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Matter-antimatter asymmetry

« Symmetric Universe with matter- anti matter domains ?
Excluded by CMB + cosmic rays

) NpVE (6.3 0.3) X 10710 >> Np-

* Pre-existing ? It conflicts with inflation !

) dynamical generation (baryogenesis)



Models of Baryogenesis

From phase transitions: + From Black Hole evaporation
- EWBG:

*in the SM

*1in the MSSM

*in the NMSSM

*in the 2 Higgs model

Spontaneous Baryogenesis

From heavy particle decays:

Affleck-Dine: - GUT Baryogenesis
- LEPTOGENESIS

- at preheating
- Q-balls



Baryogenesis in the SM ?

All 3 Sakharov conditions are fulfilled in the SM:
1.baryon number violation at T ¢ 100 GeV,

2.CP violation in the quark CKM matrix,
3.departure from thermal equilibrium (an arrow
of time)

from the expansion of the Universe




Baryon Number Violation at finite T

Although at T= 0 baryon number violating processes are inhibited,
at finite T:

M(AB # 0) o T exp [—r 5]

0 for T ¢ T, (unbroken

Egpn(T') =~ 47T@, where v = (P) =
9 8?%5)6%% T £ T (brokenp

* Baryon number violating processes are unsuppressed at T ¢ T, 100 GeV

®* Anomalous processes violate lepton number as well but preserve B-L !

I There can be enough departure from thermal equilibrium ?
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If the EW phase transition (PT) is 1st order ® broken phase bubbles nucleate

broken phase symmetric phase
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“strong PT”

CP violation

In the SM the ratio v /T, is directly related to the Higgs mass and only for
M, <40 GeV one can have a strong PT © EW baryogenesis in the SM
is ruled out by the LEP lower bound M, ¢ 114 GeV ! (also not enoughBP

® New Physics is needed!



EWBG in the MSSM

 Additional bosonic degrees of freedom (dominantly the light stop contribution)
can make the EW phase transition more strongly first order if :
M.Carena, M. Quiros,C.W." 98 B
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 Notice that there is a tension between the strong PT requirement and the LEP
bound on M,, and in particular one has to impose 5 £ tan §) < 10

* In addition there are severe constraints from the simultaneous requirement of
CP violation in the bubble walls without generating too large electric dipole moi
of the electron: is EWBG still alive ?



Is EWBG still alive ?

3 possible attitudes:

* Optimistic: Not only it is alive but the allowed region in the MSSM
parameter space has interesting features also to solve
another of the cosmological puzzles: Dark Matter

(Carena et al. ‘05)
» Realistic: EWBG in the MSSM has strong constraints but these
can be relaxed within other frameworks:
- in the NMSSM
(Pietroni '92,Davies et al. 96, Huber and Schmidt '01)
- in the nMSSM
(Wagner et al. ‘04)
- in left-right symmetric models at B-L symmetry breaking
(Mohapatra and Zhang ‘92)
» Pessimistic: We need some other mechanism; SUSY has
not yet been discovered but on the other hand ....




Neutrino masses: m, <m, < mj

neutrino mixing data

2 possible schemes: normal or inverted
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Minimal RH neutrino implementation

SM + RH neutrinos with Yukawa coupling and Majorana mass term:

Ly =—lpohvp — 5 v Mrvg + h.c.
After spontaneous symmetry breaking = mp =ovh (v = (¢g))
1 'I&T mp?t VL
v _ —C D )
‘Cmaas -5 (L”L:« VR) ) + h.c.
= mp Mp VR

3 limiting cases :

* pure Dirac: Mg=0
 pseudo-Dirac : My << mg
* see-saw limit: M >> m




See-saw mechanism

_ _ 1 T SEE-SAW
3 light LH neutrinos: | mpy = —mp ;™MD m

NO2 heavy RH neutrinos: N4, N, , ...
/o ]
maa:[AﬁnD] =pu<< M < M>)<... M'--__

e All eigenstates (light and heavy neutrinos) are Majorana neutrinos (self-conjugate particles)

(N=vr+vep ., v=vr+v:i) = [330vdecay

Typical 1 generation example:
u~ Meyw ~ 100GeV, my ~ matm ~ 0.1eV
= Mp ~ 1014 GeV R Mgyt

- the 'see-saw’ pivot scale O is then an important quantity to
understand the role of RH neutrinos in cosmology
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Q> O* © high pivot see-saw scale ® heavy’ RH neutrinos

O< O © low pivot see-saw scale © 'light’ RH neutrinos



(Fukugita,Yanagida '86)
M, mp, mg are complex matrices @ natural source of CP violation

N, -5 [ HT N, TH

=Ty
CP asymmetry &y = PEE

If ¢ #0 a lepton asymmetry is generated from N. decays and
partly converted into a baryon asymmetry by sphaleron processes
| f Treh ¢ 100 GeV | (Kuzmin,Rubakov,Shaposhnikov, '85)

