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Why going beyond the SM?

Even without taking into account:

O (more or less) compelling theoretical motivations
(quantum gravity theory, flavour problem, hierarchy problem,
haturalness(?),..) and

Q Experimental anomalies in (g-2),, B decays,...

The SM cannot explain:

« _Cosmological Puzzles : * Neutrino masses
and mixing

Dark matter
Matter - anfimaiier asymmetry
Inflation

Accelerating Universe



Bridging neutrino physics and cosmology

Cosmology Neutrino Physics,
(early Universe) < LEPTOGENESIS — podels of mass

« Cosmological Puzzles :
1. Dark matter

2.| Matter - antimatier asymmetry | Leptogenesis

: complements .
3. Inflation e = 6.1 x 1010 low energy neutrino
: : B *“- ‘
4.  Accelerating Universe experiments
testing the

» New stage in early Universe history :
A Y o seesaw

Tru?? Inflation high energy
Leptogenesis par'amcej‘rers
an
T 100 Gevi~ EWssB providing a guidance
toward the model
0.I-1MeVi— BBN underlying the seesaw
0.1- 1 eV [— Recombination




The baryon asymmetry of the Universe

(Hu, Dodelson, astro-ph/0110414 ) (Planck 2015, 1502.10589 )

1ol () Baryons

500 1000 1500 2000 2500

Q_ h*=0.02222+0.00023

n
n,=—2—8 = —B0-27350 h*x10"°=(6.05+0.06)x10"°

70 n?/O

A Cosmic rays + CMB thermal spectrum fix the sign of ng
(Cohen,De Rujula,Glashow astro-ph/9707087)

[ Consistent with (older) BBN determination but more precise and accurate



Neutrino masses: m;. < m, < ms
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Neutrino mixing parameters

Pontecorvo-Maki-Nakagawa-Sakata matrix |
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(Marrone et al.@ Neutrino 2016)

NO slightly favoured over IO
(ax? (I0-N0O)=3.1)
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The minimally extended SM

Dirac
L= Lsy + Ly —Ly =V vpd = —Lyee =V mpVp [JIIEE
term
(in a basis where charged lepton mass matrix is diagonal)
m_ 0 0
: . . ot B
diagonalisingmy: m_ =V, DmDUR D,=| 0 my, O
0 0 m,

neutrino masses:

leptonic mixing matrix:
Too many unanswered questions:

« Why neutrinos are much lighter than all other fermions?
« Why large mixing angles?

« Cosmological puzzles?

* Why not a Majorana mass term as well?



Minimal seesaw mechanism (type I)
Dirac + (Right-Right) Majorana mass terms
(Minkowski '77: Gell-mann,Ramond, Slansky: Yanagida: Mohapatra,Senjanovic '79)

0 mh

LY

mass

M

In (M>>mp) the mass spectrum splits into 2 sets:

3 light Majorana neutrinos
with masses (seesaw formula):

3 very heavy Majorana RH neutrinos N; N,, N3 with masses M3>M,>M; >> mj

1 generation toy model (U=1):
mDNm‘rop'
M~M; T ~ 1016GeV

=m~mgy,,~ 0.05eV




Minimal scenario of leptogenesis
(Fukugita,Yanagida ‘86)

*Thermal production of RH neutrinos
Trn 2 Tiep™ M; /7 (2+10)

heavy neutrinos decay [V EELEENG S ¢Jr N %Li +¢
1 1 1

efficiency

total CP r-T
_ 11 ﬁn factors
asymmetries &= .0 | Vs =2 € X

i=1,2,3

» Sphaleron processes in equilibrium  Ap-A| =3
= Tlep T(sthaIer'ons‘v 100 GeV v /

b, b,

(Kuzmin, Rubakov, Shaposhnikov ‘85)
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Seesaw parameter space

Imposing 7). =7, " =6x10"" = can we test seesaw and leptog.?
Problem: too many parameters
, 1 . | Orthogonal
Casas, Ibarra'Ol = —mL = [0TO = . .
( ) my=-mpgrmp & |0TQ=] parameterisation
, 00\ V10 0 (in a basis where charged lepton
mp| =1 ( 0 ™30 )Q( 0 /30 ) and Majorana mass matrices
° vm3 ¢ v are diagonal)
light neutrino heavy neutrino parameters
parameters escaping experimental information

O Popular solution in the LHC era:TeV Leptogenesis (talk by Ishida in WG5)
but no signs so far of new physics at the TeV scale or below able to explain
Ngo in any baryogenesis model.

