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Cosmological puzzles

1. Matier - antimatter asyrretry
2. Dark matter
3. Accelerating Universe

4. |Inflation

© clash between the SM and ®CDM !



Matter-antimatter asymmetry

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

) NS (6.3 0.3) X 10710 >> 1 -

* Pre-existing ? It conflicts with inflation !
) dynamical generation (baryogenesis)

- A Standard Model Solution ? 175 ¢ Np' " : too low !

New Physics Is needed!



Models of Baryogenesis

 From phase transitions: From Black Hole evaporation

-Electroweak Baryogenesis: Spontaneous Baryogenesis
*In the SM

* In the MSSM

e Affleck-Dine: From heavy particle decays:

at preheating

o-bal - GUT Baryogenesis
-pDalls

- LEPTOGENESIS



Neutrino masses: m; <m, <m,

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:

_ 1
Ly ==l ohvp — 5 v Mpvp + h.c.

After spontaneous symmetry breaking = mp =vh (v = {(_f)n})

1 'IB\T mnl Vr,
L _ — — I) .
}‘Cmas\s - 5 (L”L: L”R) . + h.c.
B mp Mg VR

3 limiting cases :

* pure Dirac: Mg=0

* pseudo-Dirac : M, << mg
* see-saw limit: M, >> m




See-saw mechanism

EE-SAW

3 light LH neutrinos:

maz{N,] = p < My < My

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

N=vr+vg, v=vL+vy) = [I30vdecay
R L

Typical 1 generation example:
o~ Mgyw ~ 100GeV, my >~ matm ~ 0.1eV
= Mp ~ 101% GeV & Mgy

- the see-saw’ pivot scale Q 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

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



The see-saw orthogonal matrix

(Casas |Ibarra 1)
s A My, = —MmMmp — -?'n.'E = 1070 = I|
M
) S0 0 ) V#’Eﬂ 0 [ JAl [7 — I
nmp = U 0 g 0 () 0 V! Mo 0 . _
] 1] \_ﬁ ] ] \V'f _"LIB [/': ' T?-{'I; [/'II * = _D??l

theory “observables”
e parameter counting: 6+3+6 +3 =18

e experiments = information on the 9 ‘low energy’ parameters inm, = —U D,, Ul

e the 9 parameters in {2 and in M/; escape conventional investigation: the dark side !

Qwar, war,waz) = Ria(war) Ris(wsr) Ras(wsz) ,

where
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‘Vanilla’ Leptogenesis

* simple see-saw mechanism

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

_ 1 —
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- orthogonal parametrization (casas barra01) : (M7 < Moy < M3)
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» Unflavoured leptogenesis (Furuaita vanagica ‘a6)
my complex in general © natural source of CP violation

N, “1HT N, TH

Total CP - -
asymmetries COR NP E S

If ¢ #0 © a lepton asymmetry is generated from N. decays and
partly converted into a baryon asymmetry by sphaleron processes

If Treh ‘ 100 Gev (Kuzmin,Rubakov,Shaposhnikov, '85)
Nflﬂ
fin
Np_j =2 51, = 71IB = Ggph iwrec
e

-

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



(Blanchet, PDB '06)

NO FLAVOR




« Semi-hierarchical heavy neutrino spectrum :
M3 ~ Mo X 3 My
* N, does not couple with N,:

(mhymp)az =0 = |eas| < |e1]

© 1) N1-dominated scenario :

1111 ,,H 1111

2) CP asymmetry upper bound 't does not
(DaviZson, Ibarra ’02;yBucthIIer,PDll;,XUmacEeRB;Hambye et al ’04;PDB’05 ) depend on U!
e1 = &(mq, My, Q) =e(Myq) 42— f(mq,m1) sindr(€2)

.I.
. . M —  (mpymp) —~
g(My) ~ 107° (1010 (13eV) = DMlD 11 [0< f(my,mp) <1




Efficiency factor

decay parameter

Ki = C(N1—=1PD)|p g
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e Weak wash-out regime for /1

e Strong wash-out regime for /'; =

< 1

> ]

< 1 (out-of-equilibrium picture recovered for /1 — ()
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Dependence on the initial conditions

10 10 10 5 10 10 10
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Neutrino mixing data favor the strong wash-out regime !




