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Neutrinos in the S

® They belong to SU(2) doublets N ) ( - )
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NEUTRINO
FACTORIES

Neutrinos are everywhere,
generated by a variety .of
processes.

Fusion of hydrogen nuclei
to form helium in the Sun.

Supernovae ,

Supernovae and collisions

between cosmic rays and ff

air particles in Earth’s | ®
atmosphere. !
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Particle accelerators P
smashing protons =
into a target and ) é
fission from the [ o
radioactive decay of ]
elements inside o =
nuclear reactors. Nuclear fission 8
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Free App to “visualise”
neutrinos around us.

. - . -
- - - -
° > o 3

-
(=]
I\

10°
10*°

10”

Neutrinos are produced
in many processes with

energy that go from
sub-eV to 1078 eV.
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BSM: Neutrino mixing and oscillations

Mixing is described by the Pontecorvo-Maki-Nakagawa-

Sakata matrix: yl@ Z Usiltfey

Mass states
FIavour states

which enters in the CC interactions
Loo = —-O » (Ulkry’larW, + hoc.)

~ This implies that in an interaction with an electron, the
. corresponding (anti-)neutrino will be produced as a
superposition of different mass eigenstates.

Positron

\A%

electron neutrino = g Uiy,
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Let’s assume that at t=0 a muon neutrino is produced
v, t =0) =|v,) ZUW\ML

The time-evolution is given by the solution of the
Schroedinger equation with free Hamiltonian:

’V7t> — ZUuie >

At detection, projecting over the flavour state :
2
2u o Am?*L
w P(vq = UnUje™" 2151’3 = sin” 26 sin”
(Va — 1) Z 1U31€ iE,
Mirror Nature, SP and J

Turner, News and

" @ @) Q /[ views, |5 April 2020




Neutrino properties

after July 2019 Neutrinos
NUFIT 4.1 (2019) have
masses and
e 2'6;_ - _; 270 [ - o
i 24 @@ — N mIX!
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= b ERN 1 Current knowledge
% 26l i | of neutrino
28 0|3 0|4 |0|5 Icl).la 0|7 o ' e T | PropertieS:
sin2623 T T
< - 1 ® 2 mass squared
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3 s - E ® 3 sizable mixing
S, - 1 angles,
B ] 1 @ hints of CPV
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o o favour of NO

http://www.nu-fit.org/ M. C. Gonzalez-Garcia et al., [811.05487
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Neutrino masses

Am3; < Am3, implies at least 3 massive neutrinos.
A

2
Normal Inverted ‘U et ]
- ordering ordering D)
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- Fractional flavour content of massive neutrinos

mi1 =Mmin

_ 2
Mo —\/mmin + Ams,

ms :\/mmin + Am3,
Measuring the masses requires:

® the mass scale: muin

m3 =Mmin

mq :\/mmin + |Am3z,| — Am3,

ma :\/mmin + |Am3, |

e the mass ordering: preference for NO (Ax” ~ 4.7(9.3)).



Leptonic Mixing and CP-violation

The Pontecorvo-Maki-Nakagawa-Sakata matrix

V1L
Vi — UTVO{ > [’CC — i(éLa,L_LLa'7__L)’)/'UJ[]<)SC V2L W,u
\/§ V3L

1 0 0 C13 0
U = ( 0 c93  So3 ) ( 0 (1) J CPV?

0 —s23 cC23 —513€" " C13

C12 S12 0 1 0 0
—s12 ci2 0 0 etoz1/?
ce 0 0 1 0 0 eia31/2

® 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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Phenomenology questions for the future

|. What is the nature of neutrinos?

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

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

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

Very exciting experimental programme now
and for the future.
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. . Neutrinoless
wW f ?
. hat is the nature of neutrinos? double bet

decay
2. What are the values of the masses?

the ordering. Long baseline
nheutrino
oscillation
experiments

| Phenomenology questions for the future
u

3. Is there leptonic CP-violation?




Neutrino nature

Neutrinos can be Majorana or Dirac particles. In the
SM only neutrinos can be Majorana as they are neutral.

C Majorana condition v = COpt )

(The nature of neutrinos is linked to the conservatio?

of Lepton number (L).

© e This is crucial information to unveil the Physics BSM:
with or without L-conservation! Lepton number
violation is a necessary condition for Leptogenesis.

® Tests of LNV:

- At low energy, neutrinoless double beta decay,

o - LNV tau and meson decays, collider searches.




Neutrinoless double beta decay

Neutrinoless double beta decay, (A, Z) = (A, £+2) + 2e,
will test the nature of neutrinos.

