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1. Introduction

e Neutrino masses and baryon asymmetry of the Universe (BAU) naturally
explained by the seesaw mechanism

— generically no testable
— Davidson-lbarra bound on M, for hierarchical heavy SM singlets:
My 2 10° GeV (10® GeV if My/M; < 10).

— tension between thermal leptogenesis and gravitino bound on the reheating
temperature Try in SUSY seesaw scenarios with hierarchical RHN:

- Unstable gravitino — Try < 10° — 107 GeV (107 — 10*° GeV) for mg /o ~
100 GeV - 1 TeV (= 10 TeV)

- Gravitino is the LSP: bounds depend on the NLSP, but Tz = 10° GeV can
be obtained for ms/s < 10 GeV

Kawasaki et al. (2008)

What is v?, GGl Workshop, Firenze 2012 2



e Global lepton number U(1); slightly broken by small parameters u, N,
protected from radiative corrections.

L1, = —Aai BT PrNlo — LMy NEN! — 1M N/°N” + h.c.

Ly =N, B PRNo — N, BT PrNTto — 310 NENy — 31 NN + hec.

Aas Can be large, because they do not vanish in the B — L conserved limit —

in the absence of p, /" and A ., a perturbatively conserved lepton number can be
defined:

Iy=1 Ly=-1  Lyw=0

Ly, =1 for the SM leptons.

Example: Inverse seesaw — Only (N;, N;) per generation, with i = A,; =0
Mohapatra, Valle (1986)
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e Rich phenomenology:

Large neutrino Yukawa couplings and heavy neutrino masses at the TeV scale

Flavour and CP violating effects not suppressed by light neutrino masses

Bernabeu et al. (1987); NR, Valle (1990); Gonzalez-Garcia, Valle (1992);Gavela et al. (2009)

Heavy neutrinos may be at LHC reach
Han, Zhang (2006); F. del Aguila et al. (2007); Kersten, Smirnov (2007)

Two strongly degenerate RH neutrinos (quasi-Dirac fermion) — resonant
leptogenesis at T' ~ O(1 TeV)

Pilaftsis, Underwood (2005); Asaka, Blanchet (2008); Blanchet et al. (2010)
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Low energy effective Lagrangian:

where Apy can be O(TeV) and Apny > Apyp

If B — L is approximately conserved:

i) IV; is a Majorana neutrino with small Yukawa couplings A/ .,

— N
(C§\i4 5)046 _ Aav)‘ﬁi
AN M;

(e Dap _ Aaigi
- M?
1
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ii) The IV, is a Dirac or quasi Dirac neutrino with four degrees of freedom —
there are two Majorana neutrinos V;; and N;; with masses M; + u; and M; — p;
respectively.

If B — L is conserved, j;; = 0 and N; = (N;;, +iNy;)/v/2 is a Dirac fermion.

Yukawa interactions:

Aot PRt iNiy -\t ppNiniNig 4 pe.,

Ly v 7

Ni

Contribution of a quasi Dirac heavy neutrino to the Weinberg operator at
leading order:

MZ)\ Z)MAZ)%Z + )‘O”JMLZ()\IB’L — ]’I\Z—ZAm) +

(CQD6)O¢B AaiAE@‘
A2, MZ
i
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2. Leptogenesis in models with small violation of B-L

Sakharov's conditions for generating the BAU are naturally satisfied in the
seesaw framework for neutrino masses

— Leptogenesis:
e Out of equilibrium decay of heavy Majorana neutrinos (L violation)
e CP asymmetry — lepton asymmetry Y7,

e (B + L)-violating non-perturbative sphaleron interactions partially convert
Y into a baryon asymmetry Yp.

What can be different regarding leptogenesis in different models with
approximately conserved B-L ?

N1 — heavy neutrino which generates the lepton asymmetry

Ny — heavy neutrino which makes the most important (non resonant)
contribution to asymmetry in Ny decay.
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I. Both N7 and Ny are type i) Majorana fermions — nothing different from
the standard seesaw

Il. Ny is type i) and N> type ii) (quasi Dirac)

CP asymmetry produced in the decay of N; into leptons of flavour «:

_ DNy = l,h) =T (N1 — b)) 1 | &
€al = 57 _Eal—i_eozl
Y D(Ny — £yh) + D(Ny — £,h)
with
€£1 = Z f(aj)ImAZjAal(AT)\)jl € = Z g(aj)Im)\Zj)\al()\U)lj
j=2h,2l j=2h,2l

Covi et al. (1996)
® ay = Mj2/M12
e to lowest order in ps, f(azn) = f(ag) and g(asn) = glagy).
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Aa2l = tAa2h, therefore when o — O:

ehy — F(azn)ImA} o At (AT X201 (1 +0%%) = 0

€1 — gazn)Im (X% o5 Xa1 (ATN)120] (14]i]%) = 2g(an)Tm [ 05 A1 (ATA)121]

€L are related to the lepton number conserving d=6 operators — escape the

DI bound because they are not linked to neutrino masses (LNV d=5 Weinberg
operator)

Antusch et al. (2010)

However, ¢; = Y €41 o< 110 because Y e = 0 — flavour effects mandatory
for successful leptogenesis

Barbieri et al., (2000); Endoh et al. (2004); Abada et al. (2006); Nardi et al. (2006)
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I1l. Ny is quasi Dirac and N5 type i): resonant enhancement of the CP
asymmetry for degenerate neutrinos Ny, Ni; when 11, < 'y, with

(AT (AT
L, = Myt O M ()

+=In, =1y,

Covi and Roulet, (1997); Pilaftsis (2005); Anisinov et al. (2006)

/

N A
Resonant contribution suppressed by = the CP asymmetry can not
V(AT 11

reach the maximum value 1/2.

