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Leptogenesis motivation
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L—> Two fundamental questions beyond the Standard Model
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?

Leptogenesis:
both origins are the same



The 3 seesaw models

Right-handed singlet: Scalar triplet: Fermion triplet:
(type-l seesaw) (type-ll seesaw) (type-lll seesaw)
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Minkowski; Gellman, Ramon, Slansky;
Yanagida;Glashow; Mohapatra, Senjanovic

Magg, Wetterich; Lazarides, Shafi;
Mohapatra, Senjanovic; Schechter, Valle

Foot, Lew, He, Joshi; Ma; Ma, Roy;T.H., Lin,
Notari, Papucci, Strumia; Bajc, Nemevsek,
Senjanovic; Dorsner, Fileviez-Perez;....

Q4>for example with Yy ~ 1, m, ~ 0.1 €V requires My ~ 10*° GeV
with My ~ TeV, m, ~ 0.1eV requires Yy ~ 107°



The 3 leptogenesis ingredients
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first in type-I with one

flavour approximation
® 1) The CP-asymmetry (averaged AL produced per N; decay)
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The 3 leptogenesis ingredients

® 2)The efficiency n: L — . . IV
----------------- S 1 S

T>>MNn,

n~1 <« out-of-equilibrium
n <<1 « thermal equilibrium

YN =nn/s

L—> can be obtained integrating the Boltzmann equations:
srating | Vi = (m = np)/s
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each inverse decay producesa AL = —¢ey

if more [ than ! :more ! H — N — [ H* processes than [H* — N — | H

—> main condition to avoid an efficiency suppression: T'y"" < H(T = My)




The 3 leptogenesis ingredients

L—> above the EW scale B+L violating but B-L conserving

SM sphalerons are in thermal equilibrium
ToPhe 140 GeV

Decoupl.
—> putB+Lto ~ 0 but conserving B-L:
Lln
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Two intriguing numerical coincidences

® The seesaw state mass (slight) coincidence:

My, > 4-10° GeV

?

this scale is determined by the totally independent value
of ng/s, fits well with seesaw expectations

L—> a much larger value of np/s would fit much less

® for a quasi-degenerate spectrum of NN, instead: resonance occurs: ey, not bounded by

value of My, orm,

Q4> M, bounded from below only by shaleron decoupling scale: My, 2 2.6 GeV

Frere, TH,Vertongen '07



Two intriguing numerical coincidences

® The neutrino mass scale value versus electroweak and Planck scales coincidence

Q4> in full generality: Ty, /H(T = My,) > m2'"" /107 eV

L—> given them,"™ < 2.2eV direct bound or the m)'"™ < 0.2eV cosmology bound

the washout from inverse decays is naturally limited Iy /H(T = My,) <1
is not much violated

real coincidence because 1072 eV scale is determined by

independent e-w scale and Planck scale 1073 eV ~ 17 - 87 - v2 /M pranck

for example m, ~ KeV would give quite large washout



Given the neutrino data: no relevant bound on m,, from leptogenesis

If for example m, =2.2e¢V the m,, are highly degenerate

v

to get such a m,, spectrum it is much ]
. my, ~YE—Yy v
easier to assume My, ~ My, ~ Mn, Ny Y

v

a resonance occurs in the asymmetry

v

. . TH, Lin, Notari, Papucci, Strumia "03
leptogenesis easily successful

An upper bound only if the N; have hierarchical spectrum: m, <0.12eV

¢ Buchmuiller, Di Bari, Plumacher ’02,’03
Giudice, Notari, Raidal, Strumia 03

. . . TH, Lin, Notari, Papucci, Strumia 03
2 suppression effects in this case

¥ \

washout " when m, eny \, when m,
2 . ’
Iy, /H(T = My,) > mﬁ/‘”"/l()_?’ eV en, < My, i L Amgim Davidson, Ibarra 02

8w v2 My, +m,,



Flavour issues in leptogenesis
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Q4> so far all results were obtained by considering only the
Boltzmann equation of total lepton number

same gauge interactions

. o > 12 R — — — . . . .
® justified for 7' 2 10" GeV: e, u~, 7 indistinguishable ~ charged Yukawa inter-

actions out of equil.

—»> the N; which couples to a single | x Yy, e+ YN, i+ Yn, 7 flavour combination
creates leptons in this combination which remains coherent afterwards

a single Boltzmann

—> one has just to count the number of | created and destroyed => equation!



Flavor issues in leptogenesis

® however forT < 102 GeV : SM T Yukawa interaction enters into thermal equilibr.

