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Neubtrino oscillabiowns

often presented with a prejudice: they belong to the deep mysteries of quantum
mechanics and, as such, they should not be explained to a wide public



Waves are subject to Eransformations

An anisotropic crystal arranged to afi.i,rz the polarization of a wave.
We can say that photons change their state completely,
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have oni,v one Potar&a&an stake



The Standard Model contains 3 neutrinos of definite
. flavor, and a set of corresponding anti-particles.

There is one “flavor” (ie., bype) of neubrine
for each charged lepton: we have
electronic, muonic, tauw neubrinos



Flavor changes during Propag&ﬁam

if muonic and electronic neutrinos are superpositions of two
states with different phase velocity (Pontecorvo; Sakata et al.)



¢) = €cosB|vy) +sinB|vy)




v
)

&)

—
*
=)

O

[ =
o
a
g
<
=
=
—_
Q
=
o
o
1
a
5

1970 {1971 [I1972 197311974 1975 197611977 19781979

The electron neutrinos from the
suh disappear

as observed since lake 605 (Homestalke)



From Deuterium dissociation we obtain an observable neutron...
Whatever the type of neutrino !

The tobal number of solar
neutrinos is \jus% QS expe&&ed (SNO)




Muoin a&mospherict neukbrino d&saeocr
as known since ¥0’s (KamiokaNDE)
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FEeTTILON YA S5e S

Greenzneutrinos; Yellow=charged leptons;
Orangezdowh quarks; =up quarks,

2 6

Log,o[m/eV]

For heubrinos, I plobk square rook ot m?i-m?;
yoe-pP 9 J



Area of the circles = Size of the mixing elements of Lleptons,
erll; lUG‘;ZL lUEE'; !U,ul';”' O\Md O"F qu’rarws; '\iud‘; !\;u,sl; l\iubl; !VCS! P

LEPTONS




The daka are «i‘ompa&ibiﬁ. with Fwo
hierarchies of mass —ie., spectra

indeed, oscillations probe only the differences of the squared masses;
and on top of that, they cannot probe the absolute mass scale...



http://pcbat1.mi.infn.it/ ~battist/cgi-bin/oscil/index.r

Neutrino Oscillations Simulator

Francesco Vissani INFN-LNGS
Vasilis Vlachoudis CERN
23 Apr 2014 12:17:46
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http://pcbat1.mi.infn.it/~battist/cgi-bin/oscil/index.r

3 4 5
Energy (GeV)

oscillations of muon ko electron
neubrinos

for a distance of 730 (black), 2600 (green), 6371 (red) km
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oscillations of muon ko electron
anti-neubtrinos

for a distance of 730 (black), 2600 (green), 6371 (red) km



Nown-oscillation
measurements of the mass?

Barker et al., 2013; Dell’Oro et al, 2014

o Kinematic Limikts from SN19%¥7a: <5.% eV
o Search in britium spectrum: <2 eV
o Majorana mass from ©\2p: <02-09 eV

o Cosmotagv: <0,07 eV (or = 0,11 eV?)

remind bhat oscillations do wnok prcb@. the absolube mass
scale and note we assume only 3 Light neutrinos here



Gther neubrunos?

o The Z° widkh indicates 3 neukrinos

o One can postulate non-interacting
Light neutrinos to address anomalies,
e.q., LSND

i v
(% LQSMO LO 93;? (see Melchiorri’s lecture and Verde et al., arXiv:14-04.8950)
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LSND observations
can be abbributed ko
oscillations of new
neutrines, but at the

price of kension
with other data
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Neubrino wasses i
Par&de kasws
Observation of the Higqs P&r&iﬂe: a
trivunph of standard model (SM).

ALl known particles get mass from
this owne,

Elx&ap% neubrinos, that are massless.
Thus we khnow Ehat SM is imaamyi&e!
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have omi,v one Fotariz.aﬁiou state



19 particies per family
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Mmi&fv&hg the SM?

It is quite natural to add a “right” neutrino
to the spectrum: a non-interacting neutrino.

This prav&des us with an explanation for
neubtrine masses,

Bubt b means a new mass scale, unrelated
with the SM scale (i.e., with the Higgs mass).
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anbkinatbter does exist

and it manifests itself, e.q., in high-energy astrophysics



the (antdneubrine cross section is connected ko the beta decay rate;
this was used to observe the (utimeubtrinoe from nuclear reactors.



Salkharov ‘&7

In the eartv Universe,
makter & ankimatter
annihilate

If we want to explain
the predominance of
matter ...

