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o Neutrinos: What, where, how?
o Neutrino Interactions
o Neutrino Oscillations

o Modern neutrino physics
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Conservation of 4-momentum (special relativity): pn = pp + Pe --> Pe = (Pn — Pp) = Mn - M,
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The beta decay problem
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The beta decay problem

What

Beta decays are a form of weak interaction

1;;53 - Neutrinos must interact weakly!!!
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In the Standard Model

three generations of matter Interactions / force carriers
(fermions) (bosons)

. mass =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c? 0 =124.97 GeV/c2
ONeutrinos are leptons charge |24 ) ” 0 0
- @ '@ |[|@® |[|@® |- H
O3 flavors linked to their up charm top gluon higgs
0
0

corresponding charged

=4.7 MeV/c? =96 MeV/c2 ~4.18 GeV/c2
counterpart 14 g 4 14
@ |9 |0 || @
OCan only interact through down strange bottom photon

weak force (through W+* and

Q.
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S
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=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =01.19 GeV/c?

Z° bosons) 1 -1 -1 0 %

@ @ |* @ | O
OThere are parallels between electron J{ muon tau Z boson 8%
the 6 |eptOﬂS a.nd 6 quarkS 2. | <l0eVic <0.17 MeV/c? <18.2 MeV/c? =80.39 GeV/c? mn g
O o 0 0 +1 O 0
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Key facts

o Three flavors of light and active neutrinos named Ve, Vy, Vs
- In 1989, LEP mesures the Z invisible decay width :

N, = 2.984 + 0.008 | ALEPH

30 DELPHI

v

L3

Q.
p S
S
=
%
O
S
=
S
O
Z

5
1E OPAL
[rm—
10% - —
e*e"— hadrons = 20
= i ,.
=y = ¢ average measurements, §§
403 = © error bars increased
= by factor 10
S !
a
A 10 |
= 102 = 5
S
! TRISTAN S|C I
PEP-I
10— g
- LEP | LEP I | J A PP NP B E—— 1
| | I | |
0 40 80 120 160 200 86 88 20 92 94

centre-of-mass-energy (GeV) E_[GeV]

o Neutrinos are only (observed to be) left-handed (why?)

— Cannot couple to the Higgs field, therefore the neutrinos are considered massless in the Standard Model
- But they In fact do have a mass:
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@ We will soon see why...
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= \eutrino sources
5
O
R Neutrinos are the most common massive particle in the universe (high-E p - v!)
g 1018: ] I | 1 [ | | I | 1 I | ] [ | 1 I | | I | 1 | | 1 =
n 1012 F =
O L : Solar (nuclear) -
: L_Lm 1065 e
E E oF % __— Reactors E
03) I8 65 Geoneutrinos™ _ -
o 107F > W -
Z NPT s -
3 10 - - Atmospheric E
R - é
% 10_245 * lceCube dataé
2 NCIL
10790 F -
= Cosmogenic —=_>>. -
10—36' I | I I | | I | | I | | I | | I | | I | | I | I >
10°° 1073 10° 10° 10° 10° 1012 10" 1078
Energy E [eV] Grand unified neutrino spectrum:

Vitagliano et al. 2019
Psun = 65%10° ve/cm?/s on earth

GRASPA’26

ees Dreacior = 2%102° Ve/S/IGWin 0 i i i e -
R 0,0 = 4x102 verdm2isisr  — ONly @ 50% chance a v. from the sun interact in you in your lifetime

(Daccelerator ~ 1X1012 \)“/n’]2




Neutrino interactions

o Only Interact through weak interaction
— Small cross section :

o ~ 10+cm?for IBD

o~ 1033®cm?at 1 GeV

Q.
=
O
I
0
O
=
=
52
O
P

o Since they have no electric charge, we cannot observe them directly
— Wait for a weak interaction, look at the products — Attempt to reconstruct

i R the neutrino
| . 3 F'.i -"-1'-1,::;5',".-'"..'- | | “ e
e.m. shower 5¢C ) '
el " buildup :igslet:'lip track | Eil 5 /
S LTI , = "Hiﬁcémiﬂg V) ,78
el E, = 10 £ 18 GaV s ‘ neutrino e ,O/b {,Z/C .
p.=].8+04GeV/c . /, ’/7@ ; ’//79
' eS// //bp Q
ne T e

Y I : |
@ < 100 cm '
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28 Charged and neutral currents

g Weak Interactions come In two types:

% -> Through Z° exchange = Neutral Currents - flavour agnostic
O -> Through W* exchange = Charged Currents - flavour sensitive
g ¢ Ve ;

O

= )

= W Z

S

O

Z Ve e V. .

Interactions look very different at low vs high energies

Uy - \
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28 Neutral current interactions

O

' o Cannot identify the incoming neutrino flavour

&8 o All neutrinos interact with the same potential

& - Useful for measuring the total incoming neutrino flux (sum of all flavours)
- -~ Can be a difficult background for charged current searches
8 Low energy: elastic scattering High energy: n° production
e

>S Vy Vy

O

<

A

— e /q e /q




Charged current interactions

o The outgoing lepton matches the flavour of the neutrino

Low energy:
Elastic scattering Inverse B-decay

)
S
2
Y
O
O
IS
=
O
%
Fre
S
O
<

o Solar neutrinos o Reactor neutrinos

o Interactions with the medium during o Interactions with free protons
propagation (hydrogen nucleii)
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Charged current interactions

o The outgoing lepton matches the flavour of the neutrino

2,
-
9
)
S
E Low energy: High energy (accelerators):
-'E Elastic scattering Inverse B-decay Quasi-elastic
~ The Golden Channel
O Ve 0~
2
v
D
W+

Z

n p

o Solar neutrinos o Reactor neutrinos

o Clean signal: a single
lepton

o Interactions with the medium during o Interactions with free protons

propagation (hydrogen nucleli) o Neutrino energy can
be recovered from the
lepton kinematics:

GRASPA26
A. LOPEZ 2 2 2
MORENO mye — (m; — Ep)” — my, + 2(m; — Ep)E,,

E, =

2(m; — Ey — E,, + p, cosb,)




Charged current interactions

Complicated hadronic

o The outgoing lepton matches the flavour of the neutrino products
Low energy: High energy (accelerators):
Elastic scattering Inverse B-decay Quasi-elastic Resonant

The Golden Channel

Uy g—
Vy I/
_I_
W p
++ /
W =\ \
p at

Deep Inelastic scattering

%
S
2
Y
O
{0
3
S
O
=
E
=
O
Z

n p

o Solar neutrinos o Reactor neutrinos

: : Vg 0
o Clean signal: a single
lepton
o Interactions with the medium during o Interactions with free protons
propagation (hydrogen nucleli) o Neutrino energy can
be recovered from the W
N lepton kinematics:
SIORER 7o m% — (m; — By)* —mj, +2(m; — Ey)E,, >
@ v 2(m; — Ey — E,, + p, cosb,)
p




