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Two Problems...

The current paradigms of Particle Physics (Standard Model) and
Cosmology (A-CDM Model) do not explain:
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* Neutrino oscillations * Baryon asymmetry of the Universe
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... one solution: leptogenesis

* Minimal type | Seesaw extension of the Standard Model:

— ~ 1
L=Lgp + iNRia'LL’yMNRi — hoilr.oNp;® — §NfgiDMiNRj + H.c.

(2217273) (Oé:€7ll’b77-)
* 3 RH neutrinos with a Majorana mass term

e Yukawa term for neutrinos Dx:=diag(X1, X2,Xs)
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Sakharov’s conditions

* The baryon asymmetry of the Universe, g := (ng —ng)/n-,
cannot be set by an initial condition because of inflation.

—{> It must be the consequence of a dynamical mechanism
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Sakharov’s conditions

* The baryon asymmetry of the Universe, g := (ng —ng)/n-,
cannot be set by an initial condition because of inflation.

—{> It must be the consequence of a dynamical mechanism
(leptogenesis perhaps?)

* A successful dynamical mechanism requires:
1) (L and) B violation: e 1Y

1 3
— L D— §;N§iDM7LNRi — A/ 7£ ()
— Sphaleron - AB # 0
2) C and CP violation:

— C violated by weak interactions

— CP violation: (i €9) — T(N; — 1)
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A non-vanishing CP violation imposes complex couplings hai and
more than one heavy neutrino.
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A non-vanishing CP violation imposes complex couplings hai and
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3) Out-of-equilibrium dynamics:

o—H/T
—in thermal equilibrium: density matrix p = ~
Ir Tr . ,
Q) = - (77Q()) = — (7T 1Q(t = 0)e™") = (Q(0))

—deviations from equilibrium arise because of the
expansion of the Universe: decoupling condition I'/H < 1



A taste of Leptogenesis:

A simplified scenario: N| Leptogenesis (no flavour effects).

*Given z := M; /T, the N| abundance per comoving volume is:

dNp,
dz

— D, (NN1 ~ N )
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A taste of Leptogenesis:

A simplified scenario: N| Leptogenesis (no flavour effects).

*Given z := M;/T,the N| abundance per comoving volume is:

dNp,
dz

— D, (NN1 ~ N )

*Decays produce a B-L asymmetry abundance:

INg_ .
= =eaDi(Ny, — N§i) —~ WiNp-y
*The involved parameters
[p,(T) +1'p,(T) 1 :
DZ(Zz) = Hzi D X KZ‘ WZ(Z@) s §D@(Z@)NJ\% (Z@) X Kz’

depend on the decay efficiency barameter

v (T =0)+Tp (T =0)




—{>> connection to low energy parameters 17, :
m; 5/2 2
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e 3v/56  Mpy

*Focus on strong washout regime: K|>>|
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*Focus on strong washout regime: K|>>|
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*Focus on strong washout regime: K|>>|
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*Flavour effects complicate the picture

Leptogenesis is flavour sensitive if the charged
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lepton Yukawa interactions are fast enough!
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*Flavour effects complicate the picture

Leptogenesis is flavour sensitive if the charged

'y, > FIDZ' > . .
lepton Yukawa interactions are fast enough!

—Fully flavoured regimes: B.E. for individual flavour components

regime name: iphysical asymmetries:
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SO(10)-inspired framework

* The model introduces |18 new parameters, can it be predictive?
Shift the parametrization as follows:
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Shift the parametrization as follows:

15+3 &2 6+3+6+3
hai, Mi—’U,miHVL,mDi

P. Di Bari, A. Riotto, 2008
neutrino oscillation experiments _1 t SO(10)-inspired conditions
(info on mixing angles in U and mass splittings) (mpi~mui, VL ~ Vckm)

S ~ 1
L = £SM + iNRiﬁu’}/ﬂNRi — hoz’igLozNRi(I) — iNf{z'DMiNRJ + H.c.