Neutrlno mass bounds

~10% (M, /107 GeV)
Matm
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(Buchmuiller, PDB, Plimacher '04; Giudice,Notari,Raidal,Riotto,Strumia’04)



A very hot Universe for leptogenesis ?

A

10" GeV

INFLATION T

LEPTOGENESIS jo*Gev y——

(minimal scenario)

|Electroweak SSB I1E1'DGEV
|Neutrino decoupling |1 MeV

Matter-Radiation decouplin
at ‘recombination’ 1eV
| Today I 10* eV

T
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Beyond Vanilla

f| n f| n
51 = 2id Eio Fic
heavy neutrino lepton flavor

flavor index index
CP asmmetry enhancement
M? for degenerate RH neutrinos
T =gz Vo= 1,2 é (a2 S \Bhia To i
1 /V pEogeneS|s
E(VT2—1< 1) S gres~ 1/

>
As(My,xo, x3;mM74; E!j](\lﬁ_ﬂ)
I ——

in gin
' — Rz

FLAVOR

EFFECTS . 2
C+ ;@ 20 Kon + €30 Kan) _‘ Extra-term violating

the ‘usual’ CP asymmetry
Contribution from heavier RH neutrinos upper bound



CP asymmetry bound revisited

g(mlaMlaQ)
If M, & MZO 3M,: /
1 | (M) — B £y, mq) sindp
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I . Q
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Ae(My,x0,x3;, m1,82)
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If Ry is switched off the extra-term does not help to relax the bounds !



Beyond the hierarchical limit

(Pilaftsis 97, Hambye et al 03, Blanchet,PDB ‘06)
A

Different possibilities, for example:

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

= |e3| < leal,ler] and k5N < kH", KN

« M;>> 10" GeV:




3 Effects play simultaneously arole for £, ® 1
1. Asymmetries add up

Nfln ~ g1 K};ln + £ ijln fm 1 /

2. Wash-out effects add up as well N LN

q
ANy, gz afweenweery

dz’

eq
ANgY e

dz’

KY (KL, Ko, 00) ~ K5 (K, Ko, 00) = f dz'
0

dz'[ [WIP (2")+ WP ()]

K (K1, Ko, 00) ~ K5 (K, Ko, 00) = f dz'
0

3. CP asymmetries get enhanced

~ 1(Mo>M K fin
£q ~ 1( 3252 1), 52_K151:>N S

For £, 22 0.01 (degenerate limit) the first two effects saturate and:

) §
(Mm'”)DLz4><1096eV( 2) and  (TTIMp :5><108Gev( 2)

0.01 0.01




More generically:

NEvp = [ (we)E(my, My, Q) + As(My, g, w3;my; Q)] K7

M3:M2=1.1M1 M3= 1OM2= 1.1M1

10°




N,-dominated scenario

(PDB’05)
For a special choice of the Four things happen simultaneously:
see-saw orthogonal matrix:

1.6=0 = ‘ no asymmetry from [V} -decays but . . .

1 0 0
- . 2. 9 ~&(M>) =1 ...it canbe produced from No-decays and ...
()~ Rgg = () Qoo 1= _53_%2 U 2 ( 9) P V2 y

0 —/1—Q% 5 3.my=m; = |...nowashed-outitm; < 10 *eV!

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

The lower bound on M, disappears and is replaced by a lower
bound on M, ...that however still implies a lower bound on T, !