Charged current interactions

Complicated hadronic

o The outgoing lepton matches the flavour of the neutrino products
Low energy: High energy (accelerators):
Elastic scattering Inverse B-decay Quasi-elastic Resonant

The Golden Channel
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o Solar neutrinos o Reactor neutrinos

o Clean signal: a single
lepton

o Interactions with the medium during o Interactions with free protons

propagation (hydrogen nucleli) o Neutrino energy can
be recovered from the

GRASPA'25 lepton kinematics:
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Charaed currents interactions

At accelerators, neutrino cross sections

Increase with energy but the final states are
more complex

G. Zeller

1.4 Resonant
Quasi-elastic (QE) 42 ve -

Vy I/ ‘E :
52 1
0.8 v P

W 50.6 A < DIS

20.4 . L
&

- P go.z
-0




Neutrino detection techniques

o We must distinguish and reconstruct the products of the interactions:
leptons (e, y, T), hadrons (p, n, *) and correlated gammas (1°)

)
S
2
D o
O
¥
9
=
O
%
=
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Neutrino detection techniques

o We must distinguish and reconstruct the products of the interactions:
leptons (e, y, T), hadrons (p, n, *) and correlated gammas (1°)

0(8v)
8-y

E Z1 1, 2mec®Bv*Winas
<—d—>:Kz2—— [5111 me B YW

* Using the Ionisation potential 152 72

%
S
2
Y
O
O
3
=
O
=
Fre
=
O
Z

~.
~
~
~
~ ‘Cherenkov
Radiation
:?E\ﬁ
! ' ’ ":.-“,- ??ﬂ"\
. : : ——————3
* Using the Cherenkov effect BL N N LD Blectron
“1 “~‘_ ‘:;ji;;
7§ cosl = —
P vn
-~
-~
Fionre 1 Schematic of Cherenkov radiation
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Neutrino detection techniques

o We must distinguish and reconstruct the products of the interactions:
leptons (e, y, T), hadrons (p, n, *) and correlated gammas (1°)

dF 2 Z 1 [1. 2mec®B%y* Whao
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_52__

* Using the ionisation potential
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Fionre 1 Schematic of Cherenkov radiation
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Using the lonization potential

PEP-4 detector, gas mixture 80:20 of Ar:CHy

I I

32 |
Principle : When a charged particle crosses a 28 | 1
medium, It loses energy through ionization.
The mean amount of energy lost per cm through
lonization Is parametrized by the Bethe Bloch
formula and depends on the particle energy (By)

-dE/dx (keV/cm)
N N
- BEN

—
(o))

—
N

-
2
p )
O
2
Q
o
®
2
=
S
Q
=

dE\  5Z 1 [1  2m.®B*y* Winae 0 0(87)
<‘%>—K*" 2@[51“ 2 ey

Momentum (GeV/c)

If this energy loss can be resolved, one can have a 2D (or even 3D) image of the
Interaction.

We can identify the particle type through track topology analysis

GRASPA’26

w2 Moreover, If this energy can be collected, one can reconstruct the energy of the

MORENO

© daughters, and hence fully reconstruct the interacting neutrino kinematics.




First bubble chambers where equipped with cameras, the pictures
were scanned manually by the scanning ladies.

S Using the lonization potential

"% | BEBC at CERN Bubble Chambers

B v Superheated fluid turns locally to gas

O ¥ W (bubbles) when energy is deposited by a et
o |[[[[/|/Me  charged track:

b >
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Using the lonization potential

Liquid Scintillators

Organic liquid that scintillates when energy Is deposited.
In neutrino physics, often used to tag (low energy) inverse (3-decay interactions

*The positron Is quickly captured by an

5 B S electron

At

n

-
2
Y
O
2
Q
o
®
2
=
S
Q
=

The neutron is captured 5
later by a catcher-atom él

delayed signal

------------------------------------------------------

llllllllklllllllllllllll
3 10 15 20 25

time [us]

Savannah river experiment by Reines & Cowan in 1956 — .
| | _ i Ve discovery |
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S Using the lonization potential
%! Time Projection Chamber [TPC]
<5
E Uses a chamber filled with gas or liguid with an electric field applied across.
2 Free electrons from ionization drift towards the anode plane where they are collected :
= that gives a 2D image. The e arrival time provides the 3™ coordinates. The amount of e
-.§ collected/cm Is a handle to retrieve the particle identity/energy.
g EEHS%W";E V wire plane waveforms I CA R U S eX per i m ent
o %f§; - v, interaction -
.-'F A Collection view i 81s 7 b
Charged Particles - %y iﬁzr £ L K e
Y | . ;'%‘E%E#Zgz L e o T
' Cathode -"”?Fjﬂﬂ fﬁr il # ;;f‘: 11250 m A
Plane i AT B | i
jﬁg%ﬁ;gg‘ﬁéggégﬁ :‘¢--..,'.~ Collection view ‘j S Induction Il view
), o e
Fﬁfrgi 3 RS
i S g
GRASPA’26 ; ' lé?g ég'lﬁg | o ! 'v A |
s I il i
// " Eari j/h i i — | 070m G
7 I8 -



-> Use photomultipliers to detect the light, very well known device
-> Can have large volume : bigger volume = more chances to catch a neutrino
-> Ring shape allows particle identification ; ring characteristics (diameter, nb of photons) Is

S Using the Cherenkov effect TNS L g cherenion
" — . . . ] -" Radiation
% Principle : When a charged particle travels at a speed v higher thar e
D the speed of light in a medium ¢/n its own EM field stacks and A = ‘;-:’j}-

: " . ", ‘s ..“"Electron
@8 produces a cone of light : ‘u..,___‘;_;-,-..a—v"/ .
o _ _ _ _ Ty cosf = —
@ Cherenkov detectors are widely used in neutrino physics : 7 vn
g -> Can use cheap/free medium (ultra pure water, ice, sea) Fionre 1+ Schematic of Cherenkov radiation
Y
>
O
P

linked to the particle energy => Excellent e/u separation

Particle identification using ring shape

From side Ring Muons: -':::==:" Sharp Outer
e®0a, o0 g% 0% . .
short track & %e Sha long track, -3 =f g ©o° Ring with
no multi ll; « o E Rinrp slows down 2o %% :.":5 Fuzzy
scatterinp o 5 © o0 0 20° Inner
8 -"-. o® Region
ooa®
e 2 @
® ..=.. ® .- . -.'.- o
o
GRASPA’26 electrons: ° ° ° .. Fuzzy . ° : ©.%00° ry )
A LOPEZ short track, % ® S : o Ring neutral pions: © o oo Two
MORENO mult. scat., S o <% 2 electron-like R : e’ 0® Fyzzy
brems. ®oo tracks - ® Rings
@