(2217273) (a{:€7u77-)

my = _mDLm% —D,, = UTm U*
DM m v

mp = V] Dy, Ug



SO(10)-inspired framework

* The model introduces |8 new parameters, can it be predictive?
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* The resulting heavy neutrino mass spectrum is hierarchical:
M3z > 10" GeV > M > 10” GeV > M,

* Leptogenesis is dominated by the dynamics of N>

* The B-L asymmetry evolves through a sequence of separated stages each

described by a set of flavoured Boltzmann equations.
S. Blanchet, P. Di Bari, D.A. Jones, LM, 2013
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* The resulting heavy neutrino mass spectrum is hierarchical:
M3z > 10" GeV > M > 10” GeV > M,

* Leptogenesis is dominated by the dynamics of N>

* The B-L asymmetry evolves through a sequence of separated stages each

described by a set of flavoured Boltzmann equations.
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. o
—{™> we can constrain the parameter space of the model by requiring 15" =~ n%



But which initial conditions?

* An ‘ethical’ problem: unknown initial conditions

Remarkably, 10 is a natural value for 7'5"". However, we cannot neglect the
impact of a possible preexisting B-L asymmetry ( N2 "% ~ O(1)? ) as it also
would contribute into the measured baryon asymmetry:

il ~ 1072 (NP + NEEoT) > 1070
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But which initial conditions?

* An ‘ethical’ problem: unknown initial conditions

Remarkably, 10 is a natural value for 7'5"". However, we cannot neglect the
impact of a possible preexisting B-L asymmetry ( N7 " ~ O(1)) as it also
would contribute into the measured baryon asymmetry:

il ~ 1072 (NP + NEEoT) > 1070

* On a more practical level:
how to safely impose nlgp "~ n% and constrain the SO(10)-inspired model?

—[> Solution: require strong thermal leptogenesis

g~ 1077 (Nfgeft,—jf + Mf)% 1077 <{=>> Strong thermal Leptogenesis

E. Bertuzzo, P. Di Bari, LM, 201 |
as a result:

* leptogenesis is independent of its (unknown) initial conditions

* imposing 1'*** ~ 1% indeed constrains the model



The evolution of N&™“¢*

*N, leptogenesis (no flavour effects)
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The evolution of N&™“¢*

*N, leptogenesis (no flavour effects)
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The evolution of N&™“¢*

*N, leptogenesis (no flavour effects)

de’l"GGQ] f 3
B—-L _ preex preex,j preer — =21 K4

A strong washout (K;>>1) ensures strong thermal leptogenesis is achieved

*Considering flavour effects
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No simple criterion ensures a complete washout. Importance of the heavy
neutrinos mass spectrum which selects which regimes are encountered.
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The only possible solution

T (GeV):

:Kl,u >1 K> 1
EK17'<1

Y

The conditions on the decay efficiency parameter and the implied mass spectrum
define the 7-N; dominated scenario.



A remarkable feature:

*Due to flavour effects, strong thermal Leptogenesis requires
non trivial conditions on key parameters that regulate the

dynamics of the Leptogenesis process.
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A remarkable feature:

*Due to flavour effects, strong thermal Leptogenesis requires
non trivial conditions on key parameters that regulate the

dynamics of the Leptogenesis process.
E. Bertuzzo, P. Di Bari & LM, 201 |

—> It is remarkable that within the SO(10)-inspired model
successful strong thermal Leptogenesis can be achieved!

—[> It is even more remarkable that adopting these strong
thermal Leptogenesis solutions results in sharp predictions
that the SO(10)-inspired model casts on all the low energy
neutrino parameters



Predictions from:

SO(10)-inspired model

+
strong thermal leptogenesis



eLight (i.e. ordinary) neutrinos ordering: -V, =V, =V

Normal ordering Inverted ordering




eLight (i.e. ordinary) neutrinos ordering: -V, =V, =V

Normal ordering ~ Inverted ordering

Strong SO(10)-inspired leptogenesis solutions exclude inverted
ordering as no strong thermal solution is found in this setup



In the following plots:

* yellow regions represent successful Leptogenesis solutions:

lept,f _7 lept . 0
Nglp =~ 107" —p NN ~ 1

* other colours quantify the ‘strength’ of the strong thermal
solutions:

0 ] ) _ _
NPEr? = 103,102, 107 . noreesf < 1978

(N.B: strong thermal solutions are also successful solutions)

...and of course everything applies exclusively to normal ordering
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® Reactor mixing angle @3

F. Capozzi et al. 2013
M.C. Gonzalez-Garcia et al, 2012
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The strong SO(10)-inspired solutions point to large values of the reactor
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® Atmospheric mixing angle 023
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Large values of the atmospheric mixing angle are excluded.
Sharp upper bound 0,3=45° gives a clear prediction on the octant.
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® The Dirac phase and the Jarlskog invariant
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® The Dirac phase and the Jarlskog invariant

0.107

0.05]

Jcp e — —Np
/7)1 0410 |

0.05;

N

0.00

—0.05|

NN
RN

7

0127276 8 1 :
T 13

NN

Net preference for 0<0, favourite by APreen0 _

= 0,103,104 10
recent global analyses for 023=45° B-L

reex —8
| NEreenl < 1)
F. Capozzi et al. 2013 —
M.C. Gonzalez-Garcia et al, 2012



. . . N0 = 0,102,102, 10"
® The signature: light neutrino mass scales Noreent 1078

excluded by Heidelberg-Moscow and CUORICINO
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Sharp predictions: mq ~ 1072 eV Mee ~ 1072 €V
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® Majorana phases
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The Majorana phases are very constrained, explaining the trend

Mee ~ TN
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Summary:

* [eptogenesis is an attractive scenario that potentially can explain
the Baryon Asymmetry of the Universe and the origin of neutrino mass

* What will happen if strong thermal SO(10)-inspired solutions are
correct:

NB', 10~ 1072

015 > 9° > (.5° \/TZK, Daya Bay 2012
- 023 S 41° < 43° -
3 | ORDERING NORMAL NORMAL
3 22 PINGU, T2K, NOvA
M J —7/2 +7m/5 ¢ [0.47,0.7 7]

~ 7 (marginal, only for f535 < 36°) -
my (15 = 25) meV (10 +30) meV | Cosmology ?
) Mee ~ 0.8my ~ (12 + 20) meV (8 +24)meV | next? generation of

OV experiments

* What happens if they are wrong:

we falsified a simple, predictive and well-defined model of
Leptogenesis!



Encore



The Baryon asymmetry

By analysing the Cosmic Microwave Background Radiation and the
primordial abundances of elements we learn about the content of

the Universe.

Fitting CMBR power spectrum:
o T 1 e amount of baryons in the Universe:

- : Planck TT spectrum .
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The Baryon asymmetry

By analysing the Cosmic Microwave Background Radiation and the
primordial abundances of elements we learn about the content of

the Universe.

Fitting CMBR power spectrum:

7000 N T ':' T rrrrrrrerr T s M °
] 5 blanck 17 spectram | ® @mount of baryons in the Universe:
N, 6000 | - 1

3 : ' ] 2
— 5000 Qph” ~ 0.02
S : {> B 0.0
Q 4000 |
O : ° ° °
o a0 * No signs of primary antimatter on
S 2000 f different scales imply ng = 0
I [
q 1000 (nx = # density of X)

0 H %
—_ 500;
N C o
ER { " There is an asymmetry between matter
& 200 | 100 and antimatter in our Universe

-500 R AR A e o li_zoo n _ n_
2 5 10 20 500 1000 1500 2000 2500 77B i B B # O

Planck collaboration, 2013 Multipole ¢ nv



Baryon density Qgh?
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Solid lines: BBN predictions
Yellow boxes: measure 20 range
Dotted boxes: 20 range + sys.

The agreement between BBN &
CMBR is a big achievement for the

A-CDM Model:

BBN tests BAU for ¢t € {107%,10%} s
CMBR for t ~ 10%yrs

Today: H° =100k km s~ Mpc ™'
ng ~ 410 cm ™"

p? ~ 10.5h%*keV cm

4[> Ny ~ 2.7 x 1073Q% h?



