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Leptogenesis: a tantallzmg opportunity

Cosmology
(early Universe)

e & logical Puzzles :
1. Dark matter

Neutrino Physics,
models of mass

2 Matter - antimatier asymmetry Leptogenesis complements
3. Inflation low energy neutrino
‘ : experiments

4, Accelemfrmg Unuverfe | testing the

. tage in Aear' Universe history : seesaw high energy
~1016 GeV??? — Inflation pam!ngters aqd
< 3x1014 GeV =QCD freeze-in providing a guidance toward

Leptogenesis the model behind the seesaw

T 100 GeVi-EWSSB

0.1-1 MeVI— BBN
0.1-1 eV — Recombination




Two important questions:

1. Can leptogenesis help to understand neutrino parameters?
2. Vice-versa: can we probe leptogenesis with low energy neutrino data?
A common approach in the LHC era: "TeV Leptogenesis”

Is there an alternative approach based on high energy scale
leptogenesis? Also considering that:

> No new physics at LHC (not so far);

> New scale ~ 1016 GeV (intriguingly close to GUT scale) hinted by
BICEP2 (TBC) and typically implying very high reheat temperatures:

> Discovery of a non-vanishing reactor angle opening the door to
completing leptonic mixing matrix parameters measurement;

» Cosmological observations start to have the sensitivity to either rule
our or discover quasi-degenerate neutrino masses and huge world
efforts in improving Ovpp sensitivity



Neutrino mixing parameters
Pontecorvo-Maki-Nakagawa-Sakata matrix | a> 2 U,

(U l U, U ﬂ\ NUFIT 1.3 (2014)
U = U( U(h L'(J 0.801 — 0.845 0.514 — 0.580 0.137 — 0.158
ai ul u2 u3 i 0.225 — 0.517 0.441 — 0.699 0.614 — 0.793
KL Tl L T2 L T3 [} 0.246 — 0.529 0.464 — I).l.'i 0.590 —oll.TT(i
( \( . . =00 , , ip
| 0 0 (13 0 '813( (12 .812 0\ | e 0O 0O
=|() ('23 s23 - 0 N | 0 —SI?_ 15 O] 0 1 0
0 -5 c -5..e2 0 ¢ 0 0 1)]lo0o 0 ¢°
\ 23 23\ 13 13 ) \ )
I | bb0v decay I
c..=cosf..,and s.. =snb.. 3o PG"QCS(NO)_:
l] ] lj I
0,, = 38° —53° (Forero,
0,,= 32°-38° Tortola,
. 0 0 Valle ‘'14;
0,53 75 -10 Capozzi,Fogli,

d, p, 0 =[-m,x] Lisi,Palazzo '14)



Neutrino masses: m; < m, < m,

» NO IO
m3 - N —3 V3 m— o
v =T m = \/Am2 L Am? . ~0.05eV
Am . atm — \/ ¢ ‘atm : 'sol — V"
atm
Am? .
atm A s 4 (
Am'sul ~ ().009 eV

m3 == h 4 A 5 w2
m% —— _—501-1/1 Vl.h —— m12

Ir-nsol matm
: : o A N A S L

(MGI"Z + Troitzk 95% CL) hierarchical lTr/t/um;;ecay i quasy” | | o oV

. | EL
BBOV: Mmyy< 0.34 - 0.78 eV degarferatp 137 ©
(CUORICINO 95% CL, similar from | ACDM cosmological model I
Heidelberg-Moscow) 1. e o ' o ev
mge< 0.12 - 0.25 eV MymiM=m_ 2 1
(EXO-200+Kamland-Zen 90% CL) - |
mg< 0.2 - 0.4 eV m 4 M =  bihiozey
(GERDA+IGEX 90% CL.) : NO = normal ordering | 1
CMB+BAO+HO : = m, < 0.23 eV _ m, 1O = mv:erted ordering ' 3
(Planck+high-1+WMAPpol+BAO 95%CL) .~ 02 oo o 107 eV

— m, < 0.07 eV

(some analyses find m; ~ 0.1eV???) m./eV



The minimally extended SM

Neutrino masses

Neutrino mixing

Many unanswered questions:

Ih

Why neutrinos are much lighter than dll ofh?r'ﬁ{ - fertmions?
Why large mixing angles?