O Insisting with high scale leptogenesis is challenging but
there are a few strategies able to reduce the number of parameters
in order to obtain testable prediction on low energy neutrino parameters



Seesaw parameter space

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

>  ng = N8 s satisfied around "peaks”;
» some parameters cancel out in the asymmetry calculation;
» imposing independence of the initial conditions (strong thermal leptog.):.

> imposing model dependent conditions on my (e.g. SO(10)-inspired)

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



Vanilla Iep?ogenesns

1) Lepton flavor composition is neglected

T r -
— b+ N, — b+ ¢
2) Hierarchical spectrum (M, 2 2M,)

3) Strong lightest RH neutrino wash-out_

. final _ fin
n,,=001N.""=0.01le ;" (K ,m,)

er (TZO)
H(T'=My)

decay parameter: K; =

4) Barring fine-tuned cancellations
(Davidson, Ibarra ‘02)

M]_ )
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No dependence on the

leptonic mixing matrix U:

it cancels out



Total CP asymmetries

(Flanz,Paschos, Sarkar'95; Covi,Roulet,Vissani'96; Buchmidiller,Pliimacher'98)

It does not depend on U |




A pre-existing asymmetry?

Inflation

Affleck-Dine (at preheating)

GUT baryogenesis
> 109 GeV Leptogenesis (minimal)
100 GeV — EWBG6
0.1-1MeV |— BBN
01-1 eV Recombination




Independence of the initial conditions (strong thermal leptogenesis)

(Buchmiiller,PDB,Pliimacher '04)
wash-out of a pre-existing asymmetry N§

p,final p,initial _3_7T K f,N,
NpAinal — SR« NN

B—L B—L
decay parameter: x, =M Pl 10 +
yp m Kl_[—[(T:Ml) my, ~ 1073 e 050
I : , 167 /&7 o .
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SO(10)-inspired leptogenesis

02: Akhmecd

Branco et al. '02; Nezri, Orlo ov, Frigerio, Smirnov 03

mp = V[],L DmD Ur DmD = diag{le, mpo, TTLD3}

SO(10) inspired conditions:

1) ‘le = Q1 My, Mp2 = Q2Me, Mp3 = azmy, (q; = (’)(1))‘

2)' VLZVCKM’:I

Us= U U,mi; i,V - ;
From the seesaw formula: AR-': MI? EU m-"Z- VS = Ngo = Ngo (U.m; ;o V1)

typical solutions

10 since M, <« 107 GeV = np(\1) <« nM8 !E

v TTTT— RULED OUT ?

% U
el T . Note that high energy CP violating phases are expressed
= in terms of low energy CP violating phases:

103 _\

e A=A T
my (eV)

—1 -1
Q= D, 2U'V/D,,, Up D,




Beyond vanilla Leptogenesis

Non minimal Leptogenesis:
SUSY ,non thermal,in type
IT, IITI,inverse seesaw,
doublet Higgs model, soft
leptogenesis,..

Degenerate limit,

Vanilla
Leptogenesis Improved

Kinetic description
(momentum dependence,
quantum kinetic effects, finite

temperature effects

Flavour Effects density matrix formalism)

(heavy neutrino flavour effects,
charged lepton

flavour effects and their
interplay)



Charged lepton flavour effects

(Abada et al '06; Nardi et al. ‘'0O6; Blanchet, PDB, Raffelt '06; Riotto, De Simone '06)
Flavor composition of lepton quantum states matters!