Neutrino oscillations

Neutrinos are elusive particles that take part only in weak
interactions. Up to now 3 kinds (flavours) of neutrino are known,
named after the associated charged leptons involved in the

Interaction:
ot

W—|—
r\/\/\/v\/\/\/\,-< Qo < {6, W, 7‘}, charged (anti)leptons
VOz

Suppose Vo, # V;, with V; being the neutrino fields of the mass eigenstates,
i € {1,2,3}. Then flavour neutrinos can be regarded as (coherent) superpositions

of the latter:
Vo = Uni vy —D |va) = U, 1i), U unitary matrix (PMNS mixing matrix)

and the Schrodinger equations for the corresponding |-particle states allow

for flavour oscillations:
Am%kt

3
Py () = |(walva )" = Y UsiUsUppUare™ 2% Am2, = m? — m?
1, k=1




* Within the Standard Model neutrinos are described as massless leptons

—> Am?, =0Vi k #i € {1,2,3}

hence our theoretical description forbids neutrino flavour oscillations!



* Within the Standard Model neutrinos are described as massless leptons

—> Am?, =0Vi k #i € {1,2,3}

hence our theoretical description forbids neutrino flavour oscillations!

 Experimental status of neutrino oscillations: Am?, # 0!

Synop3|s of global 3v oscnlatlon analysis

\%
Neutrino mass puzzle: unknown origin of

neutrino masses and mixing
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The Seesaw mechanism

® Neutrino masses in the type | Seesaw

L Dﬁzl = hméLaNRZCI) — ZN]%DM@NRZ + H.c.
1=1

—Electroweak symmetry breaking:

hailtaNpid <2

£0

> (MD)aiVLaVRi mp = ﬁh

—Seesaw mechanism: neutrinos must be Majorana particles!

U 1 L - 0 mp Vca L 1_

4[> Seesaw limit: light neutrino masses ~ (Mew)?/Mgur

Dy > mp D ~ [T 0 _ —1 T
— ~ m, = —mpl),,m
SEE-SAW Mpar 0 Dy v DE D




No-dominated leptogenesis:

* Multiple-stage Boltzmann equations; vanishing initial abundance:

—T~M3>10'? GeV: heavy flavour regime
N3 processes are active...

dNa3
dz

— €3D3(NN3 — Nﬁ%) — WgNB_L

..but CP asymmetry is negligible: O~(M2/M3)?

ez ~ 0 > Na3 =0 no B-L asymmetry produced

—T~M<10'? GeVA M»>10? GeV: two-flavour regime

_ L
N> processes generate a B-L asymmetry (B=715)

2
dNAQ Z dNA ) dANA)
N dz

= €95 Da(Nn, — Ny ) — p2sWaNp_1




therefore:
Npo(T < Ma) = ea-k(K2, Kor) + GQTQMJ(KQ, KQTQJ—)

. — _F(NZ — qu) — F(NZ — fqb) €9 X M2 x 062
TN, = £e) £ T(N; — 1) 2

K; = iy = Pyt Ciy = Piy€i Piy = ( ; )
M mpmp |
11

~ 9 : -
—T~M\ <10’ GeV: three-flavour regime (@ =e u,7)
N| processes are active; no B-L asymmetry generated as

M; <10°Gev €1 ~ 0  (Davidson - Ibarra bound)

AN

N2 asymmetry is washed out: = — 1o Wip2a.NA2

Niepd — ZNEQ T < M) ~

|: ]?27'2L
pz _3m

K 3K
- €2T;K(K27K272¢)€ 80 4 eork (Ko, Kor)em 8 00

37
_ 3T
EQTLH(KQ,KQTQJ_)Q 8 4

]927'2L




® About inverter ordering: no Strong Leptogenesis
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® (2 in the SO(10)-inspired models: strong thermal

solutions NPreem0 — 103,102, 10

NEeens <1078




*Nz-dominated Leptogenesis in strong

® Decay efficiency parameters: washout regime (Kz>>1)
,0 preex, f —8 *Asymmetric washout from N;
Ngfzx = 0,103,102, 10! Np_p™ <10 (KTe,K|p>>I;K|r~I)
4 4
3 3
2 2
S 19 - (&
< <
& -1 & -
| -
-3 _3
2432101 23 4 24 -3-2-10 1 2 3 4
log1o(K1e) logo(K )
4 s 4 S
3 3
=, & 2
-~ 1 o 1
S S N
- % -1
-2 = 9|
_ | =3
2T 2= @ 1 2 3 4 4 -a-2-10 1 2 5 4

logyo(£Ky,) log;o(K,)