@ . > “_:._ 3



Using the Cherenkov effect

Super-Kamiokande in Japan

Super-Kamiokande partially fillees s 2@ #5427, 2

Séparer v, et v,

- i

-
2
s
O
2
Q
o
®
2
=
S
Q
=

. ol
o

ICECUBE in Antartica o
Glant detector In ice, equipped with 5k PTMs along 86 strings up
to 2.4 km below the surface

Vu+ N->p + N Ve+ N->e + N’

IRy 4
GRASPA'2E : il |
A LOPEZ M -
MORENO i e

Color =time
£ size = # of photons collected

@ Surface Array :

IceCube
In-lce
Array

DeepCore &

Tank of 50 kt of ultra pure water underneath a mountain, equipped with ~11k PMTs

Color = # of photons collected

IceCube Laboratory

Amundsen-Scott
u/. Statlon =
¢ — \\ \:\, »
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NEUTRINO
OSCILLATIONS




o The solar neutrino problem

o The atmospheric neutrino problem

s
<G
2
e )
2L
O
)
O
O
=
=
S
O
2

o Neutrino masses

o 3 flavour neutrino oscillations
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Solar neutrino flux

Proton-proton fusion chain in sun-like stars

Most of 20" century research focused on nuclear  w[rr-ucc pre tpo Hiu | pep
reactions: radioactivity, fission and fusion. 0 l 0%
H+p — *He + v
. ] 85% 2% 107°%
This led to a near complete understanding of T T B T

stellar nucleosynthesis.  ————p (o1 T T e (hep)

99.87%1 10.13%
"Be| 'Be+e — "Li+ 1. Be+p— B+~
Bahcall made a prediction on the ve flux from the sun [1964] l
| Li+p— 2*He °B - ®*Be* + et + 1. | B

1012 —= (Ga = (I = Kamiokande (o1

| | | | I 1T 11 | | | | I I 1T 1 I| | pp‘ )
'Be* — 2%He

IDIﬂ - -
Prediction: (pp-11T)

" = 6.4 x 10" v./s/cm’

Due to their small cross-sections, neutrinos can
escape the sun plasma unaffected. => They are an
excellent probe of fusion processes inside the sun.

Flux at 1 AU (cm 2 5 Iney ]]I [for lines, cm 2 g ]]

Neutrino energy (MeV)

hep



Solar neutrino deficit

Hom«

obee Measuring solar neutrino flux in 1960s

The neutrino anomalies

sun with ve
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o Less than half of what I’d hoped for




Solar neutrino deficit

Possible solutions:

o Poor understanding of fusion chains

Powerful predictive power of stellar nucleosynthesis theory indicates otherwise

o Qverestimated neutrino cross-sections

Low-energy neutrino interactions are straightforward predictions of the very
well-tested weak interaction theory
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o Neutrinos disappear before reaching the detector

Neutrino decay? Neutrino mixing?
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Solar neutrino deficit
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Atmospheric neutrino deficit

In parallel, we started looking at neutrinos produced by
cosmic rays

=> When cosmic rays hit the atmosphere and produce pions
and muons
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Understanding the anomalies

o Something Is up with neutrino propagation

- Many possible explanations: v-decay, v-decoherence, flavor changing neutral
currents, oscillations, ...

- In 1957, Pontecorvo suggested v — v oscillations, in analogy with K° - K° mixing
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Massive neutrinos?

You had a very easy lecture last week explaining flavour mixing :)

L = (UQ(L)) ’ L, = (VH(L)) ’ [ = (VT(L))
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=4 7 MeV/c2 <]1.0 eVic:
0

=15
. Ve
. gf A
electron
down neutrino

o Particles always propagate in well-defined mass states (they don’t have
multiple velocities at once)

e Massive neutrinos?

—

®

- o Every (weakly interacting) particle state has a weak interaction pair
S W (8

.>§< up electron I

2

I~

o Massless particles can (in principle) propagate in any state

Massive charged lepton  As long as we choose paired states, the weak

interaction physics will stay the same
IEE I e e e .. < ‘ ? ) The neutrino can propagate in the partner state of
GRASPA25 the charged lepton’s mass state

A. LOPEZ
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Massless v . .
(we can respect the weak pairing when choosing
the propagation states)



=4 7 MeV/c2 <]1.0 eVic:
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=15

. Ve
. gf A
electron
down neutrino

o Particles always propagate in well-defined mass states (they don’t have
multiple velocities at once)

e Massive neutrinos?

—

®

- o Every (weakly interacting) particle state has a weak interaction pair
S W (8

.>§< up electron I
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o Massive neutrinos force the propagation states:

Massive charged lepton The neutrino must propagate In its mass state
The charged lepton and neutrino mass states
— = m— = —— might not be each other’s pairs!!
GRASPA’26
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MORENO _ We can choose to write the physics In the
Massive v - - -
propagation state of one particle, but that fixes
the other’s weak state




e Massive neutrinos?
NS
Y
®
E Choosing to write the interactions In the propagation states of the charged leptons ==> We must
@) perform a change of basis to go from the corresponding neutrino “flavour” states to their
¢ 72 propagation states
=S
O uel ueZ ue3
IS 3 neutrinos ==> 3x3 change of basis matrix U — UM Uyz uyg,
u’rl uTZ UTS

This matrix allows us to transform between

produced states and propagation states
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3 flavour neutrino oscillations

The basis of neutrino interactions is different than the basis of neutrino propagation

How does this lead to oscillations?

We first define a few approximations:
o Neutrino masses are very, very small ==> They propagate at the speed of light
o The neutrino mass states resulting from a flavour neutrino state have the same

momentum (only approximately true, helps with the calculations but not necessary to
arrive at the same conclusions)
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Then, we look at the propagator In a time-independent potential,
wavefunctions propagate as plane waves:
d o
IE|VI(t)> :H|1/I(t)> — |Va(t)> — e ¢ t‘y@(O))
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3 flavour neutrino oscillations

In a time-independent potential, We can rewrite the initial flavour states in terms
wavefunctions propagate as plane waves: of mass states using our mixing matrix
3
. But the hamiltonian is diagonal in the mass states (duh! *
__—iHt =Y ) Vo) = UailVi)
l/ t m— l/ 0 — > o at |V
&’ & o &k .
'\6(\ & 1=1 %
\3 «\('\\5 rb\((\ \
Qoo ’ go(\ - -
Qo 6\6' / __—1Ht U* (0
<5 va(t)) = e ™| ST UL 1;(0))
This is a matrix, which &° & L i

may not be diagonal!!
But this is not quite what we are looking for: neutrinos are not in their mass states v;att=0

We need to use our matrix to transform back in terms of the flavour states

3

Cleaning things up a bit: —— V) = Z U,:|Va) v, (1)) = e Z Us; ; Us; |vs(0))
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Each mass state is its own sum of