Cosmological puzzles?

..... why not a Majorana Mass term as well?



Minimal scenario of Leptogenesis
(Fukugita,Yanagida '86)

1 | | 0 L 178
*Type I seesaw ‘mass = 5 | (PL:VR) o 5 + h.c.
mp M Vp

In

3 light Majorana neutrinos with masses

3 very heavy Majorana RH neutrinos

total CP
asymme‘rr‘ies




Total CP asymmetries

(Flanz,Paschos, Sarkar'95; Covi,Roulet,Vissani'96; Buchmiiller,Plimacher'98)

It does not depend on U !




Seesaw parameter space

Imposing Mg = M“M8 = 6 x 10-19 = can we test seesaw and leptog.?

Problem: too many parameters

(COSOS, Ibﬂf‘f‘G'Ol) My, = —Mmp \L[

my, &

OO =1

, /100
mp = ( 0o 30 ()
0O O ./m75

Orthogonal
parameterisation

(in a basis where charged lepton and Majorana mass matrices are diagonal)

The 6 parameters in the orthogonal matrix {2 encode the 3 life times

and the 3 total CP asymmetries of the RH neutrinos

A parameter reduction would help and can occur in various ways:

> np = 1p“M8  is satisfied around "peaks”
» some parameters cancel in the asymmetry calculation
» imposing independence of the initial conditions

» imposing some condition on My

> additional phenomenological constraints (e.g. Dark Matter)



Vanilla leptogenesis

(Buchmidiller, PDB,Pliimacher '‘04; Giudice et al. '04; Blanchet, PDB '07)
1) Lepton flavor composmon is neglected

] B
N'—>l-HT N; —>l H R (my, My) = nGM
NE =3 eim” S AL N | . AN
Nﬁn ] m, = 0.12 eV
C - 18 15
= 0B = dsph — e N L —pGMB — (6.14+0.1) x 1071° e — i [
2) Hierarchical spectrum (M, > 2M,) = ] e
= ]
3) N, do not interfere with N,: o - , "
3 = i ,f; o 10
(mpmp)oz =0 ] / )
10" 5 4 4 10
> 5 S

: *\EI]—L — ZZ Vl hﬁn - .Nl R T“ '”:“.'! ___-"-. o 10™
] ] ] gt M, = 3x 10° GeV 10°

4) Barring fine-tuned cancellations j = T = 10° GeV
(

m, (V)
g1 < e ~107° My Matm '
b= = 1010GeV/ mq1 + m3 No dependence on the

leptonic mixing matrix U

5) Efficiency factor from (= = 24)

simple Boltzmann equations T
" v, (T=0)
in dNy — dz" W (2" : — Nq
Wi (K ) = _/ 5 dz/l I3 "y decay parameter: [ HOr=017)



A pre-existing asymmetry?
pli4~ 2x1016 GeV?2?? Inflation
Tan < 3x1014 GeV QCD freeze-in

Affleck-Dine (at preheating)

GUT baryogenesis
T > 109 GeV Leptogenesis (minimal)
100 GeV — EWBG
0.1-1MeV |— BBN
0.1-1 eV | Recombination



Independence of the initial conditions

The early Universe , knows" the neutrino masses ...

(Buchmdiller,PDB,Pliimacher '04) ng ~ 0.01 61(m1, M. Q) K?H(Kl)

_ FNl Msol,atm .
decay parameter K = BT = 10 + 50

Independence of the wash-out of a pre-existing

initial abundance of N, asymmetry
10° 10" 10 S 10 10° w0
» weak 'v.'aih_-'c;ixtv._.v ' "_s:rong‘w'ésh-od:” :u:‘ ol e ar g FN
E N =1 T : p,final p,initial _ 37 g N1
b \ . B =Npp e s < Npp
) o depe-den-:e}
Kz?n - oanb;:h:dlanr:ﬁ , 10°
i . - A
1" p ' ]{]_ Z I(bt(*]\rg_[l)
Nln =0 depandence : S
- N. on the < .
10 F nitial abundance N 014 Ge\l 10

“4[:_‘ — .....1.;‘ — .....:t.:‘ P— .5“.":‘ ‘l.:') — ""T‘O‘ic' I{St(ZL‘) — i lIl L + ]n |_f1;| ~ 16 + 0.85 hl |.’L‘|
K, =5 [ \ngvm