1) = 20 (all) |la)  (a=ep)
1) = Ya (lall}) la)

d T < 10!2 GeV = t-Yukawa interactions are fast enough break the
coherent evolution of |7;and |I})

= incoherent mixture of a t and of a «c+e components = 2-flavour regime

d T <10° GeV then also «-Yukawas in equilibrium = 3-flavour regime

M, UNFLAVOURED N Iffz’l = 81K{i "
~10"Gev]  TRANSITION REGIME: DENSITY MATRIX APPROACH NEEDED |
2 Flavour regime (1, e+p1) 8“1{{"" (K, )+ 81e+uK{m (KleHl )
~10°GeV| TRANSITION REGIME: DENSITY MATRIX APPROACH NEEDED |
3 Flavour regime (e, 1, 7 ) e, x"(K )+e x["(K J+e x]"(K,,)




2 fully flavoured regime

Flavoured deca :
ok =P K, =3 [=u o | <K DK =K
paramefters: L R  ANG ] ~
= €1q = —Seplipett = Pie1 + AP (Q,U) /2 (a=T, e+y)

SN = Y0 e1a 610 2261 £l + 2010 [1f (K ,) — £ (K1p)]

Flavour effects introduce an explicit dependence on U and can in some case
greatly enhance the asymmetry compared to the unflavoured case.

3 MAIN APPLICATIONS AND CONSEQUENCES OF FLAVOUR EFFECTS:
QO Lower bound on M, (an therefore on Ty,,) is not relaxed

upper bound on m; is slightly relaxed to ~0.2eV but if wash-out is strong then
Low energy phases can strongly affect the final asymmetry (second term)

O In the case of real £ = all CP violation stems from low energy phases:;
if also Majorana phases are CP conserving only 8 would be responsible for the
asymmetry: = DIRAC PHASE LEPTOGENESIS: ngy o< |sin 8| sin@;

O Asymmetry produced from heavier RH neutrinos also contributes to the

asymmetry and has to be taken into account:
IT OPENS NEW INTERESTING OPPORTUNITIES



Remarks on the role of & in leptogenesis

Dirac phase leptogenesis:

QO It could work but only for M; 25x10! GeV (plus other conditions on ()
—density matrix calculation needed!

3 No reasons for (2 to be real except when it is a permutation of identity (from
discrete flavour models) but then all CP asymmetries vanish! So one needs quite a
a special 2

4 In general the contribution from & is overwhelmed by the high energy phases in (2

General considerations:

Q CP violating value of & is strictly speaking neither necessary nor sufficient
condition for successful leptogenesis and no specific value is favoured model
independently but....

Q ..it is important to exclude CP conserving values since from m :U@Q@
one expects for generic my that if there are phases in U then there are also
phases in (2, vice-versa if there are no phases in U one might suspect that also 2
is real (disasterl!):
discovering CP violating value of & would support a complex m,



The N,-dominated scenario

(PDB hep-ph/0502082, Vives hep-ph/0512160;Blanchet,PDB 0807.0743)
M.
Q Unflavoured case: asymmetry produced from )
N, - RH neutrinos is typically washed-out .
3r E

len(N : - 10° Gev -L-

nr=0.01-¢,k™(K,)e & " <<n® )

) Adding flavour effects: lighest RH neutrino wash-out = | "

acts on individual flavour = much weaker

NE_ (Na) = PY, e3 k(Kp) e ¥ Kot PY, oy k(K) e~ F Kinp PY e5 i(Ky) e~ ¥ K-

no N; wash-out
for M;< T, 140 GeV +—— & = fizlwiz) Ris(w1s)
(PDB,Re Fiorentin 1512.06739)

, with flavor effects

unflavored case

v

1011 1012

MGeV]

» With flavor effects the domain of successful N, dominated leptogenesis greatly enlarges

10

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



Heavy neutrino lepton flavour effects: 10 hierarchical scenarios

Heavy neutrino 2 RH neutrino

flavored scenario scenario
Typically M,
rising in M | ——
discrete . - _ _ _
flavour 107 G SR ~0767 ;MY [ AANY - | NN
models | — —
ilura, 4
Shimizu,
TITOV) ia) by ic)
A