J B flavour states, so we end up with two
summations
In the mass basis, these are just the energy
eigenvalues E;
__ . /72 2
Ej=1/D" +m7
We square the amplitude to get the detection probability But we still don’t know what these are. Let's use

the equal momentum and relativistic assumptions
2
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3 flavour neutrino oscillations

Putting everything together, and replacing time with distance (assuming we
are traveling at the speed of light)

Prsen(t) = 32 52 (U gz 5

|

Py, (L/E) = ) ) (U3,UaiUsicUsy ) exp | — i

Am?kL
2F

o The probability depends on complicated products of the elements of the mixing matrix
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o The probabllity depends on the differences of the square of the neutrino masses

o The probability remains the same under complex rotations of the mixing matrix
You can check that this can be rewritten in the following way:

Ami jL
41F

Py vy (L E) =005 — 4% Re[U%, Usi Ua; Uj,] sin?
k>j
AmﬁjL
2F
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k> j




Oscillation phenomenoloc

Am% ; L
1F

Py (L E) =00p — 4% Re[U%, Usip Uy, Uj,] sin?
k>j
Amﬁ%jL
2F

+2) Sm[U%, Ui Ua; Uj,] sin
k>j

Oscillation formula PMNS matrix

What would happen if m; = my?
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The oscillatory terms vanish and we do not see flavour transitions

What would happen if Am? were very large ?

This is what happens in the quark and charged lepton sectors. The oscillations s ) B e
become decays very quickly Therapist: REEIZVINCIIELE 1SNt real
he can't hurt you.

What would happen if the imaginary part of the product of U, is hon-zero ?

Taking the complex conjugate would be non-trivial ==> CP (or T) violation

GRASPA’26
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It vanishes: CP violation is only possible in appearance probabilities




Oscillation phenomenoloc

Am% ; L
1F

Py (L E) =00p — 4% Re[U%, Usip Uy, Uj,] sin?
k>j
Am,%jL
2F

+2) Sm[U%, Ui Ua; Uj,] sin
k> j

Oscillation formula
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How do we parameterise a hon-diagonal 3x3 unitary matrix? d s b W v
* A generic 3x3 complex matrix has 18 free parameters. A unitary matrix has 9 y ‘ = | K . .
* We are allowed to change the mixing matrix by global changes of phase ==> We can ¢ H * Ve . |
multiply by matrices with complex phases along the diagonals ==> This removes up
to 5 more parameters t ' ‘ ‘ v. [ . I:

* We end up with 4 free parameters, which we choose to parameterise as 3 real angles
and one complex phase:

1 0 0 C13 0 s13 e ep | T C19 s12 0 ]
Ve, Vi, Ve= | 0 co3 823 0 1 0 —s12 ¢z 0 [vi)
/ 0 —s23 co3] [ —s13ecP 0 ci3 JL O 0 1.
GRASPA'26 l \
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This angle mixes v, and v
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Oscillation phenomenoloc

Py (L E) =00p — 4% Re[U%, Usip Uy, Uj,] sin?

k>j

+2) Sm[U%, Ui Ua; Uj,] sin
k>j

Oscillation formula PMNS matrix

In the end we have 6 parameters: Three real angles: 012, 013, 02
One complex phase 8¢
Two mass splittings Am?; and Am?s;  (AmZ3 = Am?; + AmZs,)
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1 0 0 C13 0 533 E_ﬁcp [ C12 5192 0]
Ve, Vy, Vr = 0 o3 593 0 1 0 —812 c12 0 ‘V1>
0 —s23 ca3] | —sy3e®? 0 ci3 1L O 0 1.
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Oscillation phenomenoloc

Let us jump back into oscillation measurements for a minute

Explanation via oscillations:
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? 126+2
% 1 0+0.16 - Missing ve have osclillated into vy, and v and
V/ 0 cannot be detected through CC interactions
% because the energy threshold is too high
for our detectors
Ewn(vy) = 110 MeV
+0.07 6945 Ewn(v:) = 3.45 GeV
0.41+0.01 7+
2.56+0.23 |
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D Osclllation phenomenology - Solar

8 SNO (1kton of heavy water) was designed to detect
g solar neutrinos through:

O ° CC interactionsve+d — p+p + e

8 Ve ONly (Vy & V: don’t have enough energy)

o UES interactions vx + e - U+ €

S all flavors

§ UNC interactions vx+d - p+n+ v«

O all flavors

<
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OSC|IIat|on henomenolo - Solar

= SNO (1kton of heavy water) was designed to detect
~solar neutrinos through:
f IcCinteractionsve+d — p+p+e
~ veonly (vy & v: don't have enough energy)
UES interactions vx + & - v+ €
.. all flavors

AN

0.41+0.01 Z

256+0.23 [
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oL Hf:mmkid;_ppepExp;m[:lznts- I:INC Interactlons VX + d N p + 1 + VX
Theory 8B M CNO Uncertainties a” 'ﬂavors
—*.: 8E ¢SNO . Do 0.029
s TE - SNO measured the ratio ;— = 0.34 + 0.023(stat.) "¢ p3;
@; 6F-. NC
=0 And showed that the total flux of solar neutrino is
N compatible with the solar standard model
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Oscillation phenomenoloc

Kam.(sub-GeV)
Kam.(multi-iGeV)
IMB-3(sub-GeV)
IMB-3(multi-GeV)
Frejus

Musex

Soudan-2
super-Kisub-Gel)
super-Kimulti-GeV)

e i
S
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- Atmospheric

Explanation via oscillations:
Produced ve and v, oscillate as they travel
through the atmosphere and the earth,
leading to different oscillation probabilities
depending on the direction we look at




Oscillation phenomenoloqgy - Atmospheric

Super-Kamiokande measured the
atmospheric ve and v, energy as a function of
CosSO « L