SO(10)-inspired leptogenesis

( Branco et al. '02; Nezri, Orloff '02; Akhmedov, Frigerio, Smirnov '03)

Expressing the neutrino Dirac mass matrix mgy (in the basis where
the Majorana mass and charged lepton mass matrices are diagonal) as:

mp = Vg Dy, Ur D,,, = diag{mpi, mp2, mps3}
S0O(10) inspired conditions™
Mp1 = Q1 My, MpP2 = Qe Me, Mp3 = azmy, (q; = (’)(1))‘ ‘ Vi~ Very ~ 1 ‘

From the seesaw formula one can express:
Up= Up (Uimi oy, V) M= M; (Um; o, V) = g = g (U:mi,;ailvd

one typically obtains (barring fine-tuned ‘crossing level' solutions):

|My ~ a2 10°GeV, My =~ a2 10 GeV, M; = a3 10" GeV |

since M, «« 107 GeV = 1N «c yCM8

" Note that SO(10)-inspired consditions can be realized also beyond SO(10)
and even beyond GUT models (e.g. "Tetraleptogenesis”, King 13, Feruglio '14)




Crossing level solutions

(Akhmedov, Frigerio, Smirnov '03.: PDB, Fiorentin, Marzola, in preparation)

2 2 2 2
a~m s T Myce 2 3 —1
My ~ 210 My ~ —2—< e Ms ~azmi (m, " )rr
IMyeel my1m2m3 |(my, " )rr| ‘
(a) p=0,0=0 p=m/2, 0 =0, s13 =0.1
|
10%5 a) 6=0 (d T
10%° 10%°
10" /\
\ 1010. lom B
! \
10° ] N
\ 103 105_%
1 - e . o . o
I S T --= N ," _______________ _ ,—‘ .........
10°° 1073 ’ 1073 [ N
- - ; |my * — * : : |m | |ml|
10" 10® 10?10 1 10¢ 1070 102 10% 1 10¢ 10° 10% 100 1

» At the crossing the CP asymmetries undergo a resonant
enhancement (Covi.Roulet,Vissani '96; Pilaftsis '98; Pilaftsis,Underwood ‘04; ...)

» The correct BAU can be attained for a fine tuned choice of

parameters: many models have made use of these solutions
(e.g. Buccella, Falcone, Nardi, '12; Altarelli, Meloni ‘14)

» These, however, have to be strongly fine tuned to reproduce the
observed asymmetry. As we will see there is another solution not
relying on resonant leptogenesis.



The N,-dominated scenario

( PDB '05)

What about the asymmetry from the next-to-lightest (N,) RH neutrinos?
It is typically washed-out:

NEN2 = eor(Ky) e Kt « NGNY = ¢ k(K))

...except for a special choice of parameters when K;= m;/m. << 1 and ¢,=0:

. . . M
fin  _ % Wfn - - fin S 10°° < 2 )
Nplp =2 &if" = e2k; =2 1010 GeV

I}

» The lower bound on M, disappears and M,
is replaced by a lower bound on M, ...
...That however still implies a lower

bound on T, M.
107 Gev -1
» How special is having K;<17? |
P(K;< 1) =0.2% (random scan) o M,
ey -l

» SO(10)-inspired models do not realise this special corner in the parameter space

since M, <« 107 GeV and K;>> 1 = 1N, 1p(N2) << 1), CM



Lepton flavour effects

(Abada,Davidson,Losada, Josse-Michaux,Riotto'06; Nardi,Nir,Roulet,Racker ‘06;
Blanchet, PDB, Raffelt '06; Riotto, De Simone '06)

Flavor composition of lepton quantum states:

1) = 20 (allt) |la)  (a=epm) Py, = |(01]a)|?
1) = >0 (lallh) |la) Py, = (0 ]a)]?