—> the 7 component of the | x Y, e+ Y, i+ YN, 7 canundergo a
SM Yukawa interaction: breaks the coherence of [ state:
the thermal bath distinguish the T from e + (&t => 2 Boltzmann equations

each one with its flavour asym.
I'N = L H) —T(N — L.H)

EN, =

Tot
'y’
. . o =T,€
= various kinds of effects: et
Barbieri, Creminelli, Strumia, Tetradis ’99; Pilaftsis '05 (prelim.)
. . Abada, Davidson, Josse-Michaux, Losada, Riotto '06
® effects of flavour hierarchies: Nardi, Nir. Roulet, Racker '06
0T - --------------- Abada et al.’06; Blanchet et al 06
example: if NV decays much faster than H :

Pascoli, Petcoyv, Riotto '07;Aristizabal, Alfredo Munoz,
Nardi '09; Garbrecht et al ’09

in one flavour approx.: strong washout

in two flavour case: possibility of less washout

- e.g.if I'(N — Ley, H) >>T(N — L.H) smaller Y, washout

and large Y asym. produced, especially if en, > en, .,



Flavour issues in leptogenesis

e effects of L conserving (pure flavour) asymmetries

gives no contribution in one-flavor approx: Z s%k =0
k
but has in reality a non-zero contribution, generically

subleading because suppressed by a T'ZNl factor

mN2,3

Q4> except in setups with approximate lepton number violation where it can
give the dominant contribution and lead to successful leptogenesis

Avristizabal Sierra, Losada, Nardi 08
( . Aristizabal Sierra, Munoz, Nardi ’09
€¢ » y )
Purely ﬂavored IeptogeneSIS Gonzalez-Garcia, Racker,Rius '09

(possible even if no special need for that)



Flavour issues in leptogenesis

® in equilibrium SM Yukawa interaction: transfer of part of L-asymmetry to

............................ “spectator processes”

Q_> quite moderate effect Nardi, Nir, Racker, Roulet "06

® “N,leptogenesis”: in one flavour approx: asym. created by N, 3 very easily washed out by N;

not true anymore with several flavours for special cases

with different flavour hierarchies between various N;

Vives ’05; Engelhard, Grossman, Nardi,
Nir ’06; Blanchet, Di Bari '08

e effect of low energy phases: in one flavor approx. leptogenesis depends
--------------------------- only on the 3 high energy phases

L—> with several flavours it depends in addition on
the 3 low energy phases (in PMNS matrix)

Pascoli, Petcov, Riotto '06

L—> with flavour the PMNS Dirac phase alone can lead to successful leptogenesis

without flavour such a non zero phase would also basically

imply leptogenesis because no reason from the UV physics

point of view to have only the low-energy phases: UV doesn’t care
about low energy phenomenological phase values



Mass bounds with flavor

8 .
® the MNl > 4 : 10 Gev bound essentlally unaffected see Antusch, Blanchet, Blennow, Fermandez-Martinez ’10

aY)
Racker, Pena, Rius ’12

® the m, < 0.12eV one-flavor bound for N; hierarchical spectrum can be

i ituati Ri .°06
largely relaxed (but was for a likely situation anyway) otto et a



Finite temperature, finite density and quantum Boltzmann equation studies

_ R —
v v v
Covi,Vissani '97 Beneke, Garbrecht, Herannen, Schwaller 10 Buchmdiller, Fredenhagen "00

Giudice et al '03
Garbrecht, Prokopec, Schmidt 04

quite interesting theoretically,
small effect on bounds,

De Simone, Riotto 07

Cirigliano, Isidori, Masina, Riotto, '08
Anisimov, Buchmiiller, Drewes, Mendizabal 08
Garny, Hohenegger, Kartavtsey, Lindner ’09
Cirigliano, Lee, Ramsey-Musolf, Tulin ’1 3
Garbrecht et al ’08-’13

numerically relevant in particular cases, e.g. for extreme quasi-degenerate V; spectrum



[ EPTOGENESES iv SEESAW MopeLs

SEESAW|  GuT LEPTOSENESIS Lerroseesis | sEEsAw STATE |\arose ’Zﬁ‘””
TYPF EMBEDDIN 6 DIAGRAMS PECULIARTTY MASS BOMVDS a.,,s, «,p87
Lo M
VERY NATURAL_ "o Ky, FokvsivA-
) Wy, YANAGIDA 8 VERTEX My, > ¢- 10862V
x . + My, <<t
TYPE-L NON-KENORMAL. " L L LIy, SERE 90’ SELF-EVERSY (Hug<<tiyg) YES!
. __{‘1 E}_..(" FLANZ , PRSCH
N SO(10) MoveLs s M SARKAR qu' My 52,6 GV
Ccovi,ROAET, CMu M)
VissAni o'
-
NO pi/wm/
G — L, poEsV'T NOo
TYPE-IL NATURAL 4 ¢ ‘A 1" Beerk P! L EProscnesic! 7~ -
4
JH¥
s b VERTEX. | W, > 15-10"%0
¢ 5 | sarenersy Ml 3)
TYPEII | POSSIBLE L TH LM NTAR, | s aRETHERMA- | TH LW, NOTARI, IR YES ]
5 . L . PAYDCLI, STROMIA LIZED BY GAUGE gr ;‘TIM';M 03!
. 1 {‘) z?f 02! | jwreeAcr OMIA 07!
L W Y | Mt
| EXTRA WASHOUT S (Mzynte,)