NN SN RS S TS
L0® el 3’_‘--“' ???? 3‘ - _:::_‘\::_‘-.3 J -}: = T J 10”.._.\ :;,:“ = ~ SSJ -‘E‘\ - - j

(a) (b (c) ) (&) (f)

N, -domina're% scenario:
@ N, produces negligible asymmetry;

@ It emerges naturally in SO(10)-inspired models;

@ It is the only one that can realise STRONG THERMAL LEPTOGENESIS




SO(10)-inspired leptogenesis

02: Akhme

Branco et al. '02; Nezri, Orlo ov, Frigerio, Smirnov 03

mp = V[],L DmD Ur DmD = diag{le, mpo, TTLD3}

SO(10)-inspired conditions:

1) ‘le = Q1 My, Mp2 = Q2Me, Mp3 = azmy, (q; = (’)(1))‘

2)' VLZVCKM’:I

Us= U U,mi; i,V - ;
From the seesaw formula: AR-': MI? EU m-"Z- VS = Ngo = Ngo (U.m; ;o V1)

typical solutions

10 since M, <« 107 GeV = np(\1) <« nM8 !E

v TTTT— RULED OUT ?

% U
el T . Note that high energy CP violating phases are expressed
= in terms of low energy CP violating phases:
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Rescuing SO(10)-inspired leptogenesis

(PDB, Riotto 0809.2285:1012.2343:He,Lew,Volkas 0810.1104 )
e T« VL ﬁVCKM

 dependence on a; and a; cancels out =only on a,= My,/M e

ap=1 NORMAL ORDERING

‘- - /% | . . e
0 m,(eV) 0 m,(eV) o
> Lower bound > ©,; preferredin > Majorana phases
m; 2 103 eV the first octant constrained about

specific regions

» only marginal allowed regions for INVERTED ORDERING



Strong thermal SO(10)-inspired (STSO10) solution

(PDB,Marzola 09/2011,DESY workshop:1308.1107;PDB,Re Fiorentin, Marzola 1411.5478)

» Strong thermal leptonesis condition can be satisfied for a subset of the solutions
only for NORMAL ORDERING

a2:5 ( p )
Q blue regions: N =10 (I¢V Veu: )

i . R
Y L

% 10° 102 107 10 104 10° 102 107 10° & B

m, (eV) m, (eV) Oy

» Absolute neutrino mass scale: 15 < m;/meV<25 & 85 <3, m/meV< 105

» Non-vanishing O3 (preliminary results were presented before Daya Bay
discovery at the DESY theory workshop, September 2011):
» O,3 strictly in the first octant;



(PDB,Marzola, Invisibles workshop June 2012, arXiv 1308.1107)

> NORMAL ORDERING
1.0 g——

http://www.nu-fit.org/?q=node/115
NUFIT 2.1 (2016)

N -/
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-6U

-120

III|III III|III|III|III

III|III|lII|III|IlI|III

-180

0.3 04 05 06 07

. 2
sin 923

Q For values of 6,5 > 38° the Dirac phase is predicted to be & ~ -60°, the exact
range depends oh 6,3 but in any case cosé > 0

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

[ The new experimental results presented at Neutrino 2016
corroborate this nice agreement between predictions and experiments




New NOvVA results (Neutrino 2016)

P. Vahle, Neutrino 2016

NOvA Prellmlnary NOVA Preliminary
T I T T T T ] T T T I T T T I I N T T L) T 1 L) T T T 1 T T T T T T T T T I T T T T A
o Normal Hierarchy, 90°o CL = o5 T FD Data =
: NOVA 2016 : E ————— Beat-fit prediction: -2LL=41.6 E
_ : : 20 :_ —— Best maximal: -2LL=48.0 (A=5.4) _:
> L h C ]
@ @ C ]
> [ i c 151 -
o - -
R i e F .
o B - L r .
E T ‘ 10 =
4q 25— = - .
i i 5k =

B 7 : A I & 1 l L 1 1 1 1 1 L 1 I LI L > 1 1 L - 1
2 % 1 > 3 4 5

Reconstructed Neutrino Energy (GeV)