For T > 10'2 GeV = t-Yukawa interactions  (Ipr ¢ frrer;)
are fast enough to break the coherent evolution of |l1 Yand \l_'1>

= they become an incoherent mixture of a t and of a u+e component

At T = 10° GeV then also - Yukawas in equilibrium = 3-flavor regime

A

1-flavoured regime
~w0*ceVZZ// L

M | 2 fully flavoured regime :gaigsr:;mn
w'yea =~ @@ L0 g

3 fully flavoured regime _J




Two fully flavoured regime

e Classic Kinetic Equations (in their simplest form)

( /;\i\"l / VoS
dz = —D (*\'4\"1 =\ Ni )
d?ﬁ . % — P) Wi Na,

= \]_I—Z \A (.A“EB/‘;—L)

P,” = |(la]l1)|* = Py +AP;, /2 (Y. PL=1)

(@=v.e4) 5 _\0imp = Pl-ap.) (X, AP =0)
o Py Iy—P,. T \ /e
= e = —-1 r1‘+é1‘ L= PY 1+ AP, (Q,U)/2

/

= NN, =Y, c1a 61N 226 6 + Do [ (K ,) — f'}Kw)]

Flavoured decay parameters: K;, =P K; = ‘Zk r -
In SO(10)-inspired models this additional CP source is negligiblel




The N,-dominated scenario (flavoured)

( Vives '05; Blanchet, PDB '06; Blanchet, PDB '08, PDB, Fiorentin '14)
Flavour effects produce sort of “holes” in the N; wash-out

A two stage process: N; wash-out 2= Riz(wi2) Riz(wis)
) is neglected N
" N, - Asymmetry Production B I
: in the 1 flavour regime ol ‘cms
~10" GeV //////////////////////////////////////////////////////////////// . BOT:\‘ 2,
or in the 2 flavour regime ad wash-out ,
n i ik and flavor *
o [ @ offocts i
) © N, - washout in the 3 fl. regime ™,
" reant o ﬂf Unflavor'eé case

NE_[(No) = PYes k(K2) e § Kie P oo k(K>) e § Kinp- PY e k(Ky) e™ s K

> K= K + K+ Kip 0 P(Ky$1)~0.2% ;0 P(Kj < 1) ~2P(K . <1)~15% =2, P(K;,<1) = 30%
» With flavor effects the domain of applicability goes much beyond the special choice Q=R

» Existence of the heaviest RH neutrino N; is necessary for the &,,'s not to be negligible



Flavour effects rescue SO(10)-inspired leptogenesis

(PDB, Riotto '08,'10)

g KWy, ) ETE

Fae 4 So, k(oo )7

- -y —3m g
Ky, + &9 K( I"'-E-.-.l e 8 K,

f
—

o,=4

Mi , TRH (G@V)

0,=3

Independent of o, =my,/m,and o,=mpy3/m,

/4
)
A0

l

» Very marginal allowed regions for INVERTED ORDERING

| Planck bound

10-47

m1(§V)
v
» Tpy 2 5x1010GeV > m; 2103 eV

m,(eV)

10"

6

4

2

0

*
T T

& T

NORMAL ORDERING

6

{4
{2

— 0

» Majorana phases constrained
around specific values

» Most of the solutions are tauon dominated as needed for strong thermal
leptogenesis: can SO(10)-inspired thermal leptogenesis be also STRONG?




he problem of the initial conditions in flavoured leptogenesis

Residual “pre-existing” N/f

asymmetry possibly
generated by some
external mechanism

M,

2 v ARRNY \\ N\
~10* GeV _f( AR RN

~10° GeV §

M,

. NN X
~10*? G""’§\§\_§\N

B-L

~10° GeV §§Q\\§§\E§‘_§]

—

Asymmetry generated
/71‘ rom leptogenesis

The conditions for the wash-out of a pre-existing asymmetry
('strong thermal leptogenesis’) can be realised only
within a N,-dominated scenario where the final asymmetry
is dominantly produced in the tauon flavour
(Bertuzzo,PDB ,Marzola '10)



Flavour projection and wash-out of a pre-existing asymmetry

(Barbieri et al. '99; Engelhard, Nir, Nardi '08; Blanchet, PDB, Jones,Marzola '10)
12 : ) )
Mi 2 10 GeV AT gl T>> M| TA T <L M|
4 P

e
Np_(T < M;) = (1= Py)NBL, + Pyie” ¥ K NP,
M.« 10°GeV 47 (1 T> M 100 Tem

) 4




How is STL realised? - A cartoon

Produced asymmetry

Pre-existing asymmetry

(GeV l
N> deca
@ 10 r B Y
. U l 1\27- >> 1
@ 10o|H
e+l
To s Bl I A . A —— N; decay