47 .
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For ve :
Flux agrees with predictions for all
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- - - Prediction . .
Z150F |0 Data directions and energy
100E 1 Fit
S0 C
. Ny .t TP P T - I T R
~~~~~~~~ N 0105 "0 o5 1 - o 05 1 FoOrvy,:
cos® cos®

Multi-GeV e-like Disappearance of upwards going v,

(L ~ 10*km)

Flux agrees with predictions for
downwards going v, (L ~ 10 km)
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Oscillation phenomenoloqgy - Atmospheric

Super-Kamiokande measured the
atmospheric ve and v, energy as a function of
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Digging deeper Into the oscillations

It turns out that (by coincidence) the values of the mass differences
make It so that at the energies and distances of atmospheric
neutrinos, almost 100% of the oscillations are between v, and v

Z 150 |Prediction
100 | Data
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SOF L—Eit
OIIIIIIIIIIIIIIIIIII
-1 -0.5 0 0.5 1 Cidep 1T -
cos® C13 0 sy3€ cl2  S12 0
Multi-GeV e-like Ve, Vy, Ve = 0 1 0 —s12 ¢ O |v)
—3813 ei&gp 0 C13 1 L 0 0 1 i
This angle mixes v, and v- ] .
This complex rotation is not This angle mixes v: and v:
SO intuitive

Conveniently, the amount of missing v, is a clean
measurement of the 0.; mixing angle

Also by coincidence, the Am?; are quite different from each
Sz other, and the term with the small one vanishes so that the
A LOPEZ shape of the deficit gives us Am?;;

MORENO




Digging deeper Into the oscillations

Solar oscillations are a bit more complicated: Neutrinos in the sun do not propagate like in vacuum

o We do not see oscillatory behaviour because we have no way of
knowing how far the neutrinos traveled => We only know the
average oscillation probability at each energy

~ o At low energies, 0. is so small that neutrinos cannot feel their

pp - All solar
"Be - Borexino

pep - Borexino < prOpagathn medlum

V., survjval pygobability

®8 - SNO LETA + Borexino
®B - SNO + SK

MSW-LMA Prediction
fo | IIIII Ili | IIII III;o \\\\\\\\\\‘ - . .
— o At high energies, the propagation states are no longer the same
Flavour content of propagation states (E, = 20MeV) as the mass states due to interference from the medium ==> The
: mixing matrix changes and the probabillities are affected
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It just so happens (also a coincidence) that the difference between the low
energy (vacuum) and high energy (dense medium) probabilities is closely related
to the amount of mixing between the v, and v, states! ==> We get a measurement
of the 0.2 mixing angle.
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Also by coincidence, the energies and distances involved are such that the
shape of the curve is related to Am?;; as the other term vanishes.
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Digging deeper into the oscillations

We can also look at oscillations from man-made neutrinos: nuclear reactors and proton accelerators

Survival Probability

KamLAND experiment in Japan

(B

0.6 =

02

0

0.4

- —— 3-v best-fit oscillation —a— Data - BG - Geo ¥,

20

30 40 S0 60 70 80 90 100
Ly/E. (km/MeV)

The benefit is that we can choose the
distances, fluxes and energies

\ We build them so that we can

measure the elusive 13 angle

--------------
- it

s AT LS A - i
F‘;-‘IJ %;5 ~ ‘l. sl
Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. lkenpp-Yama
1,360 m

3 1,700 m below sea level A=,
s “d —

Neutrino Beam
295 km

T2K experiment (also in Japan)



Neutrinos oscillate!!
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Measured by atmospheric Measured by reactor and Measured by solar
experiments accelerator experiments experiments
Am?,, > Measured by solar experiments. Turns out to be very small

Am?2 > Measured by atmospheric experiments. Turns out to be (relatively) large
32
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Normal hierarchy

P (m )
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(m )?

0.; Is approximately 45° ==> v, 0.5 is very small ==> there
and v: are equidistant to the IS very little overlap
mass states between v. and v;

(m )

(m)?

What are the values of the parameters?

OCP appears to be maximal ==> nearly as
much CP violation as possible!

01 Is approximately 30° ==> v,
Is closer to v. than v,

Inverted hierarchy

Am?2
Am<,,

AmZ

Hierarchy problem:

We know that two neutrinos
are very similar in mass and
one is either much lighter or
much heavier, but we do not
know which of the two it Is.



Putting everything together
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The “hierarchy” in the values of the angles and mass splittings, 0.0
give a complicated oscillation signal ==> we need many f Atm.
different experimental setups to fully explore it 3 0 4;_ ® Acc
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> What do we look for in neutrino physics?
o
8 o We know that neutrinos oscillate and are therefore massive particles
) o g
. 2 WE 7;_ B ; E}Tﬂ (;tftfiﬂ-l El:;:e{m 0sci. parameters
CQ\ "’: 6. _ l:_ T determiﬁed by Iéan;LpAND |
5 S 2 08
- = ape 2 T ++
Q 3; i‘; 0.6:— + | e
O 25 E 0.4:— +
27 k - oF +
— - el s
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= T 18— N First KamLAND Results (2002)
o 1. 1 1 ' - 14F
s 1.6 ] '
S 14 : T
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What do we look for in neutrino physics?

o Is there enough CP violation to explain the asymmetry between matter and antimatter in the

VISIDIE UNIVEISe? ey Many upcoming experiments aim to answer this question

T2HK In Japan DUNE in the US

Access Tunnel
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betig

Notre-Dame will fit inside Hyper-Kamiokande ! Inside DUNE prototype (6x6x6 m3) at CERN
-> Future : 4 modules of 60x12x12 m?3 each
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What do we look for in neutrino physics?

o Which mass hierarchy Is the correct one?

Juno in China

KM3Net in the Mediterranean
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S o B3 appears to be close to 45°. This is unexpected for a random matrix.
