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Baryon asymmetry of the Universe

e CMB + cosmic rays exclude a baryon symmetric
universe with matter- anti matter domains, on scales
as large as the whole horizon
(Cohen, De Rujula, Glashow, '98)

e from CMB acoustic peaks (WMAP) + large scale

structure (SLOAN):

(Tegmark et al. 2003)

e ...in very good agreement with the determination
from SBBN + primordial Deuterium measurements .

nSBBN _ (614 0.5) x 10-10

(Cyburt et al. 2001, Kirkman et al. 2003)
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Models of Baryogenesis

e at the Planck scale

e from phase transitions

- Electroweak Baryogenesis
* in the Standard Model
* in the MSSM

* P

e Affleck-Dine
- at preheating
- Q-Balls
e from black holes evaporation

e spontaneous baryogenesis

e from heavy particle decays

= GUT baryogenesis
- |leptogenesis
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Heavy particle decays
1. Kolb & Turner toy model
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2. Leptogenesis
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After spnaleron conversion:

3 g f 2 o f
NLE~ZN Nf ~ _Z NL_
B = 3 NB-L L 3 VB-L
e CP asymmetry parameter:
T
= WP

e Total decay peenaetes Fdte :
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Out of equilibrium decays
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e Decay parameter:

rest

= HE — 1= <

e Dilation factor:
< l> _Kifz) . =
v/ Ka(z) T z4 3

in the case of leptogenesis (X = Ny)and Ny = N
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e Decay Temperature (1T = M /zq4):

2
™ =lulz=24) = 2Za™ K’ (K<1)

For K’ =~ 1 inverse decays have to be taken into account
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Decays and Inverse Decays

i = _DNx+DNY
(1 e = 'L\'_.l"l_ -
dz B ~az o
S ) *r
‘.III'% — —l = I JL'I. 1
N il s fJaEn_L r + Ny €
1 ® r | ANN
" - d‘ 1 r i
H(E } hr;qﬂ < [ dz’' ] :

Two regimes:

e Weak wash-out regime for A’ = |
(the out of equilibrium decays picture has to be recovered
asymptotically in the limit X' — ()

¢ Strong wash-out regime for K’ = 1
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Strong wash-out regime

initial thermal abundance: Ny = N,

) AN AN P = 2
o 3 R e R =—§h;°1uz Ki(z)
1 [ 4] . . _L - d i
ke = 3 _/ dBER R (2 e b
0
s
= / di g oV (Laplace integral)
e Rt B ; du
=l 'Il.l il ¥ —_—
b -/” Kis dz (dz" z=zpg )
o A K =g o i
r~ l 22K _.:',E'_J—4LL’ -
2 Jo '

2 2R TR
ol = K zg (l : ) )

This expression extends the KT result, xy = 1 /(K zp ), thatis
obtained for 3 = 2and K > 1%,

®But the correct definition ' = T"5°" /H|.~1 has to be used in-
steadof Kz = (I'p /[2H])2=1 = K/6.



The quantity = is found solving (dv/dz") ., = 0
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Using thefit: zp(AK) ~1+24In(1+38K)"" =
e agreement also for K’ ~ 1

e explicit analytical expression for K.
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Evolution of the asymmetry

Let us define:
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Temperature of baryogenesis

0o 1 2 3 4 5 & 7 B8 8 10 11 12 13 14 156
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z=M/T
e T3 = M, /zp can be well regarded as the temperature of

baryogenesis

e The stage for | -~ T does not affect the final prediction

=» many interesting consequences
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Neutrino production

weak wash-out regime
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Final efficiency factor: summary

e Initial thermal abundance (3 = 1)

JL T et (1 — 2 )
.'!". :Il_;

e Neutrino production (7 = 1)
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Leptogenesis ...
(Fukugita, Yanagida '86)

® ...is the cosmological consequence of (minimal) seesaw:

T
D

il — —HLp ﬁ T

e three new heavy RH neutrinos: N, N2 and '\ with
masses M... < My < M < My

® decaying particles .\ = \

e effective neutrino mass

e total decay rate

1 9
' = - ma M7
Y 8rv:
e decay parameter
Hi._; M.
e equilibrium neutrino mass
T ,
Ty = ~ 107" e\
M,
3vV5 Mp

M, =
16 w5/2 | /g«
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M, =3 = 10" GeV !