Final asymmetry: T-flavoured

Strong thermal Leptogenesis conditions

K2T>>1

[{16, I(lﬂ > 1

Ky <1

~J

Courtesy of Michele Re Fiorentin




A lower bound on neutrino masses (\[®)

(PDB. Sophie King, Michele Re Fiorentin 2014) | Ne- .= 0.001,0.01, 0.1
max[lQle ]1=2

Starting from the flavoured decay parameters:

2
Kip = pig Ki = 205 /) ok Upr Qi
and imposing Kh 2 1and K;, Ky, 2 K= 10 (0=e,u)

2
0,max
- ( VEa =1/ (la )

1040

mip > m; = m,MmaX,

max||Q11|] {Un — U.~ a3

UT'Z ?
Ua‘Z — U_Tg UaS +

Ua 3
UT3

Mol

"%

I(?Qmax = (max[ | Q‘Zl ”

> The lower bound exists if max[|Q,,|]is not too
large)

210 meV=Z. m, 2 75 meV ‘



A lower bound on neutrino masses (NO)

The lower bound would not
have existed for large 6,, values

It is modulated by the
Dirac phase and it could 5
become more stringent
when § will be measured T

104 1073 1072 10!
my [eV]



A new neutrino mass window for |eptogenesis

m
sol atm
I S 70 1) A S S A S
hierarchical l Tritium pdecay quasiAl | |
- E 410" eV
] degefierate | :
: I ]
ACDM cosmo/oézical model I ]
E |
. | 14107 ev
m_, i ;]
atm- | i
1 o I
m_ 4 "2 ~— o . -1 d410%ev
50l NO = normal ordering |1:
L : I -
- IO = inverted ordering | 1]
1 = |
—rrrry i —rr 4107 eV
10° 10” 10" 10°
m./eV

001eV<m;<01leV



A lower bound on neutrino masses (I0O)

Nai= 0,001, 0.01, 0.1 max[|Q3 H 2 INVERTED ORDERING

100 +——— 100

| y
R (U Lk
Koy, I\]Tm A’lﬂ
10 10~ 10
107 g o 1
0-f 107 1072 10! 10 107 107= 10 =+ 103 102 107! 0~ 1073 1072 107!
my [eV] my [eV] my [eV] my [eV]
max(|O]) =1 max(05-2  max|93] -5  max[93] - 10
29 Tag¢ ' ' ’ ,
95"

m; 2 3 meV=Z, m, 2 100 meV (not necessarily deviation from HL)



Wash-out of a pre-existing asymmetry

in SO(10)-inspired leptogenesis

(PDB, Marzola '11) | _ bt aslend
‘\1_--’ L — ‘\H [ ‘\H L

Imposing successful strong thermal leptogenesis condition:
Nf  =NB_,+ NP, |NB_,|< NP, ~100nEMB

NO Solutions for Inverted Ordering, while for
Normal Ordering there is a subset with interesting predictions:

h -
/ Non-vanishing 6,5

B-L™
0.01
Talk at the DESY
theory workshop
28/9/11

.00.0 ...::"d)
. o8 . 344




Strong thermal SO(10)-inspired solution

(PDB, Marzola '11; '13)

» YES the strong thermal leptonesis condition can be also satisfied for a subset
of the solutions (red, green, blue regions) only for NORMAL ORDERING

_ Pi _
a,=5  Ng'\=0.001,0.01,0.1, L<V, Vem
‘ ‘ ‘ ‘ ; 2.0 , ,
50 10 *337Y oS
T T 5 15 !
.45 4 o & . | €10 <@ <
D 2. > / \Q . 1
/ 4 cER
40 05 ]
. - / <&
10 4 10 3 10-2 10 1 100 100-4 103 102 10! 10° 0'8.0 05 1.0 15 2.0

olm

my; (eV) m; (eV)

» The lightest neutrino mass respects the general lower bound but is also
upper bounded = 15 < m; < 25 meV,;

» The reactor mixing angle has to be non-vanishing (preliminary results
presented before Daya Bay discovery);

» The atmospheric mixing angle falls strictly in the first octant;

» The Majorana phases are even more constrained around special values



SO(10)-inspired+strong thermal leptogenesis

(PDB, Marzola '11-'12)

Imposing successful strong thermal leptogenesis condition:
N _, =N5_,+NgPp, INB_p| <« NgP, ~10095M5

Link between the sign of J., and the sign of the asymmetry

_  _CMB
Ng = - Mg

A Dirac phase & ~ - 45’ is favoured: sign matters!