® Status of neutrino parameters

M.C. Gonzalez-Garcia et al, 201 2

Free Fluxes + RSBL Huber Fluxes, no RSBL
bfp 1o 30 range bfp 1o 30 range

sin® 012 0.30270 015 0.267 — 0.344 0.31179:013 0.273 — 0.354
012/° 33.3610 5% 31.09 — 35.89 33.8710 %0 31.52 — 36.49
sin? 053 041370937 3 0.594F0:921  0.342 — 0.667 | 0.41679:935 0.60072-912  0.341 — 0.670
023 /° 40.07%1 ©50.4713 35.8 — 54.8 40.17% L ©50.7712 35.7 — 55.0
sin? 63 0.022719- 0023 0.0156 — 0.0299 0.025510 0024 0.0181 — 0.0327
013/° 8.6610 %% 7.19 — 9.96 9.2010-41 7.73 — 10.42
dcp/° 300794 0 — 360 29815 0 — 360

Am%l +0.18 +0.21
m 7.50_0.19 7.00 — 8.09 7.51_0.15 7.04 — 8.12

A
TE T?’l (N) +2.4731+9-070 +2.276 — +2.695 +2.48919-059 4+2.294 — +2.715

Am32 +0.042 +0.073
T (I) —2.427+0-042 —2.649 — —2.242 —2.46810-073 —2.678 — —2.252

Table 1. Three-flavour oscillation parameters from our fit to global data after the Neutrino 2012
conference. For “Free Fluxes + RSBL” reactor fluxes have been left free in the fit and short baseline
reactor data (RSBL) with L < 100 m are included; for “Huber Fluxes, no RSBL” the flux prediction

from [42] are adopted and RSBL data are not used in the fit.



F. Capozzi et al. 2013

TABLE 1. Results of the global 3v oscillation analysis, in terms of best-fit values and allowed 1, 2 and 30 ranges for the 3v
mass-mixing parameters. See also Fig. 3 for a graphical representation of the results. We remind that Am? is defined herein as
m3 — (m? 4+ m3)/2, with +Am? for NH and —Am? for IH. The CP violating phase is taken in the (cyclic) interval /7 € [0, 2].
The overall x? difference between IH and NH is insignificant (Axi_n = —0.3).

Parameter Best fit lo range 20 range 30 range
ém?/107° eV? (NH or IH) 7.54 7.32 — 7.80 7.15 — 8.00 6.99 — 8.18
sin® 012/10~" (NH or IH) 3.08 2.91 — 3.25 2.75 — 3.42 2.59 — 3.59
Am?/107°% eV? (NH) 2.43 2.37 — 2.49 2.30 — 2.55 2.23 — 2.61
Am?/107° eV? (IH) 2.38 2.32 — 2.44 2.25 — 2.50 2.19 — 2.56
sin® 615/107% (NH) 2.34 2.15 — 2.54 1.95 — 2.74 1.76 — 2.95
sin? 613/107% (IH) 2.40 2.18 — 2.59 1.98 — 2.79 1.78 — 2.98
sin? 623 /10" (NH) 4.37 4.14 — 4.70 3.93 — 5.52 3.74 — 6.26
sin® 023 /107" (IH) 4.55 4.24 — 5.94 4.00 - 6.20 3.80 — 6.41
§/m (NH) 1.39 1.12 — 1.77 0.00 — 0.16 @ 0.86 — 2.00 —

o/m (IH) 1.31 0.98 — 1.60 0.00 - 0.02 ® 0.70 — 2.00 —