-o” 107 10 10

i 10" 5 : R : : e g 10"
] MNORMWAL INVERTED 3
il ] HERARCHY HIERARCHY
3 -
10" 3
ME 1011_:
-
10" GeV -l
10™ 3
M1 4
1 TeV -- - o°

10°




Flavor effects

(Nardi,Roulet’06;Abada, Davidson, Josse-Michaux, Losada, Riotto’06)

e Flavor composition

N — |4 HT, |1’.1) = Z (Zcz‘[‘l) |Ecr>

a=e,[L,T

Ny — G H, =Y (all) )

a=e, [T

o My < 1012 GeV = 7-Yukawa interactions ( f,, {1.» ® €p,) are fast enough

(', 2 T'1p) to break the coherent evolution of the |/1) and |/} ) quantum states

® imposing even a more restrictive condition (Blanchet,PDB, Raffelt’06)

1012 GeV

M, < ——— <102 GeV.
LNNH[TB}N V.,

= |l1) and|l}) are projected on the flavor basis and a fully flavored regime holds!



(Blanchet, PDB '06)

FULLY FLAVORED REGIME

»




Fully flavoured regime

e Projectors | |
Pio = [(lu]l))]? = Py, +AP, /2 (Y., PL=1)
Pio = |12 = P —AP;, /2 (3. AP, =0)
These 2 terms correspond respectively to 2 different flavor effects:
1) wash-out is in general reduced: K1 — Ky, = K4 PlOt
2) additional CP violating contribution (|/}) # C-"P|31'})

_ P, T'y-P.T ~ [
= g = ——1 Fll_l_f,ll L :PU 1—|—APLDt ' IZ

e Classic Kinetic Equations (in their simplest form)

d;\ = Dy (Ny, = N3
0’}? 2 = ey, d"};\rl — PP Wi Na.
= Np_p = z Na, (Ao = B/3 = La)
NE” L = 2a €lak flm ~ Nfe1 ’iflm + /—\J231a [Rfligé ﬁfllg]




In pictures:
1) T#T

N,

2) |1h) # CPliq)

N, -




General scenarios (K, >> 1)

— Alignment case

_ Np_y
Pio,=P1,=1 and P1p#ta = P1p£a =0 — [ é_L]unfl 1
— Democratic (semi-democratic) case
NS
Pla:F1a=1/3 (Pla:OaPIB;&ozzl/z) —> [Né?[,]inflg?)
— One-flavor dominance
;
Pla <P 15;& ~ O(1) and - gy, ~ €18+« —> jJYB_L >1
[ B_L]unfl
Remember that, 1o = P{, €1 Agla big effect!

©® the one-flavor dominance scenario can be realized
only if the $P, - term dominates!



A relevant specific case

. Consider: (Blanchet,PDB’06)

1 — l..-l'.-'31 D _ILI'.-':]]_
Q= Ryy = 0 1 0
wa { 1— {.J.Jﬁl

*The projectors and the flavored asymmetries depend also on U
® one has to plug the information
from neutrino mixing experiments

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

© Semi-democratic case

Flavor effects represent just a correction in this case !



Do flavour effects relax the bounds on
neutrino masses ?

Hierarchical limit (M;>> M, >> M,)

anfd

M,min (GeV) |

The usual lowest = |
bounds are not

relaxed ! .\g L
ob

m,=m,,.¢ 0.05 eV

i 1 ol o 1
0 _
" sl 1|:|1 i ]1
K,
: . b
C12 C13 512 €13 S13 € : :
U= | —sipco3—cipsaysize’® crpcoy—siaspsize’®  spyey | xdiage’ 2,7, 1),

. 5 . TH
S12 893 — C12C3 S13€"7  —C13 93 — S12C3 813€'" (313



For an arbitrary ¢ and m, =0

15
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Unflavored - ot e
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Arbitrary ¢ PMNSPghases off

105 | | | 1 1 108 | | | 1 |
108 104 10° 10? 10" 10° 10! 10 10 10° 10 10" 10° 10’
m; [eV] m, [eV]

Red: PP or PP, + PP, < 0.1
Green: 0.1 < PP, <0.450r 0.1 < P, + P, < 0.45

Blue : 0.45 < P, PP, + PP, < 0.55



Are Classic AiInetic Equations enough 7 NO !