Strong thermal SO -inspired leptogenesis:

the atmospheric mixing angle test
NUFIT 1.2 (2013)

. vl .2: Three-neutrino results after the
arXiv:1308.1107 'TAUP 2013' conference [September 2013]

180

120
60 -

a =
O
~ 0_

-60

-120 |

1 I 1
0.3 04 05 06 oO0.

. 2
Sin 923

-180 - '
7

http://www.nu-fit.org/sites/default/files/
v12.fig-dlthie-glob.pdf

For values of 0,5 36° the Dirac phase is predicted to be 6 ~ -459

It is interesting that low values of the atmospheric mixing angle are also necessary
to reproduce b-t unification in SO(10) models (Bajc, Senjanovic, Vissani ‘06)



Experimental test on the way: NOvA

Expected NOVA contours
for one example scenario

at3yr+3yr
— 0.09 -
yu Contours 3yrvand 3yrv NOvA
& |am,,?| = 2.32 107 eV?
0.08 sin®(20,,) = 0.095
sin“(26,,) = 0.95 >
0.07 N "394
0.06 S
0.05 o el
0.04 =
amé < 0 '3'
0.03 N n B
& \m2 =0
0.02
< ~
0.01 %

° 0 0.02 0.04 0.06 0.08
_ /. P(v,)
nAyan Patterson, Lz&l ech

Strong thermal SO(10)-inspired solution




Last brick in the wall: neutrinoless double beta decay

(PDB, Marzola '11-'12)

Sharp predictions on the absolute neutrino mass scale
including Ovpp effective neutrino mass m_,

10°
NB—L: 1 /
0.001 10 77 mg.=0.8m, = 15 meV
001 =
0.1 S
" 107 [™Testable
0(.2:5 104

10 16° 1I0° 10~ 10°
my; (eV)



Decrypting the strong thermal
SO(10)-inspired leptogenesis solution

" '\\\'g.&‘.&;

-

—
- -~
. -
. -
- -
"y T




Decrypting the strong thermal

SO(10)-inspired leptogenesis solution

(PDB, Fiorentin, Marzola, in preparation)

+ Strong thermal condition
+ SO(10)-inspired conditions

Strong thermal
SO(10)-inspired
solution



Imposing SO(10)-inspired conditions

Seesaw formula m, = —mp — mDb .
Dy
Leptonic mixing matrix U"'m, U* = =D,
Bi-unitary

parameterisation
SO(10)-inspired conditions
Mp1 = Q1 My , Mps = oM., Mp3z = azgmy, (a; = O(1))
VL ~ VC KM = 1

Majorana mass mMmatrix
(in the Wkgwcal basis)

Uy, Dy Ul, =M= D,,,, V; U* D;) UV} D, ~ —D,._m ' D,,,

A diagonalization problem:



Diagonalizing the Majorana matrix

1 __mp1 Mvep mp1 (my )%,
mp2 m;ee mp3 (my 1 :.7.
U mpi1 Muveu 1 mpo (mljl)z D D —1 ﬁ —1 2 —1 g
~ ven T — 2 2 2 )
R mpo Myee ) mps (mljl)q*-fr X ¢ —_— <€ 76 76
mp1 Myer _ Mmpa (My ur 1
mp3 Muee mps (mljl)TT
* \2 * \2 * \2
_ (Ur)" | U | (Ux) _ .
M3 =~ m%fﬂ ‘(myl)77| - m%)S . - - X O‘% mf C3 = Arg[_<m’/ )TT]
m mo ms
2 2
m m
D1 D1 2 2
Ml ~ — 5 5 5 XX Oél mu . (I)l = Arg[_mZee]
[Myeel imy U +mo Uz + m3 Uz|
2 2 2 2 Myee
My ~ — D2 ’mulee| — m2, ‘ml*g]el +mo Uez*i‘ ms Ug| — xalm?, Py = Arg [(m—l) } —2(p+o)
mymoms |(my; 1), |mamg UXE 4+ myms UXS + myma Uks v )T