Nﬂn
L — Zz:> B — Qsph Nrec

efficiency factors @ # of N, decaying out-of-equilibrium




dNy.
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CP violation in decays Wash-out term from inverse decays

_ I'py 1
Di — H(Z’)z = KZZ<§>, W,L-ID OCDZ' OCKi

. t f g
““decay parameters”’ K, = I—(ZI\:;(_C;ﬁli)]\)fj)ﬂ_’o — (ij\TZD%Z
- (/ (4

» Strong wash-out when K. 4 3
» Weak wash-out when K <<3
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flavor composition of leptons Is neglected
hierarchical heavy neutrino spectrum

asymmetry generated from the lightest RH
neutrino decays (N;-dominated scenario)




Assume:;

1. hierarchical heavy neutrino spectrum

L
MS
T fin T M T:S»:.:»‘U ~K
= Np_1 =~ (e3Ky7 '4e e !
M, =3M,
fin
4+ €1 K3
M1

2. e strong wash-out (/{7 > 1)
decays and inverse processes are fast compared to the expansion of the Universe

or

e weak wash-out (K1 < 1) and [e3], |e2] < |e1]

= NIt =% ¢ xl hif“
/
It does not depend on low energy phases !




The orthogonal seesaw matrix

e 13 ]- :
(Casas,|barra’01)

s m, = —mp —mn < QQ=1

M
B v 0 0 - \/ED ] fTT i fTT — I
mp = | U o ymzo |2 o v/ Mz 0 )
0 0,/ mg 0 0o \/E Z_-J'Tl 1y, D* — _-Dﬂl

theory “observables”
e parametercounting: 6 +3+6+3=18

e experiments = information on the 9 ‘low energy’ parameters in 1, = —U' 1), e

i T
— we measure 4: Matm. Msol, 2z = 457, 19 = 320 ~ 45° — 9,
il mias fiva: 16V Bia < 147 5 71 ih-
— we still miss five: m1 < 1eV, 613 < 147, 6, 01, 2

o

e the 9 parameters in { and in \/; escape conventional investigation: the dark side !

e |eptogenesis = information on {2, A/; and also on 1711 but £; = Ei(mb mp)

= [/ cancels out: in general we cannot test leptogenesis with C'/” in neutrino mixing !
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C'P asymmetry

(Flanz Paschos Sarkar'9s; Covi Roulet Vissani'96; Buchmuller,Plumacher'98)

Assuming |V =i — M,

4 4

A ¢!

> |['j2; — I';| (off-resonance condition),

the interference between tree level and one-loop diagrams (self energy + vertex) yields:

o

]' + ) _.}lrr'-)
Im |{(mpymp)s:| x | fv U
OT U (Mpmp)ii 9.3 M

— the &,’s depend on 1, only through -mb mp = U cancels out !




Decays and Inverse Decays
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e Weak wash-out regime for /v1 < 1 (out-of-equilibrium picture recovered for /<1 — ())

e Strong wash-out regime for /11 =~ 1
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Neutrino mixing data favor the strong wash-out regime !
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(Buchmiller PDB, Plimacher '02/03,04)




Upper bound on the absolute

neutrino mass scale
(Buchmiiller, PDB, Pliimacher ‘02)

Lower
bound on
Ml
(Davidson,
Ibarra '02;
Buchmiuiller,

PDB,
Plimacher ‘02)

3x10° GeV

o " e

Lower bound on T, @ T, £ 1.5 x 10°GeV
(Buchmuiller, PDB, Plumacher ‘04)



The need of a very hot Universe for Leptogenesis
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) : 1
(PDB 05) (Casas, barra’01) T QTQ —

My, — —1Mmp MmD <~
See-saw orthogonal matrix: P—— e o
— U( o s o )Q( o\/M—Z_o)
0 0 3 0] o} \/Mg

U 2. £9 rv E(Mg) = |...it can be produced from No-decays and ...

1
For =1 0 Q22 V103,
0 —. o

3.mpy=m; = |..nowashed-outifm; <10%eV!