| ep7esenEsic in COMBINED SEEsAw MODELS
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NB: dynamics of a decaying scalar triplet very different from a decaying N or ¥ : one more Boltz. eq.: for A — A asymmetry
TH, Raidal, Strumia *07,TH ’12



Gauge scattering thermalization effect
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AN WTW™,ZZ, ff, ..

S5 o WHW L 27, £F. —» putthe A, ¥ into thermal equilibrium

suppression effect as long as A, ¥ gauge scatter before
it decays, i.e. as long as: YA - D
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Testing low scale leptogenesis at colliders?
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L—> by producing low scale seesaw states at colliders?

see F. del Aguila talk
P, Yukawa couplings are much larger than expected
® type-l: impossible unless:

™ production mechanims other than Yukawa

® type-ll and type-lll: Drell-Yan pair production mechanisms

\

problem: production interactions tend to thermalize

: —
the seesaw state —> leptogenesis suppressions! t00 large for LHC

N
L—> SM gauge interact, for type-ll and lll: ma s > 1.6 TeV

see Plumacher et al,
Q--> N production via Z': similar bounds as for type-ll/Ill Frére et al, Babu et al

Fileviez-Perez et al,...

Q—> N production via Wg: much more dramatic thermalization effect!
N iR
= involves only one heavy external state instead of two Frere, TH,
b —=3>> only one Boltzm. suppression power instead of 2 Yertongen‘07
scattering is never slower than the decay => my,, 2 18 TeV

~
ER dR



High scale leptogenesis tests?
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L—> in susy neutrino mass matrix knowledge and rare lepton flavour violating processes

allows to reconstruct in principle the full seesaw lagrangian

Davidson, Ibarra '03

the model can be overconstrained by the baryon asymmetry constraint
but basically impossible to do in practice and based on the difficult to
test assumption of universality of soft terms

L—> in specific GUT models one can have a closer relation between neutrino data and

leptogenesis: we miss a successful example of one-to-one correspondance

A e.g. normalization factors as overall seesaw scale are left
free and leptogenesis crucially depends on them

see for example Frigerio, Hosteins, Lavignac, Romanino 08

L—> or as well known if neutrinos are proven to have inverted hierarchy
or quasi-degenerate with no corresponding 0v23 signal, usual seesaw falsified



Leptogenesis at TeV scale with non seesaw neutrino mass sources
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L—> several mechanisms: - resonance

- hierarchy of L-violating couplings with radiative neutrino masses
- 3-body decays with radiative neutrino masses . TR0z

H’02
- radiative seesaw neutrino masses
_ Ma ’07;TH, Ling, Lopez-Honorez, Rocher ’08; Gu, Sarkar '08

—> many possibilities: - N; + S7:-3-body decays TH *02
- hierarchy of couplings Frigerio, TH, Ma '02

- 4th generation of leptons: hierarchy of couplings Abada, Losada '03

. Boubekeur '02; Giudice et al.’03; Grossman et al ’04;
- soft leptogeneS|s: -resonance TH, March-Russel, West ‘04

- hierarchy of couplings with radiative m,

/ . . B k ,TH, . i '04
- € type CP-violation oubekeur, TH, Senjanovic 0
Grossman, Kashti, Nir, Roulet *04

- N,;+ Dark Matter inert Higgs doublet: hierarchical couplings
Ma ’07;TH, Ling, Lopez-Honorez, Rocher *08; Gu, Sarkar '08
scalar singlet + scalar triplet  Gu, He, Sarkar, Zhang '09

scalar singlet + extra fermion triplet  Patra’09

Nz’ + various scalars Fong, Gonzalez-Garcia, Nardi, Peinado '3

Some of these models are testable to a large extend at the price of giving up the seesaw
and adding new fields



Very short conclusion

Despite of the fact that to test leptogenesis remains a really tough problem,
even more difficult than to test the seesaw, leptogenesis

is the most straightforward and probably best motivated explanation

we have for the baryon asymmetry of the Universe

. could have been very well realized in Nature!