(Abada et al. '06; Blanchet, PDB, Raffelt '06; De Simone, Riotto '06)
e Unflavored regime holding for 1/, = 1012 GeV

dNn, .. req
{-EE = — -D 1 ( -i-:\' I'h'r 1 - .L:\I ‘mrl )
dNp_1, _ dNn, W+ N
dz — 1 = L=l

e Fully flavored regime holding for A/; < 10'% GeV /W, (T'5)

df\'rj\,."l T req
dNa. ~ dNw oo T T
_dfi— — — &1l _O{E_l — plcx 111 1 j\l"&a = .E\"E—L — Z&_ j\l"&n

[ arfin

_"'\' : i ’

[-‘n"'r‘i;_?ili L]unfl
— there is an intermediate regime that requires a (not fully developed !)

quantum kinetic treatment in terms of density matrix equations
A description of this intermediate regime is important to answer some questions !

e the possibility to have



Neutrino mass bounds

(Abada,Davidson, Losada, Riotto’06; Blanchet, PDB’06) 0,
" 0.12eV
M, _
(GeV) 1017 | UNFLAVORED
12 |
10 | | I~ B pd
Conditi ’ ERMEDIATE REGIME
ondaition _

of = o f FL

. g «— [
validity of a oo F
classic i
description in

REGIME

/ / / / / EXCLUDED

10° "

the fully
toaed (LS L o //4
m(eV)

Is the fully flavoured regime suitable to answer the question ?
No ! There is an intermediate regime where a full quantum kinetic description is necessary



My <1012 GeV/ W, (T)

M, [GeV]

107" 10° 10° 10°° 104 10° 102 107"

10 104 10° 102
m, [eV]

m, [eV]

. 0 0 0
Red: Py or Py, + Pl,u < 0.1
Green: 0.1 < PP, or PP, + PP, < 0.45

Blue: 0.45 < PP or PP, + PP, <05

10°



The importance of the A-matrix for the m, upper bound

(De Simone,Riotto’06)
The condition 17, < 102 GeV /W, (1)  cuts away especially one-flavor

dominated cases where one projector is much smaller than the other
On the other hand IF P, @ P,y © 0.5 when m,increases one has

v, ®00 Y . ,=-Y, and using:

d;\ M = — D l: i?\‘r_-“".-'j_ - :\r:i% )
dz )
d.\r _ P AT Ted s 7
Ot = = Eletp D (A‘I_-"fl - "?\:_-“\-"i ) — P E&+.u Wb A’I-’f"e+u ?
dN, - \ ' /
d; r — E 17 D (-'-?\‘r_'m'rrl — -'.:\r_ifi J o P].U'T I'I'ID j\‘:&r

one obtains =2; # 0 and this contributes to lower the upper bound !
However one has to take into account that (Barbieri et al. ’99)

N, =ANA . A= ( 417/589 —120/589 )

~30/589 390/589



My <102 GeV/W (1) and A-matrix into account and no PMNS phases

108 1 1 L 1 1
10° 10 10° 102 107! 10° 10’ 108 L . . . .
my [eV] 10° 104 10 102 107" 10° 10

my [eV]

Red: P_. or P{, + Pp, < 0.1

Green: 0.1 < PP or PP, + PP, < 0.45

Blue: 0.45 < PP or PP, + PP, <05



Leptogenesis from low energy phases ?