(<



A formula for the final asymmetry

Mba [(my, ) er |~

Eoq ~ E(M
. ( 2) m2D3 |UR32‘2 + m2D2 Matm

Im[UJ*%az URa3 Ugso U Rr33)] -

Using the approximate expression eq. (31) for Ur and the relations (4), one fin

following hierarchical pattern for the &5,’s:

2 9
2 9 2 9 o o Q3My Gy My,

c 2 c

Nlep,f ~ 3 aZ 2 ‘m’/€6| (|m7/7'7' T |mV,U7' ) : ’mVTT‘2 SiIlOéL
B=L = 16T v? T 1Mo 13 ‘mu,m"z
< K (ml mams |(m, ") |’ )
Ty ‘mvee| |(m;1)77|

_ 37 _|mver]|
X e 8 mx|myeel |



» The importance of discoverying CP violation in neutrino oscillations
should not be be overrated but also not undermined:;

> Highs scale leptogenesis is difficult to test but maybe not impossible:
necessary to work out plausible scenarios;

» Thermal leptogenesis: problem of the independence of the initial

conditions because of flavour effects;

Solution: N,-dominated scenario (minimal seesaw, hierarchical N,)

Deviations of neutrino masses from the hierarchical limits are expected

S0O(10)-inspired models are rescued by the N,-dominated scenario and

can also realise strong thermal leptogenesis

YV V VY

Strong thermal O3 2 3
SO(10)-inspired ORDERING NORMAL

leptogenesis ;
solution 03 < 42

5 ~ -45°
m,, = 0.8 m, = 15 meV




Density matrix formalism with

heavy neutrino flavours

(Blanchet ,PDB, Jones, Marzola '11) -
For a thorough description of all neutrino /T
mass patterns including transition regions | ot
and all effects (flavour projection, phantom T\
leptogenesis,...) one needs a description in K
Terms of a density matrix formalism FA
The result is a "monster” equation: . /
(_\'13714
](;‘; = 9D (Ny, = N ‘*1_é Vi {P°Y NEEY (80)
n fl’;l)(\\_\ﬂ]_%‘ {Pn[’ \1}1}
n :_|a3; ])3 (::\‘Y;\";; _ \t\f{{ ] _% ‘ {Pn[i N B— 1}
(/10 0) [[1 00\ [[100 ]
+ iRe(A,) 00 0 |.N*| —Im(A,) 000 |, 000 |, NBE
[\ oo o) ], (\ooo/) [\ooo 1.,
[ /0 0 0) ] [foo00\ [f0oo00
+ iRe(A) |l 0 1 0 |, N —ImA) |l 010 ]|.[]010 ]| NEE
00 0) ] \ooo/) [\ooo




Some insight from the decay parameters

4
3 f 3 1
At the 2 L 2 | |
. S ] o Y
production < | S \ 4
~ 80 -1 1 50 —1 /
(T Mz) S S / I |
-3 | -3 ,
4
104 10° 102 107 10° 10* 10° 10° 10" 10°
m; (eV) my (eV)
At the wash-out (T ~ M,)
4 ‘ ‘ : 4 4
3 3 : 3
2 2 | 5
=1 1 ~ " ] "3
<o < g < 0 o=
-2 3 1 -2 —~ o
-3 ‘ | -3 3
4 -4 4l

T0% 10° 102 10% 10° 10% 10° 102 107 10°
my; (eV) my (eV) m; (eV)



Flavour projection

(Engelhard, Nir, Nardi '08 , Bertuzzo,PDB ,Marzola '10)
Assume M, = 3M; (i=1,2)

The heavy neutrino flavour basis cannot be orthonormal ._
otherwise the CP asymmetries would vanish: this e
complicates the calculation of the final asymmetry w1 ~

Pij = |<€i|€j>|2 pij =

( m}) mp )”l IR,

TS T
(mpmpla(mpmp);; R

d

AL A L
A | LA
NG )(T < My) _\N“‘“ (T < M )
pd N
Component from heavier RH neutrinos Contribution from heavier RH
parallel to |, and washed-out by N, neutrinos orthogonal to |, and escaping
inverse decays N, wash-out