Best Fit (in NH):

/ ) s N - . 9 +©)
’A///:.) — 2.67+0.12 x 10~ 3eV?2 | o

2 +0.03 () £2+0.021 Maximal mixing excluded at 2.5¢
sin” oz = 0.40°7'95(0.632503)




Preliminary results from global analyses(Marrone at Neutrino 2016)

((‘3} 023) correlations retative:b:} weok ab FrtSamt

agrees

LBL Acc + Solar + KL + SBL Reactors + Atmos w |Th
AT I A HE I /AR S 75010
' I S N RERN solution
predictions:
encouraging

NO slightly favoured over IO (Ax? (I0-NQO)=3.1) + also cosmology
starts preferring NO




STSO10 solution: on the right track?

(PDB, Marzola '13)

What is the probability that the agreement is due to a coincidence?
This sets the statistical significance of the agreement

(NPg, = 0, 0.001, 0.01, 0.1)

sof | M vw
= 0 0 ’
-SoRSEEV I 50 TN,
8-7-6-5-4-3-2-10 ‘%

logyy(my /(eV))

If the first octant is found then p<10%

If NO is found then p<5%
If sin 8 < 0 is confirmed then p<2%

If cos 6 <0 is found then p<1% and then?



STSO10: Majorana phases and neutrinoless double beta decay

(PDB,Marzola1308.1107.PDB,Re Fiorentin, Marzola 1411.5478)

a,=5 » NORMAL ORDERING
Maj Jor'cma phases m..~ 0.8m; = 15 meV
2.0 I e
m mﬁ '
£ 1.0 ® Q'ﬂ S 102 @
LR «w&! k
0.5" - 103
0. ' /A
10 _ _ :
8o 05 ;/2 15 20 107 10° 107 107 10°

m, (eV)
J Majorana phases are constrained arouna aerinite vaiues
O Sharp prediction on the absolute neutrino mass scale: both on m; and m,,
O Despite one has normal ordering, m,, value might be within exp. Reach
Q If also these predictions are satisfied exp, then p < 0.01% (conservative)



Decrypting SO(10)-inspired models

Akhmedov, Frigerio, Smirnov, 2005; PDB, iorentin, Marzola,1411.5478
1 __mpi mZeu mpi (mljl);’r
mpa2 m;ee mps3 (m;i);T
~ | mpL mwen mpy (M )ir % % 23
Ur™ | b e 1 mps (my, D)x, Do Dy=(e"2,e'2,e"'72)
Mp1 Myer __ MD2 (my pur 1
mp3 Myee mps (mljl)TT
2 22 | 5 s
V[, ~ M1~ A a? 10° GeV T , —10111(.\-
1 1 ;
100 | Myeel 1MeV 1My ee
_ * I
d; = Arg[—m=,_]. OvBB neutrino mass
as m? M| T M 2 [ |myeel
M,y ~ £ : ~ a5 10" GeV (—) .
mymoms |(m; 1) | - 400MeV 10 meV

" . - m 2 /fmeV
Mz ~ o2m? |(m Her| ~ a2 10" GeV (—’) .
3 2 agmy |(my, )| = ag 100GeV my

3 = Arg[—(my "))



Decrypting SO(10)-inspired leptogenesis

(PDB, Re Fiorentin, Marzola,1411.5478)

Finally, putting all fogether, one arrives to an expression for the final asymmetry:

lep,f 3 042 2 ‘myee‘ (‘mI/TT‘Q + ‘my,m-‘Q)_l |mm—7—|2 .
Ng™p sin oy
B 167 v? my Mo Mg im,, k|2
« fi(ﬂh7nzﬂm [(m, ) e | >
T Myee| |(My 1) 7]

37 |7nue7'|2

X e 8 m*lml/€€’ .

Effective SO(10)-inspired L — —
lefpf’ri;;:/\zsis thaie'"Sp'm ay, = Arg [my,..] — 2 Arg[(m, ") url T —=2(p+0).