"(Blanchet, PDB 'U0)
Let us now further impose ¢ real setting Im(¢,5)=0© {<,=0

fin fin AP fin fin
Ng_p, NN‘F —5 [“17 - ’431?6_1_”]

1072 gy

min
M,
1 D‘1 L = H
Majorana = ~ traditional
10 H
phases « - F e unflavored
: ; case
Dirac — = i
phase e L el

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



Dirac phase leptogenesis

(Abada et al. '06; Blanchet, PDB "06; Pascoli, Petcov, Riotto '06; Branco et al. '06; Blanchet, PDB "07)

e Assume () matrix real = ¢y, = Pflc}él + APy, /2

e Assume furthermore ©1 = ©9 = () = 4 is the only source of C'P violation !

|s it still possible to explain J;EMB 7 Yes, but with severe limitations

e Hierarchical Limit (My 2 3 M)

In this region the resuits
from the full flavored
regime are expected

to undergo severe
corrections that tend

to reduce the

allowed region

1077 g

1011

M (GeV) ;

1070 |

Here some minor
corrections are also
expected

109

- a quantum Kinetic description is strongly required
- only a marginally allowed region with strong dependence on initial conditions




Full degenerate limit: M,@ M, @& M, 531 = Mg,

> 9 031 <

The maximum enhancement of
the CP asymmetries is obtained :
in so called resonant leptogenesis 107 NORmALERARGY/

107
5185 ~ (1 +10) € (Ml) g /

© lower bound on sin ,;anc
upper bound on m,

0.1




Some remarks on £:-leptogenesis :

® there is no theoretical motivation

® ..however, within a generic model where all 6 phases are present,

It could be regarded as an approximate scenario if the contribution
from £ dominates © it is interesting to know that something we
could discover in neutrino mixing experiments is sufficient

to explain (in principle) a global property of the Universe

® On the other hand notice that:

if we do not discover CP violation in neutrino mixing it does not dis prove leptogenesis



Some remarks on the N, - dominated
scenario in the flavored regime

The N, dominated scenario relies on two conditions:
1) Alarge enough asymmetry has to be generated by N, decays at T~M,

2) It has not to be washed-out afterwards, at T ~ M., by N,-inverse processes
(at least not too much)

Flavor effects make much easier to satisfy 2) in different ways..
(Vives’06; Engelhard,Grossman,Nardi’06;Shindou,Yamashita’07 )

and in some respects also 1) (Blanchet,P,DB’06) but still it is not trivial to
satisfy simultaneously 1) and 2)

(Example: in £x-leptogenesis it is like in the unflavored case: the N,
dominated scenario is realized in the end for ¢~R,,)



Unflavored vs. flavored leptogenesis

phases

Unflavored Flavored
Lowest bounds ~10°GeV Unchanged
on M;and T,
Upper bound 0.12 eV ?
on my (QKE needed !)
N, - dominated | for ¢ ~ R, Domain is
scenario enlarged but no
drastic changes
Leptogenesis Non-viable Viable only
from low energy mar_ginally in the HL ©
DL is needed

(QKE needed !)




Can we detect RH neutrinos at LHC ?

Typically lowering the RH neutrino scale at TeV , the RH neutrinos
decouple and they cannot be efficiently produced in colliders

Different claimed possibilities to circumvent the problem:

. 4 - resonant leptogenesis (Pilaftsis, Underwood '05)
* additional gauged U(1)B L (King,Yanagida '04)

Going beyond the usual type | see-saw :
- leptogenesis with Higgs triplet

(Ma,Sarkar '00 ; Hambye,Senjanovic '03; Rodejohann’04; Hambye,Strumia ‘05)
* leptogenesis with three body decays (Hambye ‘01)

. see-saw with vector fields (Aristizabal,Losada,Nardi ‘07)



A wish list for future

e Higgs discovery at LHC !

o Tien 2 100 GeV

e non viable Electro-weak Baryogenesis
e CP violation in neutrino mixing

e 330V decay

e SUSY discovery with the right features:
— non viable electro-weak baryogenesis

— LFV processes

e the dream: production of heavy RH neutrinos at LHC



Total CP asymmetries

(Flanz,Paschos,Sarkar’95; Covi,Roulet,Vissani’96; Buchmiiller,Pliimacher’98)

It does not
depend on U'!