A Are we looking at the broken remains of some high-energy symmetry?




> What do we look for in neutrino physics?
e
8 o Do neutrinos acquire mass through the usual Higgs mechanism? Their couplings would
) have to be unreasonably small!
2
FERMIONS | BOSONS

U>)\ 1000 ) i .
- N | o® e | £ WH SNO+ in canada
= 3 .. toon” N
O LED . Eluarks Flectron E

w 107 |
= K s
Y 107°| |
: Neutrinos ™ :
q) 10-13] l I | Photon, gluon:
Z | Zero mass

GRASPA’26

22 o These couplings would be naturally suppressed if neutrinos were their own antiparticles. Some

MORENO

experiments look for interactions that would only be possible if this were the case!




What do we look for in neutrino physics?

o What Is the mass scale of the neutrinos (we know the mass differences, but not the actual
mass values!)

1-10 ©

Installation of KATRIN experiment

Last eV has only 2x10%3
fraction of events!

8:10 "

6-10

4-10°

Intensity (count rate, arbitrary units)
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Energy [keV]

e o KATRIN is still looking at the tail-end of the same B-decay spectrum responsible for the idea
ESE of the neutrino 100 years ago!
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What do we look for in neutrino physics?

o What would right-handed neutrinos be like? (The weak interaction only affects left-handed

©
o
S
) particles)
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N I'¥
>\ (v)
= N, Wt
Q e ;Vg
O z W T Some experimental discrepancies with the 3-flavour oscillation model
: l can be explained by introducing a 4™ oscillating neutrino state
o £ TTTT [ T TTTTT BEBRLLL 1 1111 I I ERALL
b ot et i | __I | Phys.Rev. D83 (2011) 073006 [i
S g _ I
O . N e A A SR 1
P Could they be dark matter candidates? 8 09— T —~
% 08— } ain
a | u
E 0.7+ i
E 0.6— —
O — = — ‘No oscillation n
0.5 —— With c!scillatiuns (3 active v’'s + 1 sterile v) T
014_IIII Elxqerlll?ﬁ“ts | | IIIIIl| | | IIIJII| L llIIII| jEE] JIlIIIl L1 IIIIIT
10’ 10' 10° 10° 10° 10° 10°
Reactor To Detector Distance (m)
GRASPA'26
VIORENG o Only three generations of neutrinos couple to the Z boson. How do we know there are not

additional ‘sterile’ generations?
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What do we look for in neutrino physics?

o What are the sources of astrophysical and cosmogenic neutrino sighals?

50 meters

1,450 meters

2,450 meters
2,820 meters

IceCube Array
86 strings, 60 sensors each
5,160 optical sensors

DeepCore
6 strings optimized

| for low energies

Eiffel Tower
W 324 meters

— SNEWS

99.2% efficient
50% (of issued triggers) - NOVA near
----- NOVA far

2 — Super-K
Z y 90% — - lceCube
ISR _ -~ KamLAND
2 i --- HALO
=R --- KM3NeT
%510 :
o j 99%

10°} !

-
o
A

1 10 10°

Time since supernova (minutes)

Nearby Galactic CCSN Candldates Marker Area  (Source Distance) 2
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q Mono O Bete]geuse/a Ori
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\. ................... e :- ............................... .O'C,Ma ............. e
-_“.. ’ /:'L V_E] O NS ] up ...;- '-“..‘.
Oa Lup | HR 3692 O a

o Neutrinos allow for supernova model discrimination!



o Neutrinos are massive weakly interacting particles that propagate in flavour-
violating oscillations

s
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G
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®
O

o We have a broad understanding of these oscillations but many detalls remain
unanswered

o We do not know how their masses are produced

o In spite of being the most common massive particle in the universe, we do not
know where exactly where extraterrestial signals come from

GRASPA’26

A, LOPEZ o They are very challenging (and fun!) to measure, and there are a great many

MORENO

@ number of huge experiments planned for the “near” future







Backups and
extra stuff




S Osclllations with 3 flavors In matter
S
— Even the earth crust has an impact on neutrino oscillations (denser matter -> stronger effect)
O
)
O 1.0- Current Oscillation Parameters
Normal Hierarchy assumed
O 0.8 -
= —— in vacuum
b= > 0.6{ —— inmatter
o> s
%} = 0.4-
1/Am?
0.2 "f Tatm
0.0 -+ . S —
101 102 103

L/E [kmm/GeV]

The earth density Is not constant -> stronger modification of the neutrino oscillation
probability when crossing the earth core

A. LOPEZ

MORENO
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g Oscillations parameters
ch Current values of the osclillation parameters:
e _ +0.77 . . .
E 012 = 33.497 75 OQscillations in vacuum are not
7 frs = 421755 sensitive to the sign of Am?
O b3 = 8.627713 OMatter effects helps to determine
2 o1 .
SH Am2, = Amd, = 742702 X 1075 6V ém i'?: .
- 2 | _ 2 1 10.027 3 <79 2 1 Ve
S [Amgim| = [Amg,| = 2.51005097 x 107 eV [] Not yet resolved for m,
>
Ve SUrvival in vacuum Ve SUrvival in matter Solar ve flux measuremen
1 1 1:
-_\ (} :5 0.9%—
T ) o
;; Be :; VRe EO.G; I o
T@os— / 1 0.5_\ _ go.si— 1 {
) - | E N— O\ | R i EVREE

o
N
II|

®B - SNO + SK
MSW-LMA Prediction

——
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g Osclillations parameters
-lc:cs Normal Ordering Inverted Ordering
—
O
S
®
S -
% Amatm = Am2, = +2.51070 7057 x 1073 eV2 | -2. 490+8 020 x 1073 eV?2
O
Z - Ve LV - U,
Three unknowns of neutrino oscillations :
m% If'\ — sola — m%
~T.5X10 2PeV?2 9 _
Aumospherte e « Mass Hierarchy : Normal or inverted ?
m% b — ~2.5x10 7 3eV? . o o
solar e 023 octant : 623< 45° or 023> 45° ?
171% ~T7.5%X10 eﬁ; E: ?ng
SE: ! ! e dcp 1 DOV behaves as v ?

MORENO

@ Normal Inverted
Ordering Ordering




Principle for precision measurement

vsource | | Detector

Requirements :

- At L/E for oscillation

- Able to distinguish e/p/t
- Energy reconstruction

- Big and/or dense

Requirements :

- Powerful source

- Initial location known

- Initial flavor content known

- Initial energy spectrum known
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Experiments Using Reactors

Continuous powerful emission of ve
through the fission of U, 2*°Pu and
239pY,

Energy spectrum from 2 to 8 MeV