The half-life time depends
oh neutrino properties

N

- TY2\=1 | pf JINp
SP. CERN Courier, Jul 2016 (To,") ‘Mymel™Imss

3|2( 1(¥31 ’ J

CPV phases (unknown)
o |MyaE| are the nuclear matrix elements

® The effective Majorana mass parameter:

Uet|? + mao|Ues|?e'2t + m.

( ‘mﬁm = | my

Mixing angles (known)




Predictions for betabeta decay

The predictions for mp, depend on the neutrino masses:

1p ______

Present bounds:
GERDA-Il, CUORE,

€Y KamLAND-Zen
o

g Goals of Next

. - generation exp:
3 INVERTED j%i

Excluded by KamLAND-Zen,
GERDA. EXO-200. CUORE

LEGEND-IK, CUPID,
NEXT-HD, nEXO,
~"SNO+, PANDAX,
- DARWIN...

R&D for future exp

= NORMAL i

0.001 Pla APPEC DBD
bo committee

| 1 . L]
0.001 ool \ . 1910.04688

m eVl (mmg > \/|Am§1| oS 2(912)
Wide experimental program which is ongoing. The
next generation is well into planning and R&D for future.
A A positive sighal would indicate L violation!

Il Il Il | | II
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Experimental searches of betabeta decay

Neutrinoless double beta ME) N
decay can be tested in nuclei RN m
in which single beta decay is / \
kinematically forbidden ("®Ge, \
IOOMO, |30Te’ I36X€...). NAZ) = (A, Z+2) + 2 + 20, &W/ ‘

: . 3
It is a very rare process: M‘t/\ton-scale

Ty — <1% at Qb

Y B ,AE\q/cts/yr/ton/ ROI

ﬁamLAND Zen Loaded LSc with 380 kg '36Xe\
Tin>1.07x10° yrs (90% C.L.), mpp< 61-165 meV

EXO-200 ~75 kg LXe TPC, T2 >3.7x10° yrs

(a) Period-2  _._ pata Hom A

— Total U+ ThBi

----- Total +210po 8K K
OvppU.L) ----- IB/External

— PXe 2vpp ---- Spallation

— B%e ovpp

(90% C.L.U.L.)

Events/0.05MeV
S

GERDA 31 kg (enriched) 76Ge, Ti12>0.9x10%yrs

MAJORANA 26.0 kg yrs, T12>0.27xl 026yrs | 11
\CUORE Te,~206 kg Tin>1.5x10%yrs ) "1 L

15 KamLAND-Zen, PRL 117 (2016)
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40 t liquid Xe TPC
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Xe-based
TPC

ke .

= Fluid

2 embedded

T source Liquid

(% scintillator
K as a matrix
o

o) Germanium

S Crystal diodes

2 embedded

— source

.20 Bolometers
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A. Giuliani, Neutrino 2018
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---nEXO Discovery Potential, 30, 50% Prob.
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3.7x10%
PRL 120 072701 (2018)
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The ultimate goal of next generation is mpp,~15-20 meV.
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Measuring neutrino masses

® Absolute mass scale. ~

~

Cosmology

Beta-decav spectrm Beta deca)’ \
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%t 100 10f ' 1

k (hMpc)
\ J Lesgourgues and S. Pastor, Phys. Rep. 429




Neutrino mass ordering

® Mass ordering via neutrino oscillation in matter or in
vacuum (JUNO). Discovery expected within |0 years
thanks to relatively large 6:5.

a Atm neutrinos ) a

Exploit the matter effects in
Earth. Without detector
magnetisation, require large
mass (multi Mton) and
excellent angular and energy
resolution

(ORCA, IceCube
Gen 2, HK, INO).

_

Long baseline neutrino
oscillation experiments

~

¢ x 0 x Pge

P. Coloma and SP, World Scientific

Petcoy, Piai, hep-ph/01 12074
Uses reactor neutrinos with
detectors at ~60 km. Excellent

@ergy resolution is needed. Y
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Neutrino oscillations in matter and the ordering
®¢ When neutrinos travel through a medium, they

interact with the background of electron, proton and
neutrons and acquire an effective mass.

MWVS effect

VAVAVAN
h

Ve

® Typically the background is CP and CPT violating, e.g.
the Earth and the Sun contain only electrons, protons
and neutrons, and the resulting oscillations are CP and

CPT violating.

