flavours properly into account, the CP asymmetries in
each flavour are bounded from above by:

‘E ‘ < 3 A’fl'?ng . I{m—:
N~ Y6 (HY? T\ K

No suppression!!

The bound on the neutrino masses will get relaxed



Vanishing initial abundance

Thermal initial abundance

M, (GeV)

M, (GeV)
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Supersymmetric leptogenesis I

The see-saw Lagrangian is:

1
—Ljep = VRTh L-H— 5;1; TMVE + h.c.

The Higgs doublet interacts with heavy degrees of freedom

| Quadratic
IGWEY M divergence!

-> - —_ — Smiy ~

In the SUSY version of the see-saw




The calculation of the baryon asymmetry in the SUSY version of
leptogenesis is analogous to the non-SUSY case, but more complicated...

H, l
e
+ Nj-<{ }=<
\.{/ _
[ h



1 1 . M?
. . : — I hyh]‘ 2 4
The calculation gives: ¢; 87 (ol ;2:3 m [( u)h] / ( Mlz)
—
o
I+ 2
f(a) = v |log (—) +
x r—1

3
In the limit of hierarchical right-handed neutrinos, f(z) ~ 7z

3 1 | M
= ty2 1 21
ST (hyhlf)ll 522:3 Im [(huhu)lz] Mg

€1

The upper bound on the CP asymmetry reads:

3 M,

Compare to non-SUSY case: €; < E (ms — my)

167 (H°

Double asymmetry, since there are two particles producing the
asymmetry: right-handed neutrinos and right-handed sneutrinos



Wash-out is much more complicated than in the non-SUSY case
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At the end of the day, the wash-out is roughly double than

in the non-SUSY case.
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Double asymmetry, but double wash-out. The two effects

roughly compensate [0 the result is similar to the SM result:
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Reheating temperature necessary for SUSY leptogenesis:

MSSM
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Implications of SUSY leptogenesis:

1- Dark matiter



The gravitino “problems” with leptogenesisl

The gravitino is the superpartner of the graviton. It is present in all
models with local supersymmetry (supergravity)

It is thermally produced in the early Universe by scatterings
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The relic abundace of gravitinos is:

Tr 5 GeV m 2
Q3/9h° ~ 0.1 ( ) ( J )
2 10° GeV ( M3 ) 500 GeV

Leptogenesis requires Tp = 10° GeV U m5, =5 GeV
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Models with low scale SUSY breaking (gauge mediation) are incompatible
with leptogenesis, otherwise the density of gravitinos would be larger
than the critical density. (More precisely, M, .. 1016 GeV, for m  ~1 TeV).
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Leptogenesis requires m5,,z5 GeV in order to not to overclose the

Universe. This requirement seems to be easily fulfilled in models with
gravity mediated SUSY breaking, m;,z100-1000 GeV.

Sketch of SUSY models

neutralino
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Leptogenesis requires m5,,z5 GeV in order to not to overclose the

Universe. This requirement seems to be easily fulfilled in models with
gravity mediated SUSY breaking, m;,z100-1000 GeV.

Sketch of SUSY models

neutralino

LSP Gravitino
LSP

The leptogenesis requirement
Tr = 10° GeV makes this class
of scenarios contrived!




Leptogenesis requires m5,,z5 GeV in order to not to overclose the

Universe. This requirement seems to be easily fulfilled in models with
gravity mediated SUSY breaking, m;,2100-1000 GeV.

In many SUSY analyses, the neutralino is the Lightest Supersymmetric
Particle (LSP), thus the gravitino decays into neutralinos and Standard
Model particles:

@3/2 — 7Y

If R-parity is conserved, this decay can only proceed through a
gravitational interaction = very suppressed decay rate:




The photons are produced during or after Big Bang Nucleosynthesis,
potentially jeopardizing the successful predictions of the Standard
BBN scenario.

More concretely, the photons can dissociate the light elements if the
photon energy is above a certain threshold. For example:

D+~v —n+p, Fy =2.225MeV
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T. (GeV)

Even worst, if m3zmsg, the gravitino could decay into gluon-gluino,

that hadronize producing energetic hadrons — hadrodissociation
of the primordial elements.
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Even worst, if m3zmsg, the gravitino could decay into gluon-gluino,

that hadronize producing energetic hadrons — hadrodissociation
of the primordial elements. Other hadronic channels are also
dangerous.
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Even worst, if m3zmsg, the gravitino could decay into gluon-gluino,

that hadronize producing energetic hadrons — hadrodissociation
of the primordial elements. Other hadronic channels are also
dangerous.
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If leptogenesis is the correct mechanism to generate the BAU,
successful BBN requires a very heavy gravitino (naturalness?)
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Even worst, if m3zmsg, the gravitino could decay into gluon-gluino,

that hadronize producing energetic hadrons — hadrodissociation
of the primordial elements. Other hadronic channels are also

dangerous.
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If leptogenesis is the correct mechanism to generate the BAU,
successful BBN requires a very heavy gravitino (naturalness?)



e The gravitino must be heavier than 5 GeV (overclosure)
e If it is unstable, it must be heavier than 10TeV (BBN)

Not very appealing...



Constraints on the gravitino parameters from leptogenesis

e The gravitino must be heavier than 5 GeV (overclosure)
e If it is unstable, it must be heavier than 10TeV (BBN)

Not very appealing... What if the gravitino is stable?

Very appealing possibility!! The problems with BBN can be
avoided. More importantly, the gravitino could constitute
the dark matter of the Universe:

 Electrically neutral, colourless.

e Non-baryonic.

o Weakly interacting.

e “Cold” (m3/225 GeV)

e Very long lived (even with R-parity violation)

» Could have the correct relic abundance for the reheating
temperature required by leptogenesis and the range of
gravitino masses suggested by gravity mediation.