O Cannot tag new flavor appearance (v, or vq)
O Only the disappearance measurement is possible

L ~ 1 km to be at atmospheric osclillation
O Considered to be in vacuum, the 2 flavor
approximation is valid. No sensitivity to dcp or MH

L ~ 50 km to be at solar osclillation
O Study of the interference between the 2 oscillations
gives sensitivity to MH [JUNO experiment]

Arb. Units

1.00 -

—-— Flux
---- (Cross section
—— Spectrum

g Normal Hierarchy

---- Inverted Hierarchy
i -
l L = 50 km o g s
‘ ;; S
-I"'n,.'"
X r"*..."r
h _f“"i"f
!
L P
\
"r.n._"'l..l'“"II
0 2 4 o 8

10



Experiments Using Accelerators

Demy—pipe Dump Near Detector Far Detector
v I
....................................................... 22 22..
— O(1m) — O(10m) O(100m) —— O(5m) — at % << x5 —— at £ = =7 —>

Principle :

Accelerated proton collides into a target, produces mostly
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T, T — U+ V,
Pions main decay channel (99%) : 5 14F
Focussing horns to select 1t* (v, flux) or 1t (v, flux) ﬁ I
A near detector to measure the flux before oscillations EZ
" | Afar detector at the L/E to observe oscillations 2;‘
1

- V beamline parameters tuned for optimal E E, (GeV)



Experiments Using Accelerators

P(v, »v,) =P, = v,) B
Three Channels possible (same for vy):

Ov, 5y e
- No CP violation :
- Negligible matter effects
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Experiments Using Accelerators

P(v, »v,) =P, = v,) B
Three Channels possible (same for vy):

Ov, 5y e
- No CP violation :
- Negligible matter effects

Ov, - Ve : The Golden Channel

- Very sensitive to CP

- Very sensitive to MH with matter
- Very sensitive to 823 octant
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Experiments Using Accelerators

Py, »v,) =Py, = v,) B
Three Channels possible (same for vy):

Ov, 5y e
- No CP violation :
- Negligible matter effects

Ov, - Ve : The Golden Channel

- Very sensitive to CP

- Very sensitive to MH with matter
- Very sensitive to 823 octant
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OVvy - Vr:
- Similar discovery potential as ve appearance but:

m: = 1.7 GeV, ct: = 87 um and 1 have hundreds of complicated decay
SRS channels
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Experiments Using Accelerators

L/E =1/Am?, in vacuum

—— Normal Hierarchy

0.07- —— Inverted Hierarchy

0.06 -
__0.05-
Y
T \
|33' 004: ]
& \

0.03 -

o7 Ocp= —90°
0.02 - O 6cp=0°
& Ocp=90°
0.01 - 6cp=180°
0.01 0.02 0.03 004 005 0.06 0.07

P(v,—Ve)
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Experiments Using Accelerators

L/E =1/Am?, in vacuum

—— Normal Hierarchy —em 0 <45
0.07- —— Inverted Hierarchy ——- 6>45
0.00 1
-\:::\\\
~_0.05- \\\\ \\)&
|:>CD #::;\\ \\\\ ‘\ \\
EORNEE RN
9_:} 0.04 - . \\:\\ n?:\ §§§\ \\\
Q a \ . \ ~=
0.03 - Sise,
SR
o7 Ocp= —90
0.02 - O 6p=0
& O6cp=90
0.01 - Ocp =180
0.01 0.02 0.03 0.04 005 0.06 0.07
P(v,—Ve)




2 Experiments Using Accelerators
O
—
ALY
E . =250km, E = 0.6 GeV in matter
9 —— Normal Hierarchy = 0<45°
O 0.07- — Inverted Hierarchy ——- 6>45°
@
g 0.06 -
- o~
- \ ~.
q-) 0.05_ ] \\ P— .'\

0 8 Tl NN \\\\
: |? ‘\‘ *'.\;:* \‘Q\ \\ \.\\

el - N
>\ I . 004: 7 \‘.\‘\’ .\\\ ~ \ N\
@ 5?: "o ‘\"o.f.\\"'\ N
: '\\::l ‘\‘ ) \" \\_4
67') 0.03- \\....i. \x‘
& 6ep= —90° -
0.021 (o 5cp =0
8 6cp=90
0.01 - 6cp=180°
GRASPA’26 | | | | | | :
s 0.01 0.02 0.03 0.04 005 0.06 0.07
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2 Experiments Using Accelerators
O
S
T
E .L=1000 km, E = 2.5 GeV, in matter
9 —— Normal Hierarchy = 0<45°
O 0.07- — Inverted Hierarchy ——- 6>45°
@ 1:\\
S 0.06 - VW
N \
)  ZnTIAN AN
: O 05 ] “\‘ .\.. \.\ \\
Q.) —_— ) ‘\" l. \\\ \
: '30., \.’ ’\‘ ~
=\ % 0.04 . " *——
= V.U SN \ TS~
g Q ~. A * ......... \\\ \‘\\
s R N
"(7) 0.03 - . 'o.\'\\\ \\\
i Ocp= —90 u, . o o
0.027 o 6p=0> 0 el o
8 O6cp=90
0.01 - S5cp=180°
GRASPA’26 | | | | | | :
s 0.01 0.02 0.03 0.04 005 0.06 0.07
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Current v accelerator experiments

NOVA In the US
Since 2013, L=810km, E = 2

Ash River
&3 T2Kin Japan -

| Kamm% ) Since 2010, L = 295 km, E = 0.6 G« ‘fﬂ

) "“Equal v and v runs '

ermilab GeV
Near detector Is a gaseous TPC Equal v and v runs

Far detector Is Super-Kamiokande Near and Far detectors are
plastic scintillators

INGRID

(on-axis) ﬁ\
/\%
Magnet 295 kIIl

v source |-

Super
Kamiokande
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Current v accelerator experiments

%5
-
O
= - -
c T2K In Japan NOvVA In the US
—
Y —
O L] L]
8 NOVA Preliminary
60— —
O T2K Runl-10 Preliminary NOVATD -
% L L rrr o ]rrrryrrrryjrrrrJyrrrrrrrr T E 5 13‘60}:1 0 POT_Equiv {'\-’) i
_ S E 24 . 1 68% syst err. at best-fit — S | 12.50x10%° POT @) ]
— o - . v Best-fit : (0} .
"S E 22— ey —o—- Data (68% staterr.) 'g 50 — -
Q : .***""'-.'- | : c : |
OB S 20 s, 7 S — = | 1
— _ : N 5 .
: O 18— ] Q r |
>\ = n e 5 E 401 _
- — cC B 7
O ERRUS - © | -
> B - - Lol '
Y E 14+ _ _F_D . }
V) E : 0, = 045,050, 0.55, 0.60 O Oep=m : g N-
2 o s : m Sp= 1/ > | ™
“‘E B _— ﬁm:u =2 493‘:10 EV , . a = 0 ” E ] )
< 10 ﬁm:” = —2.46x10" eV a 6 r-= /2 ] S| ]
I T T T T N AN T TN N TS N M M A N A T T N S A B B N A RN o 20 - &0{ —_—
50 60 70 80 90 100 110 120 =10 8cp=0  ® d¢p= /2 :
Neutrino mode e-like candidates :Dl Ocp= T I " Ocp= aﬂl 2 |* 2020| best it -
W LOPEZ 20 40 60 80 100 120
AN Total events - neutrino beam
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Current v accelerator experiments

10

T2K In Japan
T2K Run 1-10 Preliminary
NH L I | I 1 | | | I I | I | I I | | | I I | | I I | I | I I:
< 95 —
—— Normal ordering ]
20 Inverted ordering -
15 CL _
90% CL _
15 [] 26 CL -
[Ee==] 3o CL -

OSlight preference for Normal Hierarchy
Odcp = (0, ) excluded at 95% C.L. for both MH
OLarge range around dcp = +11/2 excluded at|30

NOVA in the US

NOVA FD 13.6x10%° POT equiv v + 12.5x10%° POT ¥

6]

: o ~ -~“NHLoweroctant &
- N 1<
...6....4_ NH Upper octant - >
~ L --|H Lower octant 71—
Q T — |H Upper octant | @
O 3L 1=
CF 13
© T 15
O 1
“— 20— 1<

| G B _

R -

N 1 2

0_ | I | | I ! ! I | :

0 g n 3T 2T

2
8CP

OPrefers Normal Hierarchy at 1.00