CP asymmetry

® Interference between tree level and (vertex + self energy)
one-loop diagrams

l -~ :
= £ 2 : \> v [ (mep mm i3y s
F J ]

(Flanz, Paschos,Sarkar'as; Covi,Roulet,Vissani'96; Buchmiiller,Piimacher'9g)

® Maximum CP asymmetry:

Hix 13 _1”‘] s | — rriq /1 i J'Hji — Hff
: 167 v2 ma \. %

.

:
my

(Asaka et al'89; Goldberg '00; Barbieri et al’00; Hamaguchi,Murayama, Yanagida

'01; Davidson, Ibarra '02; Buchmdller, PDB,Plimacher '03)
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Range of 1
e A useful tool is given by (Casas, lbarra '01);
Q=D U mpD,*=0"Q=1
where [7"m, U = —diag(mi.m2,m3) = —D,,

e with this orthogonal matrix one can write

(Fujii, Hamaguchi, Yanagida '02):

,r“ mp il
ot 2 S Sk E &~
— = |I'||'|II "'"_|'| i | N o

This is the only completely model |ndependent information on
m1 (meaningful only if 1y # 0)
e barring strong cancellations then:

r O |
myirmi |51J.1. == Mo E {:l!:”ﬂ_‘g

e for quasi-degenerate neutrinos 1 ~ m, = 0.1eV ;

e for hierarchical neutrinos (1, <€ Mso1) and for sindyp ~ 1
typically "

1072 eV = O(meol) < My < O(Marm) = 10" eV

= 2
(Matm,=0l = \/&mutm.LMA}
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Leptogenesis K range

Translating 7721 in terms of K

TRl S K S Koy = 50

AW

s
L
-

-
n-l
=%




Dependence on the initial asymmetry

For m; > 5 x 10%eV and T, ~ M the fi-
nal baryon asymmetry is independent on the
initial conditions
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AL = 2 processes

4 { / Ly
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i s 10 be caredul not to double count the corresponding on-shell processas!
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# It is important that on shell contributions are properly subtracted
= It has been noticed that (Buchmuller, PDE, Plumacher, "02):

War=2(2) = War_a(z)+AW(z)
Wiles= 5 Wip x|
M‘l E .I'rfu_
AW(z) e 2 o
=

o

o AW isimportantfor My = 10™* GeV(0.1eV /3, m] /eV)*
¢ The first term is suspicious . .. and indeed recently the subtr. procedure has
boen revisited and this tarm has been found to be spurious (Giudice et al '0:3)
& What has been changed 7 This term was equivalent to take (3 = 3 /2 instead
of 1 mainly affecting the slrong wash out regime:

ky =4/[BK 25(3K/2)] — 2/[K zp(K)]
= the efficiency factor was underestimated of a faclor

(3/2) [2p(3K/2)/2p(K)| = 1.6
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The lepto EI'IESIS mountain
( Bocvwemliz, P00, e

£



The lepto EI'IESIS mountain
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Scatterings enhance the neutrino

production
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» BuweX NUMERTCAL RESWTS
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- T =

Final efficiency factor (7 = 3/2)
(regime of small M, >, m;)

107 10! 1g* 10




ReceNT  DeveloPHENTS  gup TreoeEr cAL UNGRTRINTTES

i S S S

) p=% —>p=f (OL=2 resemince reme

= M
- AccodNT of THeRMAL Masses =, M ~oy _2

- ScAuk (RGE) of top Yo kavie mPgﬁf =
=) >brong soppression of alterings - -

7&; ﬁ-‘ *'J:& Pl“ﬁfﬂ: Pf .f._'r|. . ";'1 i “i 4l
Batbieri, Cxemne®, Choumia, Vettadis, ¥3 Hich o
givéia, Notari, Etumis,Reided, bt ablah