This analytical expression for the asymmetry fully reproduces all numerical constraints for V,=I

‘These results can be easily generalised to the case V| # 1: all given expressions are still valid
with the replacement: (Akhmedov,Frigerio, Smirnov,2005)

m, — m, = V;m, \Lj




(S.F. King 2014)

Neutrino sector:
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Figure 1: A to Z of flavour with Pati-Salam, where A = Ay and Z = Z;. The left-handed families
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There are 2 solutions (only for NO)

(PDB, S.King 1507.06431)

The spectrum

is not so strongly
hierarchical:

it is in the proximity
of crossing level
solutions

CASE A B
3 +4m /5
i 5.15 6.1
M, /10" Gev 15 2.7
M, /10°GeV 0.483 1.35
M5 /10" GeV 2.16 1.31
my /meV 2.3 2.3
my/meV (pa,,2 ) | 8.93 (-0.22) 8.94 (-0.25)
mz/meV (pa,2 ) | 49.7 (+0.17) | 49.7 (+0.21)
> mi/meV 61 61
Mee/ MeV 1.95 1.95
012/° (poss) 33.0 (-0.58) | 33.0 (-0.66)
O13/° ([)(;“) 8.40 (-0.47) | 8.40 (-0.49)
O23/° (Do, 533 (+2.1) | 54.0 (+2.3)
6/° 20.8 23.5
ne/107 (p,,) | 6.101 (+0.01) | 6.101 (+0.01)
81x10° | —13x10°°
K., 0.11 0.58
K. 4341 300
Ky, 7.3 7.3
K, 29.2 29.2
Ky, 1.8 1.8




There are 2 solutions (only for NO)

(PDB, S.F. King 1507.06431)

CASE A

@23/0 623/:

This region will be tested relatively quickly



Quantifying the fine-tuning

(PDB, S.King 2015)

Analytical expression also for the orthogonal matrix:

Muy11

( V w1 [/ \/'“'_’ m3 | (i, ')as)
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Q Fine tuned cancellations in the see-saw formula at the level of |£2;;]-2

this seems to be quite a recurrent issue in fits



A popular class of SO(10) models

(Fritzsch, Minkowski, Annals Phys. 93 (1975) 193-266: R.Slansky, Phys.Rept. 79 (1981)
1-128; 6.6. Ross, 6UTs, 1985; Dutta, Mimura, Mohapatra, hep-ph/0507319;
6. Senjanovic hep-ph/0612312)

In SO(10) models each SM particles generation + 1 RH neutrino are assigned to a
single 16-dim representation. Masses of fermions arise from Yukawa interactions of
two 16s with vevs of suitable Higgs fields. Since:

16 ® 16 = 105 & 1265 & 120,

The Higgs fields of renormalizable SO(10) models can belong to 10-, 126-,120-dim
representations yielding Yukawa part of the Lagrangian

l:}' = 16 (Y0104 + Y:f)_(,ﬁ}] + )'-1-301"2()11:] 16 .

After SSB of the fermions at M ,1=2x10!¢ GeV one obtains the masses:
Simplest case but clearly

up-quark mass matrix My =|vipYi0 1+ viggY126 + ving Y120 . non-realistic: it predicts
down-quark mass matrix My = v, YioH Vg Y126 + Uiag Y120 , no mixing at all (both in
neutrino mass matrix Mp = v Yio|— 30t Yiss + v Yizo quark and lepton
charged lepton mass matrix M, —u% Vio|— 30t Vies + vt Vizo . Sectors). For realistic
models one has to add at
RH neutrino mass matrix Mg = v{5Yias . least the 126 contribution
\11 = l‘f‘my;g(; R