4. I\» > I, > 1 = | no dependence on the initial conditions !

The lower bound on M, disappears and is replaced by
a lower bound on M, The lower bound on T, remains

13 o 10‘ 13
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M, ] m
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(Pilalftsis '97, Hambye et al '03, Blanchet,PDB ‘06) R

Assume: M, &3 M, ——
* partial hierarchy: M; >> M, , M,

= les| < leal,le1] and kA" < kAN, kLN

M2 M.-M
NﬂnL,:8 R]iln+€ Kfln y }525 o

* heavy N;: M;>> 1074 GeV
1) the two wash-out add up = NI . N\

3 Effects play
simultaneously 2) ep kN~ ekl = NN 7
arolefor £, 1

3) both e1,ep xx 85+ for §p < 0.1 = Nfin .~

For 65 ~ 0.01 (degenerate limit):

)

pmmnin ~ 4%x10° GeV (
( )DL 001

4]
) and  (T]0MpL ~ 5x108 GeV (Oél)




(Nardi,Roulet'06;Abada et al.‘06;Blanchet,PDB'06)
Ny — 11 HT, N1 — 1} H
Flavour composition:

by = 2 a (all1) [la)  (a=enm)

1) = Ya (lallh) [T}

Does it play any role ?  No if My > O(1012 GeV)

However for lower values of M, the €-Yukawa interactions,

—ZLa ¢ faa €Rq 5 (a=1)

are fast enough to break the coherent evolution of the |l1>
and |} ) quantum states that are projected on the flavor basis!



projectors: .

P1o = [lall1)|* = PP, + =% (24 Pla=1)
_ — A PO -
P14 = [(la l71> 2 = P{)a Qla o Pla = 1)

these 2 terms correspond to 2 different flavor effects :

* In each inverse decay gyt | —, Ny the Higgs
interacts now with incoherent flavor eigenstates !
O the wash-out is reduced and  k; — Ky, = PP K

» Ingeneral |I}) 7= CPJi;) and this produces an
additional CP violating contribution to the
flavoured CP asymmetries

_ Pl |_1—P1 |_1 _ 0) | Apl
Ela = arl |=1a = Pipe1T(=5°

Interestingly one has that this additional contribution depends on U !



In pictures:
1) T#T




It 1s then necessary to track the asymmetries separately in each flavor:

B
f'im: =7 = L—:r
3
dNn, - \re
d; = —Di (Nw, - *ﬁ"’h%)
df:llig = — —Ela d*gih o -P]F:Ir_'r ITI.DJ-NT o

Np_1 = Z Na,



NO FLAVOR




WITH FLAVOR




— Alignment case
P, = ?1(){ =1 and Plﬁ#a — Flﬁ?&a =0 = [Né_L]unﬂ

f
Np_L

=1

— Democratic (semi-democratic) case

_ NL_»
Pioa=Pia=1/3 (Pla =0,Pigza =1/2) = [yf 5 =3
— One-flavor dominance
Nf
PP, < PPgr, ~ O(1) and ¢y, ~ e, — N B‘]L > 1
B—Tlunfl

big effect!




(Blanchet,PDB’06) semi- |
alignment democratic
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=> [he lowest bounds indépendent of the Iinitial
conditions (at K,=K.) don’t change! (Blanchet, PDB ‘06)

But for a fixed Ky, there is a relaxation of the lower bounds of a factor 2 (semi-democratic)
or 3 (democratic), but it can be much larger in the case of one flavor dominance.



e [ et us consider:

vi—wy 0 —Way
(1= Ry = 0 1 0

Wy [I 1 — {.JJEI

*Since the projectors and flavored asymmetries depend on U
© one has to plug the information from neutrino mixing experiments

* For m,=0 (fully hierarchical light neutrinos)
© PP ~0, PP,~PP ~1/2, AP;,=0

© Semi-democratic case

Flavor effects represent just a correction in this case !



*However allowing for a non-vanishing m, the effects become much
larger especially when Majorana phases are turned on !

. xX=0

M, Min (GeV) i

m,=m_,. 0.05 eV

~* =] _Ié
C12 C13 512 C13 S13 €
r__ ) S ) 5 i . s B T
U= | —siac3— c1a503513€"° 19093 — S 593 513 €' spzciy | xdiag(e' 2 e 7 1),

. 5 . i .
S12 893 — C12 €93 813 €' —C12 523 — S12C23 513 € C23 C13



Let us now further impose ¢ real setting Im(*;)=0

12

10O 3
min :
M, -
10177
= ; ] N
Majorana = - ~ traditional
phases o —F unflavored
- - case
Dirac « ——— = [

phase

*The lower bound gets more stringent but still successful leptogenesis i1s
possible just with CP violation from ‘low energy’ phases that can be tested
in §) §)OM decay (Majorana phases) and neutrino mixing (Dirac phase)

* Moreover considering the degenerate limit these lower bounds can be
relaxed: this is important for *<:-leptogenesis’ | (Anisimov. Blanchet, PDB, in preparation)



Conclusions

Leptogenesis has at the moment a clear advantage on
EWBG: neutrino masses have been discovered and
even in the right range;

EWBG has the nice virtue to be highly predictive
(therefore also falsifiable): LHC,ILC,DM direct searches,
EDM'’s, gravitational waves in LISA (riotto et al. '01) ;

EWBG discovery would kill leptogenesis making it
useless;

However, if nothing beyond a SM Higgs will be found
then it would represent another positive test for
leptogenesis and a definitive death of EWBG