Successful leptogenesis with M = 10° GeV (1 TeV), for e = X' /X ~ 1073 and
err = p /My ~ 1078 (1071) — no observable low energy effects

Asaka et al. (2008)
p1 < I'n,: observable p — ey
Blanchet et al. (2010)
Bolztmann picture breaks down
De Simone, Riotto (2007); Garny et al. (2010); Garbrecht, Herranen (2012); Garny et al. (2012)
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IV. Both N7 and N> are type ii) quasi Dirac neutrinos: — both, resonant
contributions from Ny; 15, and large contribution of Ny to €417 and €41y,

This work:
e We do NOT consider resonant contributions, widely studied

e We focus on €, not bounded by neutrino masses and large in models which

approximately conserve B-L

e Exhaustive analysis of parameter space
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4. Boltzmann equations

Scenario for leptogenesis involving three fermion singlets NV, Vo, Vo), with
masses My, My — o, Mo + 115 and Yukawa couplings given by the Lagrangian

Ly = —Aa1 /}VLT PrN1l, — Ao /il/T PR%&X + h.c. .

with A1 < Ao

e We neglect No LNV Yukawa couplings, A, < Aa2 (checked that they have
negligible effects)

e We consider two flavours for simplicity (3 flavours discussed later)

e Include decays and inverse decays of Ny, Ny and rapid L-conserving but
L-violating flavour changing interaction (FCI):

lgh — LoD 255 — {.h and hh — Ba[@

e Neglected spectator processes and AL = 1 scatterings: few 10%
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Relevant parameters:

e M;: for fixed CP asymmetry, lower M; — stronger washout (slower Universe
expansion rate)

o Ms/My:

a1 o< (M7 /M>)? for My < M,

vror(T) o< (My/Ms)* for T ~ My < M,
If My/M; < 20 — include real Ny in BE

[ ()\T)\)lli Effective mass ﬁ?,l = ()\TA)H’UQ/M;[ Z my =~ 10_3 eV

vy o
T=M1)  mx«

with m,. defined by T

° ()\T)\>221 €q1 X ()\T)\)QQ . but
- FCI washout processes increase with ()\T)\)gg
- N5 interactions should be slower than 7 Yukawa interactions

Blanchet et al. (2007)
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M, = 107 GeV, (AZM),, = 10
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_ AaiAZi

e Flavour projectors: K, = T

For two flavours, only two independent projectors, we take K1, K2

o [ip: discrete parameter — Yp takes different values for pg > I'y, and

pe < ',
Notation:
Yx =nx/s
yx = (Yx — Yx)/ Yy

g

. .. b
Reaction densities: .,

PR

ZEMl/T
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1. Case/ggi>ﬁFA@umJ

dYN1
dz

dYa,
dz
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2. Case o < FNZZ,Zh,:

Ng; and Nap combine to form a Dirac neutrino NV, = (Nop + iNoy) /2 —
there is an asymmetry generated among Na, No: Yy, _ .,

Gonzalez-Garcia, Racker, NR (2009)

dYy Y
1 —1 Ny
dz - sHz (qu 1) YD,
Ny

Yyny-npy

dz o st fy yN2 yﬁa] )

dYa, _ -1 YN1 N Ny

dz - sH=z YN €al YDy — ,yéahyea + ,yéah [yNQ o yea]
1

tgh’
=S (i ) e, — vey)
fa
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4. Results and conclusions
Successful leptogenesis: Yz = 8.75 x 10~
WMAP 7 year (2011)

Minimum value of M7 compatible with successful leptogenesis as a function of
My /M, maximizing Yp over the remaining parameters.

Maximum Yg for m; ~ 1072 eV and K,; ~ 0.1

5x 1073 eV £ my 5 0.1 eV allowed if weak washouts in one flavor, K171 <
m. and strong washout in the other, K 1m1 & (5 — 10)m,

(ATA)22 ~ 0.01 — 1

With three flavours, bound on M; ~ 4 times lower
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My ~ 10° GeV for My /M, 2 5 (DI bound: M; ~ 107 GeV)
Light neutrino masses?

- NNy contribution:
(M)ap ~ Aar iz Mg ~ 0.05 €V — Aqy ~ 1075 — 107

- N5 contributions:

2 2
(My)ap ~ (Aaz — %AQZ)&_QAQQ + Aa?]&_zO‘,BQ - %Aﬁ2)
At least one of the N5 contributions should be of order 1072 eV:

- for the parameters that minimize My, po/Mo ~ 107° — 1079 (independent
of My /M) — typically, pa < I'n,

- for M7 2 5 x 10°% GeV, A2 can be smaller and s 2 T,

- N5~ 1078 — 107" — negligible contribution to leptogenesis
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CONCLUSIONS

e Non-resonant, purely flavoured, successful leptogenesis for M; ~ 10° GeV in
the framework of seesaw models with small violation of B — L

e Alleviates the conflict between the gravitino bound on Try and thermal
leptogenesis in SUSY scenarios

e Far outside the reach of present and near future colliders, no observable LFV
in non-SUSY seesaw.
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