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Neutrino properties
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Neutrino masses

Ami, < Amg; implies at least 3 massive neutrinos.
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Measuring the masses requires:

® the mass scale: muin

Fractional flavour content of massive neutrinos
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e the MO: mild preference for NO (Ax” ~ 2.7(1.60)).



Leptonic Mixing and CP-violation

The Pontecorvo-Maki-Nakagawa-Sakata matrix
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® Mixings very different from quark sector.

® Possibly, large leptonic CPV.
CPV is a fundamental question, possibly related to
the origin of the baryon asymmetry and to the origin
of the flavour structure.
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|. What is the nature of neutrinos!?

2. What are the values of the masses? Absolute scale
% and the ordering.

| Phenomenology questions for the future

3. Is there leptonic CP-violation?
Y 4. What are the precise values of mixing parameters?

5. Is the standard picture correct? Are there NSI?
Sterile neutrinos? Other effects!?

Very exciting experimental programme now
and for the future.




Phenomenology questions for the future

™ ) What are the values of the masses?
u the ordering.

Long baseline
neutrino

3. Is there leptonic CP-violation? oscillation
experiments

~14. What are the precise values of mixing parameters?




Neutrino oscillations

Let’s assume that at t=0 a muon n

eutrino is produced
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The time-evolution is given by the solution of the
“Schroedinger equation with free Hamiltonian:
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Long-baseline neutrino oscillations and the
mass ordering

® When neutrinos travel through a medium, they
interact with the background of e, p and n.

Credit:
Symmetry
magazine

® The background is CP and CPT violating, e.g. the Earth
contains only particle and not antiparticles, and the
resulting oscillations are CP and CPT violating.




® Neutrinos undergo forward elastic scattering via CC
and NC interactions.

N\
i

® Matter effects are described by a potential V in the
effective Hamiltonian which determines the time
evolution.

Zg( e ) _ ( — 47 cos(20) + 42 sin(20) ) ( e )

% sin(26) S cos(20)




Effective Hamiltonian in the flavour basis
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Effective Hamiltonian Mixing angle
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In long baseline experiments

For neutrinos

. H Am? >0  enhancement
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The 3 neutrino probability can be approximated as

A. Cervera et al., hep-ph/0002108;
K.Asano, H. Minakata, | 103.4387;

1 1 —ra)Aa1 L S.K.Agarwalla et al., 1302.6773,;
P 2402 82 — Sin2 ( A) 31 P. Denton, S. Parke and X. Zhang,
rA) 4F 1907.02534...
. . AL . (1 —=74)Asz1L Az L
-+ Sin 2(912 S11] 2(923813 S1T1 cos | 0 —
2F 4F 4F
2 2 :
+$2. sin” 20 AQ;L — 4¢3, 8T, sin? (L—ra)asnl Wlthz
\/§GFN€
rTa X~
Am3, /(2E,)
; 0. 12 [ 012
0.101 L=1300km 1  o1o} L = 100 km
~ 0.08} | ~ 008/
~ [ ~ [
l:. 0.06f ; 0.06
o oo0sf |\ [/ \\ /T O 0.04f
002F Mfo AN\ f7 /e TS 1 oo2f
A T R | |
05 1 5 10 0.0 0.10 0.50 1

14 E(GeV) b Coloma and SP. World Scientific E (GeV)




Long-baseline neutrino oscillations and
leptonic CP violation
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1300 km
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Mass ordering sensitivity
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CPV sensitivity
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T2HK ESSnuSB
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Precision measurements of the oscillation
parameters in LBL experiments

The precision measurement of the oscillation parameters
is a primary physics goal for LBL experiments.

e The values of the mixing angles seem to indicate an
underlying symmetry: 623 ~45%, 613 not too far from 0.

. ® Predictions for the CPV phase delta and relations
among parameters in flavour models (e.g. sum rules), e.g.:

a = 0T cosd oc=1,—1/2

. 1+ s r 1+a
infio = , sinfiz3 = ——, sinfyg = King, 0710.0530
Wlth Sin 012 73 sin 013 7 in 053 % g

Crucial information in order to discriminate between
M different flavour models.
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Complementarity with other experiments

' NOvA
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Atmospheric neutrinos

HK, ORCA, ’ LBL exp:

ceCube Gen2,, DUNE.T2HK

-
Reactor
C I
reurins: | 91 e e
JUNO
(913 Neutrinoless
double beta decay

Tests of standard neutrino paradigm: SBL oscillations (SBN,
reactor exp), LBL/atm oscillations, neutrino less DBD, beta
decays, cosmology (BBN, CMB, LSS), dedicated searches.
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Conclusions

® Neutrino oscillations imply that neutrinos have
mass and mix: First particle physics evidence of

physics beyond the SM. They provide a complementary
window wi.r.t. collider and flavour physics searches.
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® The ultimate goal is to understand the origin of
neutrino masses and leptonic mixing.

® |t is necessary to known the values of the masses and
of the mixing angles and CPV phase (with precision!). An
exciting experimental programme is under way.