20




The mixing angle becomes (for constant density)
(A—m2 sin(29))2

2F

sin2(2(9m) = 5

(%—ng cos(20) T \/§GFN6)2 + (AZ”L%Z sin(20))

2
o If |26, N, = Azz cos 201 resonance | 6, = 7w /4

® The resonance condition can be satisfied for
- neutrinos if Am? > 0
- antineutrinos if AmZ2 < 0

1.0 T T T 1.0 T T
- cos0, =-0.8 - - cos, = -0.8
osl- €., =-0.05 ] 0sl €, = -0.05 ]
== o6l — == 06— —
T ] T o ]
> b s > | Y .
O o4 - O o4 P ]
__SM(NO) | - AN __ SM(NO) |
" — S o)) " VAN S0y
_________ -~ NSI (1) PR TARAR A ' ---.NSI(10)
0.0 = ] 0.0 e e - ]
1 10 1 10

Neutrino Ehoergy (GeV) Neutrino Ehoergy (GeV)

KM3Net, ORCA Coll., 2004.05004




Long baseline oscillations: mass ordering & CPV

Long baseline neutrino oscillation experiments (T2K,
NOVA, DUNE, T2HK) study the subdominant channels

. A. Cervera et al., hep-ph/0002108;
P N4C2 ( 1 SiIl2 (1 TA)ASlL K.Asano, H. Minakata, | 103.4387;
pe — =28 1 2 AE S.K.Agarwalla et al., 1302.6773...
u . . AonL . (1 —7ra)As L Az L
—+ Sin 2912 S111 2(923813 S111 cos | 0 —
2F 4F 4F
2 2 .
+555 sin” 2015 Anl” 4545715 sin” (L=ra)Aal with
23 16 E?2 23713 AFE Agy = Am3, /(2E,)
\/§GFN€
. TA ~
: Amz, /(2E,)
0. 12 e L 012 _
0.101 L=1300km 1  o1o} L = 100 km
~ 0.08f 1 ~ o.08f _
=~ [ 1 = I
l& 0.06 - ; 0.06}
0. 0.04] i, 1 o 0.04f
0.02f Mefo A\ J7 /0 1 oo} T
o.ooj TN B 1 ool T ‘
0.5 1 5 10 0.05 0.10 0.50 1

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




CPV needs to be searched for in long baseline neutrino
experiments which have access to 3-neutrino oscillations.

2/ 9 1 . 9 (1 — ’I“A)A31 L A. Cervera et al., hep-ph/0002108;

P,. ~4c5ts sin K.Asano, H. Minakata, | 103.4387;
M 2813 2

1—74) 4F S. K. Agarwalla et al., 1302.6773...

L 1 —rs)As L Az L
+ sin 2615 sin292 57 sin( Zg 51 COS@ 4311? >

16 E2 4F

6-1072

® The determination of CPV and +wv” AAtmospher/\

2 A4 o
— 4c5457{5 SIn

‘|‘S%3 Sin2 2912

of the mass ordering are 2o \

Solar

entangled. oo
e Matter effects increase with -2 o= cPlmerference
energy and distance. 41072

o CPV effects more pronounced -s102 56 a0

at low ener LIE (km/Gev)
g)l° P. Coloma, E. Fernandez-Martinez, JHEP 1204
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1300 km

I Present/Future LBL exp DUNE:

— 40I<ton Y=

B i = detector =
> _—-7—‘& e

"WN g Rakos /;7& Lt

= g % \ __ Minnesota ' L ‘~

=l Z\Q’.'l"(’o"n?.t.?“ Qam Q’H’[,'.'J. 3
= 2.4 MW

NOvVA: 810 km off-axis g.g.e L
~|4 kton plastic scintillator EEas oo vl B e L
< 7 o 2> S - Magnetized, low-density,

deteCtOI" i L & s ";\‘ “/fine-grained tracker

T2K: 295 km off-axis
~22.5 kton WC detector

T2HK: 295 km
off-axis
~| Mton WC

~1 BEuros for the neutrino facility including detector

M. Shi ESSnuSB: 300-500 km

. Shiozawa, for

T2HK coll., NuPhys ~05 Mton WC detector
2014 second osc. maximum
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Mass ordering sensitivity
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CPV sensitivity

i 2 s 2
sin 2613=O.082, sin 2623=1 .00

v 36x10%° + v 36x10%° POT

:6; 3__' ....... UL O '_'Ir;velrte'd"' 444444 Lo ] NOVA Plans an extended
g | ~Norma run till 2024 (50% nu, 50%
e T 12 antinu) with further
S | accelerator improvements.
§ T | M. Sanchez, Neutrino 2018
.(% ° °
% s ———v—= T2K phase 2 extension aims at
cp/ T .
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a [ 1 | T I | I I_
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DUNE

CP Violation

sinOcp=0 exclusion T2HK
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Complementarity

Atmospheric neutrinos

-HK, ORCA,
ceCube Gen2,,

1

LBL exp:
DUNE, T2HK,
(ESSnuSB, ?2?)

—
Reactor
C I
neurinos: | 912 S,
wm| 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.




Conclusions

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

physics beyond the SM. They provide a complementary
window w.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.