’g) —-AccoonT  oF Rl‘ﬁfmﬂfa INVoLviNg ?‘i BosaNs
( Peaptsis, boderwood /emos G ivdicgNotok, Riddl) Kicth, Sy 0310)
_ﬂ———-

S |
P ' * e o ]
"4 PN NAS = - -

-::D'I'lybh'J' Weak wWash-ovl @'W:N:Iprodmhhu ewhauciwes
V@ ] cpr ioch oot reows . 'S béck!

| w’,? 'ﬁ”""-’-.‘fﬁ'ﬂ’ :&}pwgﬂfﬂﬂ

SOk Wgh T Higes decays conttibeli 4o tho asym. paderr
- CP asy mwmelryis  divamn evsCorneo . Siiall :

’ LIRS (37)

#K})‘!) K, 21-(5{&1) ‘1’(&:{‘&!@? pouser -Gy’

KA Shou€4 be @ poo 47

To be ved L L./ N2
c::&_“h : i.ffi” @ {’tﬁ‘ n'm;z(ﬁ :4 (g'):"

ut... pectator proce snsr(w sWeP not nedpded



Final efficiency factor (7 = 1)

(regime of small M} > m:)
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( Bochoiter, vn., PLUmacher ‘02)
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Lower Bound on 7},
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Neutrino masses
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Numerical results

normal hierarchy
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Boltzmann Equations

(Luty'92;Plumacher'97;Barbieri et al."00;Buchmiuller, PDB,Plumacher'02)
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Analytical insight and stability of the bound

In the region where the bound applies:
- 32
. ( in )
T 1010Gev \&V

from this one can show that the '‘coordinates’ of the

peak value of piF™* when 'queak‘ qEME are;

ke(my, My2) = kP (m1) e

0.2 ev)?

Mmax
The value of mimax IS slightly different for normal and
inverted hierarchy:

1
(Mia)? = (Mhax)? —Emﬁtm+ﬂ(m§wﬁﬁnax)
_'nTExJE — (ﬁ%ax}g‘k matm+ﬂ(matm:‘!mmax}

Dependence on the experlmental guantities:

1 1
6 x 10710\3 /m 2
Tiohax =~ 0.175 eV ( e ) ( ;;m)

g

= §Mimax ™ (EWEME + ‘Emgtm)

e



Using the MAP result (dn5Y2 ~ 4%): Ao, ~ 0.01eV

= Mmax < 0.205eV = m; < 0.11%V  (~ 30)

theoretical uncertainty

‘degenerate’ leptogenesis

if AM;;/M;~1 (i# 1) then

e — " ¢(AM;1 /M), €21

= Moay < 0.205eVEVE my S 011614V

sleptogenesis: m, < 0.10eV
the bound is stable ,r
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Conclusions

e Leplogenesis is ‘easy”: analytical expressions not only provide a deep

physical insight but they are also precise (the precision Is less than the
theoretical uncertainties)

In the strong wash out regime leptogenasis works at its best and the
analytical expressions too:

- independence on the initial conditions

- stability under variation of the physical assumptions

_ emall theoretical uncertainties (conservatively factors O(1) on 1)
- great precision of the analytical expressions

— existence of a well defined T's <€ M7 = non relativisiic
approximations work well (e.g. MB approamation)

The fact that neutrino mixing data favour leptogenesis 10 lie in the strong
wash-out regime, (but not 100 much: Kiep = ©O(10)) makes
Bang Nucleosynthesis)

potential old problem with the M and Trep lower bound, but the second
one is alleviated of one order of magnitude;

prediction: leptogenesis, in the minimal version we have considered, likes

hierarchical neutrinos. In the case of quasi degenerate neutrinos playing

1R

with heavy RH degeneracies can help but requires a good amount of tuning.

Ammnﬂﬂmnmmﬂmmmmmw...mmm

expenses of predictivity.