OExclude dcp = 11/2 + IH at >30
OExclude ocp = 311/2 + NH at 20



Future v accelerator experiments

T2HK In Japan DUNE in the US
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| =300 km, E ~ 0.6 GeV L=1300 km, E ~ 1-3 GeV
260 kt water Cherenkov detector 40 kt liquid argon TPC detector
Proven and scalable technology 3D Imaging with high granularity for

Excellent e-p ring separation precise tracking

Little R&D foreseen Low energy threshold (~10s MeV)

Only low energy beam possible (< 1 Gev) 'MPortant R&D efforts ongoing :

SLOPEE Scalability, Engineering

MORENO

Both planning of starting data taking in ~2027




Future v accelerator experiments

T2HK In Japan DUNE in the US

35

| \
Yd
O
\
| \
O - DUNE Sensitivity . 5. =2
U) .'2= : ERE R RERBRENREREREN BRE R BB s B i - ﬁll Sysltgm:tit_:s DUNE default operation :
= [ R o . Normal VUraering 100% of 5, values
O ?_’. ~ —M— Atm+ Beam (True Normal) sirf6,,=0.6 = S 30: SII‘I22B13 = 0.088 +0.003 . 40 kton of LAr Staged
g | ——g— Atm + Beam (True Inverted) sir?e, =0.4 a — - Sil‘lzﬁzs: NuFIT 4.0 90% C.L. Beam power at 12 ~ 24
O = 2 & Atm + Beam (True Inverted) sirf6_,=0.5 C
r — ] .9 MW
: 2 E —— Atm + Beam (True Inverted) sirf5, =0.6 o .,G
s _S 4 :— —: ?D—J. kteMWeyr  Staged years
& = & i Pt
- e 3 = S 100 3.1
D S - c
el i — 200 5.2
::: L;i 2+— . .92
E . T 336 7
i i @)
>\ L - - 624 10
b E E 2 1104 15
: Ol_l{lllléllllélllI4Illll511IlIéllll7lllllalllllgllIII1IOI_I ; 0
Yd | Running Time (Years) 0 50 100 150 200 250 300 350 400 450 500

Exposure (kt-MW-years)

detector _

In the ideal case of dcp = -T1/2
O DUNE will resolve the MH at 50 In ~1.5y
|3y to exclude the wrong MH for any doce value]
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O T2HK itself do not have a lot of sensitivity
[can reach 50 In 10y with beam + atmospheric
V]




2 Future v accelerator experiments
O
Y - -
T T2HK In Japan DUNE In the US
—
"
O 1 i _ DUNE Sensitivity 7 years (staged)
2, | Normal hierarchy Kn deri | 10 ;a:z;t%T:;L7:g ottt Trows
Q - 10yat1.3MW OWNl mass ordeiing - sin®20,, = 0.088 +0.003 1o: Variations of
8 + 2018 T2K systematics (eXtemal COHStraint) - : 0.4 < sin’0,, < 0.6 :::::::::,;::::;::tm

@) f | = ="

o - D I
S IZ 3 Atm S I
= s < 9
- S 4l o |
O ﬁ | I qf
< 3 3 b
>\ % ' /HK preliminary Beam only % 2]
[ - G snla A e e e
: -1.07 -0.87 -0.57 027 0.0m 0.27 0.5 0.87 10= 0 |
"(7) Scp "1 —0.8-0.6-0.4 _0'25?,/ 02 0.4 06 0.8 1

c T

In 10 years of operation, if the MH Is known:
O DUNE can exclude dcr = (0, 1) for 50% of dce values
O T2HK can reach 50 for 60% of dce values
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g How neutrinos get massive ? BBOv experiments (SuperNEMO, CUORE, SNO+)
e © The Dirac way o The Majorana way
@&=5 Through Higgs coupling No distinction betweenv andv . — cp7 — ¢
}:J Need a sterile right handed v Mass given by seesaw mechanism 2
. . m = I
8 L0 — mp(Frve + PvR) Need massive neutrinos MR . Very big
mp = % v « ~ 10712 (why?)

— Only one way to prove that neutrino are Majorana particles :
[Double beta decay] : : : :
Double (3 decay with no neutrino emission

o BB2v iIs very rare (half life ~10% - 104

Y)
° 330v Is forbidden in SM

Llepton number violated by 2 units

— Two Neutrino Spectrum

— Jero Neutrino Spectrum
1% resolution

M2v)=100" 1(0v)

€
Very clean

experimental
sighature

Double beta decay
which emits anti-neutrinos

GRASPA’26
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Meutrinoless e - : . ,
double beta decay 0.0 0.5 1.0 1.5 ap

Sum Energy for the Two Electrons (Me V)



(é) Only 3 Neutrinos ? STEREO, SOLID, PROSPECT,...
-9 1-£_IIIII || ||I|II| | | ||lI|I| = lllﬁHVS.hé\Abﬁ& (zbllljlo-yﬂoué I IIIH_I . _ _
Cg | T | Arevised reactor ve flux analysis
= KRl i A | A | showed that all past v experiments had
O oc | 2 “ il - o= .
= 2 oo rghis 1 a~6% deficit at small distances (30)
O Kt - : I
O FLSmE i .
3 o7l - | -> Problem with reactor flux ?
$ oelll [\I\w—:‘ -> Existence of a sterile neutrinos ?
S sl m 'Nlil ﬂscilli&lliﬂ'l"l ‘ . 1
ﬂ.ﬁj—:::;:rs:;"?:uns (3 active v's + 1 sterilev) —_ La.teSt FESUHZS .I:rOm STEREO
0.4 IIIIT | 1 111l LI IIIIII| . IJIIlIl L lIIIII| | | |IlJIl| | 1 I I1Mld o' =
10° 10’ 10° 10° 10° 10° 10° | RAA 95% GL P~
Reactor To Detector Distance (m) | : E:ﬁt:rli::'le:; fit >
- Sterile because this neutrino cannot interact with weak L
force: it would be Invisible . \_‘
- But all 4 neutrinos could oscillate within each others & ] —
- New mass splitting and new mixing angle o

| STEREO 95% CL
Amz - 2 eV2 == == CLs sensitivity

ClLs exclusion
= wm 2D sensitivity
20 exclusion

78 Best fit parameters of reactor
anomaly:

sin?(20) ~ 0.15
Losc "' feW m 10—:0_2
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Neutrino Astronomy: ICECUBE, KM3NET

o Unlike protons & gammas, neutrinos points to the
sources

o Can probe the inside of the structure
o No GZK threshold : can probe far away objects
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On February 23’0’ 1987 a supernova exploded In the large magellan cloud (170 000 l.y
3h before the light signal, three neutrino detectors observed

a large number of events in a very short time (24 events In _SN1987A
13s) R _

0@ Kamlokande@a@;{;m ° 99% of the SN energy Is released o
80 - NIga” nGUtrI nOS "" ,‘4 ~_
l'z | ﬂ_, st | i e e
1INV o 15t case of neutrino astronomy ancEEEss s e
| multi-messenger Sa o R

o all v experiments waiting for next
nearby SN explosion

:‘...I..

-~ g -
8O ué : | {1210
L] -
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Neutrino Astronomy: ICECUBE, KM3NET

o Unlike protons & gammas, neutrinos points to the
sources

o Can probe the inside of the structure

o No GZK threshold : can probe far away objects
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On September 22" 2017 . Simultaneous light & neutrino
detection from the TXS 0506+056 blazar (30, Ev = 290 TeV)

-
(blazar = Active Galactic Nucleus with one jet pointing to earthg

o 1st case of planned multi-messenger astronomy 5 0 ke

o Confirmed that blazar emits neutrinos

A. LOPEZ
MORENO
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