NON(T < My) = plzg‘fQL)(T ~ M)




2 RH neutrino scenario revisited

(King 2000:Frampton, Yanagida,Glashow '01,Ibarra, Ross 2003;Antusch, PDB, Jones,King '11’

In the 2 RH neutrino scenario the N, production has been so far considered
to be safely negligible because ¢,, were supposed to be strongly suppressed
and very strong N, wash-out. But taking into account:
- the N, asymmetry N,-orthogonal component
- an additional unsuppressed term to ¢,,
New allowed N, dominated regions appear

Unflavoured only N; asymmetry + N, asymmetry
P B 1< ) B A= , : B :
/é f . |
M| G ‘@-:« s =4 M} i BT
K\- |

2
3) © ; 4 v
M #1/ 1 M -xM -:gj xM —xM / -xM
/;0
w2l 2 e B 2 | A

-JxM

- XM -x)2 -xM 1] xM 1

M, /100 GeV iso-contours

x4

Re z

- M -x)2 —-xM o *M =

M, /10 GeV iso-contours |

hE L]

Re z

XM -2 -xM o *M =

M, /10%° GeV iso-contours|

1xd

Re z

These regions are interesting because they correspond to
realized in some grandunified models

q1-x)2

~1xd



Affleck-Dine Baryogenesis

(Affleck, Dine '85)

In the Supersymmetric SM there are many “flat directions”
in the space of a field composed of squarks and/or sleptons

F term D term

A flat direction can be parametrized in terms of a
complex field (AD ficld) that carries a baryon number
that is violated dynamically during inflation

Ty T

= SRR S kR

Joull

The final astme’rry is o« Ty and the observed one can
be reproduced for low values Ty, ~ 10 GeV |




anti-v app. events

Electron appearance events for 0.5*LBNO and LBNE
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Total CP asymmetries

(Flanz,Paschos, Sarkar'95; Covi,Roulet,Vissani'96; Buchmiiller,Plimacher'98)

It does not depend on U !




Density matrix and CTP formalism

to describe the transition regimes

(De Simone, Riotto '06; Beneke, Gabrecht, Fidler, Herranen, Schwaller '10)

-

Ul ag 1 [~y 4 ~ \ _. | €.a -—-. [ N y ’ oo le ) + 01 ni ‘ ly
—= T [ YD + YaL=1) (}\? 1) @8 ~ gy=a | 1L tYaL=1,1} f‘-,,] [7_]\”.\, t oy |Im(A) ‘}.-,3

Fully two-flavoured
regime limit

Unflavoured regime limit

1010 1011 1012 1013 1014
M;[GeV]



Additional contribution to CP violation:

(ﬂarai,hacker,houlef '(56) o
[T ——
= |
(@=r71,e+y) f10 = PP € depends on U |

=>PO €1

1o




Neutrino mass bounds and role of PMNS phases

(Abada et al.' 07; Blanchet,PDB, Raffelt;Blanchet,PDB '08)

PMNS phases of

*x X

f Imposing the validity of
the Boltzmann equations

transition

8 ! | | L ! 5 " 3 2 4 0
1010'5 10 10° 10?2 10! 10° 10 10 10 0* 10 O 1 10° 10'
m, [eV] R .




Low energy phases can be the only source of CP violation
(Nardi et al.'06:Blanchet,PDB'06:Pascoli,Petcov,Riotto '06;Argsimov,BlancheT,PDB '08)
Pla

2
= Ng = 28,K;"+ AP,(Kjg - Kpp)  (a =T, evp)
- Assume even vanishing Majorana phases

= 3 with non-vanishing 8,5 (J2 0) would be the only source of CP violation
(and testable)

- Assumereal Q = g:=0= fla =g+

initial thermal N, abundance independent of initial N, abundance

R .

[T ! T

Green points:
only Dirac phase

~ : with sin 6,3= 0.2
A Isind | =1
o' Red points:
| | only Majorana
L e ™ I R phases
m,(eV) m,(eV)
* No reasons for these assumptions to be rigorously satisfied (Davidson,

» In general this contribution is overwhelmed by the high energy phases Rius et al.'07)

» But they can be approximately satisfied in specific scenarios for some regions

» It is in any case by itself interesting that CP violation in neutrino mixing could be
sufficient to have successful leptogenesis