.+ we need baryon-,
C- and T-viclakion




What aboul the SM?

o Weale inkeracktion violake C
max&mattj

o CP is violated, albeit mildly, in
hadronic interactions (e.q., Ki=>a"1 )

o However barjom and lepton numbers
are conserved ... arenlt they?



to be sure...

o We have never observed any variation of the
nunmber of bm*voms or of leptons

\ S .
° E.9, p> e T is allowed bj energy conservation,
but has never been seen

o Also, (A,Z)->(A,Z+2) + 2 e (neutrinoless double
beta decay) has not been observed

o Regarding the SM as a classical %hearj we Can
prove: baryon and lepton numbers do not change



but the SM has a su,rpri;se!




o The barjav\ and the
lepton numbers are
conserved in the
classical Eheorj.

o Bubt not i quantum
fileld theory: see Figure.

o Therefore, one expects
transitions that change
B and L, when W are in
thermal equii.ibrmm.

3 - _ -
"By =0"L, = 55— Tr| B




o EW baryogenesis: the
attempt to see whether
the SM is enough

o The answer: SM alowne
does not work, just
for quantitative (not
for principle) reasons

B is conserved




With Fulcugita & Yanagida

neutrine masses enter the stage



(a) (b)

Figure 1: Diagrams contributing to the vertex (Fig. 1a) and wave function (Fig. 1b) CP
violation in the heavy singlet neutrino decay.
Covi et al. ‘96

H@.&vv KH neubkrinos

can prefer to decay into antileptons; then, converted into baryons



1. GUT baryogenesis. 2. GUT baryogenesis after preheating. 3. Baryogenesis from
primordial black holes. 4. String scale baryogenesis. 5. Affleck-Dine (AD) baryogenesis. 6.

Hybridized AD baryogenesis. 7. No-scale AD baryogenesis. 8. Single field baryogenesis. 9.
| Electroweak (EW)

10. Local EW baryogenesis. 11. Non-local EW baryogenesis.
12. EW baryogenesis at preheating. 13. SUSY EW baryogenesis. 14. String mediated EW
15. Baryogenesis via leptogenesis. 16. Inflationary baryogenesis. 17.
leptogenesis. 18. Spontaneous baryogenesis. 19. Coherent baryogenesis. 20. Gravitational
baryogenesis. 21. Defect mediated baryogenesis. 22. Baryogenesis from long cosmic strings.
23. Baryogenesis from short cosmic strings. 24. Baryogenesis from collapsing loops. 25.
Baryogenesis through collapse of vortons. 26. Baryogenesis through axion domain walls. 27.
Baryogenesis through QCD domain walls. 28. Baryogenesis through unstable domain walls.

|

29. Baryogenesis from classical force. 30. Baryogenesis from electrogenesis. 31. B-ball
baryogenesis. 32. Baryogenesis from CPT breaking. 33. Baryogenesis through quantum gravity.
34. 35. Monopole baryogenesis. 36. Axino induced

baryogenesis. 37. Gravitino induced baryogenesis. 38. Radion induced baryogenesis. 39.
Baryogenesis in large extra dimensions. 40. Baryogenesis by brane collision. 41. Baryogenesis

via density fluctuations. 42. Baryogenesis from hadronic jets. 43. Thermal leptogenesis. 44.
Nonthermal leptogenesis.

Foo nmany mechanisms!

those testable in the Llab can be reqarded with favour



talce full advantage of
the 3 RH neubrinos

one of them can be
dark maltter of ~10 keV

the other ones, with
mass “GreV, can make
lepto-genesis




f nothing new is seen ak
accelerators, what else can
we do to Proae&d’g’



we cal search for
matter instability
(proton decav)

monitoring many 10 kbon x year
of matter, we have not seen any
evenkt j@.&.
In principle it is still interesting
to continue to search for it and
we would know how to do; but
we have no clear theoretical
clue where to find it.

90% C.L. Bounds

1 10
Time [year]




we can search for the creation of
electrons in a nuclear transition

0.001

0.1 0.2 0.3
DQLLIQT“O QE QL., 2014 Zcosm [eV]

1074 X
Dell’Oro et al., 2014

Le., neutrinoless double beta decay

whose rate is Linked with (Majorana) neubrine masses
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'Neutrino Oscillations Simulator.

|

we can search fo
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with CP violatiown,
oscillations of a muon
neutrine inko an eleckron
neutrine (=) differs from
the same for antineutrinos
(green) even in vacuum,