NOTE: these models do respect SO(10)-inspired conditions



Recent fits within SO(10) models

Joshipura Pate . Rodejohann, Duec
Minimal Model with 105 + 1265 (MN, MS)
"full” Higgs Content 1045 + 1265 + 1204 (FN, FS)
(m,) OLp sin?60,  mg My M, M, XZin
Mod Comments meV] [rad] meV] [GeV] (GeV] GeV]
MN noRGE,NH 035 0.7 0406 3.03 55x10"% 7.2x10"" 1.5x10" 1.10
MN _ RGE. NH 049 6.0 0346 240 3.6x10" 2.0x10" 1.2x10* 23.0
MS noRGE,NH 038 027 0.387 258 3.9x102 7.2x10" 1.6x10'° 9.41
MS RGE, NH 0.44 2.8 0410 6.83 1.1x10'2% 5.7x10" 1.5x10" 3.29
FN  noRGE,NH 496 1.7 0410 88 1.9x10% 28x102? 22x10 6.6x10°°
FN  RGE, NH 287 50 0410 154 9.9x10" 7.3x10%¥ 1.2x10% 11.2
FS noRGE,NH 0.75 05 0410 1.16 1.5x10" 5.3x10" 57x10" 9.0x10~'
FS  RGE, NH 0.78 54 0410  3.17  4.2x10% 4.9x10" 4.9x10'" 6.9x10°°
FN  no RGE,IH 3537 54 0.590 3585 22x10% 4.9x10'2 9.2x10" 2.5x10~*
FN RGE, IH 35.52 4.7 0590 3024 1.1x10% 3.5x10'? 5.5x10" 13.3
FS noRGE,IH 4421 0.3 0590 627 12x10% 42x10" 35x107 3. Oxl()—'-‘f
FS  RGE._IH 2422 3.6 0.590 1197 1.2x10% 3.1x10" 2.0x10° _ 0.602
Recently Fong,Meloni,Meroni Nardi(1412.4776) have included leptogenesis for the non-
SUSY case obtaining successful leptogenesis: but such a compact RN neutrino spectrum

implies huge fine-tuning. Too simplistic models? What solution: non renormalizable terms?
Type II seesaw term? SUSY seems to improve the fits and also give 1 hier. solution



SUSY SO(10)-inspired leptogenesis

(PDB, Re Fiorentin,Marzola,1512.06739)
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It is possible to lower Ty, to values consistent with the gravitino problem for mg; > 30 TeV
(Kawasaki, Kohri, Moroi,0804.3745)

Alternatively, for lower gravitino masses, one has to consider non-thermal SO(10)-inspired
leptogenesis (Blanchet, Marfatia 1006.2857)

a2



2 RH neu‘l'r'mo models

(S. F l(mg hep- ph/9912492 Fr'amp‘ron Glashow Yanaglda hep ph/0208157 Ibar'r'a Ross2003;
Antusch, PDB,Jones, King '11)

M, ]|

d They can be obtained from 3 RH neutrino models
O Number of parameters get reduced to 11 10 cev TN
Q Contribution to asymmetry from both 2 RH neutrinos.

The contribution from the lightest (N;) typically dominates but
the contribution from next-to-lightest (N.,) opens new regions
that correspons to light sequential dominated neutrino mass models
realised in some GUT models. In any case there is still a lower bound

12 o1 RN
~ 107 GeV RN\

M, > 2x 1010 GeV = Ty, > 6 x 10% GeV

0 Recently 2 RH neutrino model realised in A4 x SU(5) SUSY GUT model

with interesting link between “leptogenesis phase” and Dirac phase
(F, Bjorkeroth, S.F. King 1505.05504)

Q 2 RH neutrino model can be also obtained from 3 RH neutrino models
with 1 vanishing Yukawa eigenvalue = potential DM candidate

(A.Anisimov, PDB hep-ph/0812.5085)



The Dark Matter of the Universe

(Hu, Dodelson, astro-ph/0110414 ) (Planck 2015, 1502.10589 )

(d) Matter
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Unifying Leptogenesis and Dark Matter

(PDB, NOW 2006:;Anisimov,PDB,0812.5085.PDB, P.Ludl,S. Palomarez-Ruiz 1606.06238)
1 RH neutrino has vanishing Yukawa couplings

Mpe1 Mpea 0 ’
PN A ll — 2 RH neutrino seesaw model

Mpr1  MpDr2

..but couples to one "source” RH neutrino Ng
via Higgs portal-type interactions

C)\ \J

These are responsible both for production via
RH neutrino mixing (non-adiabatic conversions)
and for decays =decays are unavoidable

=it predicts some contribution to high energy
neutrino flux potentially testable with
neutrino telescopes (IceCube Km3,....)