Tr 5 GeV m: 2
Q3/2h° ~ 0.1 ( ) ( : )
W2 10° GeV ( M ) 500 GeV




Constraints on the gravitino parameters from leptogenesis

e The gravitino must be heavier than 5 GeV (overclosure)
e If it is unstable, it must be heavier than 10TeV (BBN)

Not very appealing... What if the gravitino is stable?

Very appealing possibility!! The problems with BBN can be
avoided. More importantly, the gravitino could constitute
the dark matter of the Universe:

 Electrically neutral, colourless.

e Non-baryonic.

o Weakly interacting.

e “Cold” (m3/225 GeV)

e Very long lived (even with R-parity violation)
» Could have the correct relic abundance for the reheating
temperature required by leptogenesis and the range of
gravitino masses suggested by gravity mediation.
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Implications of SUSY leptogenesis:

2- Lepiton filavour vielation



Lepton flavour violation (LLIF'V) and leptogenesis I

The branching ratio of the process i — e y can be estimated to be:

967303 @ Mixing parameter
BR(p — ey) ~ 5 = :
G3, @ Mass of the particles
which induce the LFV
Right-handed neutrinos introduce new sources of flavour violation

with M ,=107> GeV and 801 (or with lower energies and smaller 6).
BR(i — ey) ~107°  Unobservable!

(Present bound, BR(u—ey)<1.2x107"" )
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If the particles responsible for neutrino masses are lighter than
the mediation scale, quantum corrections will generate flavour

violating terms in the slepton sector: Borzumati, Masiero
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Lepton flavour violation (LLIF'V) and leptogenesis I

The branching ratio of the process i — e y can be estimated to be:

967303 @ Mixing parameter
BR(p — ey) ~ 5 = :
G3, @ Mass of the particles
which induce the LFV
Right-handed neutrinos introduce new sources of flavour violation

with M ,=107> GeV and 801 (or with lower energies and smaller 6).
BR(i — ey) ~107°  Unobservable!

If the particles responsible for neutrino masses are lighter than
the mediation scale, quantum corrections will generate flavour
violating terms in the slepton sector: Borzumati, Masiero

The scale of LFV is not the
Majorana mass scale (10%-1> GeV)

but the soft mass scale (~1TeV).
BRs




The calculation of the branching ratios is straightforward

——>- >— >
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The calculation of the rate is, however, full of uncertainties

Back of the envelope calculation of BR(ll,_ij):

o® |(mi),
BR(% — g{"/) = G% ﬂi%j

1

. A
(m7);; ~m7 (A);,;, — —=(3m + |Ao|?)(RIh,)i; log ( )
L] L J 871-2 0 J Mmaj

‘ 2

tan® 3 BR({; — ;i)

Cut-off scale?

Flavour structure of the soft terms at the cut-off scale?
soft-SUSY parameters?

tan3?

Size and flavour structure of the Yukawa couplings?
Right-handed neutrino masses?
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The calculation of the rate is, however, full of uncertainties
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Example 1: SO(10) inspired model. Mixing angles in the
Yukawa couplings as the leptonic mixing matrix

(hSh,)a = ViU, 3Ues + y2UUes + O(y2)
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Example 2: SO(10) inspired model. Mixing angles in the
Yukawa couplings as the CKM matrix

Present bound

E

|T|'1: IIII|T|'|'!_|_|'|'|'|'|'|'|'! IIIII|T! IIII|T|'1: TTT

0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800

M, , (GeV) M, (GeV)

Masiero, Vempati, Vives



Is there any lower bound on the rate of p- ey?

3 (mi)ij, (ngij,AeiJ,, i#j vanish at high energies
(no LFV in the soft terms at tree level)

AND
@ (h,"h,) diagonal

The back of the envelope calculation gives BR(li_Jj y)=0
3
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Is there any lower bound on the rate of p- ey?

3 (mi)ij, (mze)ij,AeiJ,, i#j vanish at high energies
(no LFV in the soft terms at tree level)

AND
@ (h,"h,) diagonal

The back of the envelope calculation gives BR(li_Jj y)=0

a’ |(m7);|° _
BR({; — liy) ~ eE ?;8” tan® 5 BR({; — (v, 0;)
F S
2 2 1 2 { A
(mE)ij = my (A)ij — o5 (3mg + [ AolQ (b )i log -
All the right-handed neutrinos
decouple at the same scale Mmaj
Strict calculation (hih,),log S Ry, log (i) ho;
p b g ﬂ/fmaj - vki ﬂ/fk vkj

Which is necessarily different from zero (unless cancellations take place)



The result of the calculation gives:

BR(u —ey) 2 1.2 x 107" ( My ) (L)_4 (t-‘ﬂﬂﬁ)'

Al, Simonetto
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The result of the calculation gives:

Al, Simonetto
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Connection to leptogenesis!

> \/ Am?2, \/ Am?2,,

107 g e I

10" BR( ) 25 x 10—13( ms )‘4 tan 3"
2 (u — en —_—
; = 200 GeV 10

10'7¢ E ms —4 (tan [ °
: 1 BR(u—ev) = 5x107" (—)
: ] (h=en) 200 GeV 10

1095

10°




The result of the calculation gives:

Al, Simonetto
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Connection to leptogenesis!
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Summary of leptogenesis predictions

Non-SUSY case

e Neutrino oscillations. Already observed!

e Lepton number violation O neutrinoless double beta decay
e CP violation in the neutrino sector

e (Huge tuning)

e Possibly gravitino dark matter (probably not neutralino dark matter)

e BR(u - ey)>10718 for typical SUSY parameters

Still looking for a smoking gun!
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