Correct DM abundance and life time for A/A~102° GeV

Interference of Ngwith the third RH neutrino = (1-100) TeV leptogenesis



Nicely predicted a signal at IceCube

(Anisimov,PDB,0812.5085.PDB, P.Ludl,S. Palomarez-Ruiz 1606.06238)

» DM neutrinos unavoidably decay today into A+leptons (A=H,Z,W) through the
same mixing that produced them in the very early Universe
> Potentially testable high energy neutrino contribution

Ener'gy neutrino flux Flavour composition at the detector

Hard component
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d High energy scale leptogenesis is the most attractive scenario of
baryogenesis if absence of new physics at TeV scale of below will persist

d N,-dominated scenario provides is naturally realised in SO(10)-inspired
models and also to satisfy STRONG THERMAL LEPTOGENESIS

d STRONG SO(10) thermal solution has strong predictive power and current
data are in line. Deviation of neutrino masses from the hierarchical limits
is expected; despite normal ordering, m,, ~ 15meV might be still within
reach; Despite NO neutrinoless double beta decay signal also within reach

4 Study of realistic models incorporating leptogenesis started but there is
still not a satisfactory model able to fit everything

d SUSY SO(10)-inspired models can be still reconciled with gravitino
problem and improve of quark+lepton sectors parameters;

4 A unified scenario of DM and resonant leptogenesis can be tested with
IceCube high energy neutrino data.



Leptogenesis in the "A2Z model”

(PDB, S.King 2015)
The only sizeable CP asymmetry is the tauon asymmetry but K;,>> 1!

Flavour coupling (mainly due to the hypercharge Higgs asymmetry) is
then crucial to produce the correct asymmetry:
(Antusch,PDB,Jones King 2011)
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Density matrix and CTP formalism

to describe the transition regimes

(De Simone, Riotto 'O6. Beneke, Gabrecht, Fidler, Herranen, Schwaller '10)
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Neutrino mass bounds and role of PMNS phases

(Abada et al.’' 07; Blanchet,PDB,Raffelt:Blanchet,PDB '08) Imposing th lidity of
osing the validity o
PMNS phC(S@S of f the Boltzmann equations
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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 fizld) that carries a baryon number
that is violated dynamically during inflation

'L'.\.r;:"' '.\" : 3 : ¥ il £ e I e W
The final asymmetry is @ Ty and the observed one can

be reproduced for low values Tpy # 10 GeV |

A
L.



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,Pliimacher'98)

It does not depend on U |




Additional contribution to CP violation:

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

=>PO €1
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A lower bound on neutrino masses (IO)

NE: L.0001 001,01 max[|03,[] =2 INVERTED ORDERING

100 ——n 100

1
10"
Koy, 10) A’lﬂ
10 10~ 10
07 4 g l
0-f 107 1072 10! 10 107 107= 10 =+ 103 102 107! 0~ 1073 1072 107!
my [eV] my [eV] my [eV] my [eV]
maXHQ =1 max/[|Q3,|] = 2 max/||Q3,]] =5 max/[|Q3,]] = 10

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



Crossing level solutions

(Akhmedov, Frigerio, Smirnov hep-ph/0305322)

. compact
_ — =7/2, 0 =0, s13 = 0.1
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» About the crossing levels the N, CP asymmeftry is enhanced

» The correct BAU can be attained for a fine tfuned choice of parameters:
many realistic models have made use of these solutions

(e.g. Ji, Mohapatra,Nasri '10; Buccella, Falcone, Nardi, ‘'12; Altarelli, Meloni '14,
Feng, Meloni, Meroni, Nardi '15; Addazi, Bianchi, Ricciardi 1510.00243)



A possible 6UT origin

(Anisimov,PDB, 2010, unpublished)




