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Why do we study neutrinos?
(1) Fundamental Particle

(2) Abundant

Massive particle more
abundant in Nature

(3) Elusive

Difficult but not
Impossible to catch

(4) Oscillating 'V,
v (5) Lightweight

e V‘l‘ The weight almost nothing

(6) Many different

sources (1) Mysterious
@ . Not fully understood yet

3 Key to understand the Universe

e Are neutrino and anti-neutrino the
same particle?




Some history

» December 4, 1930: Wolfgang Pauli proposed a desperate way out for a paradox that had arisen in the field of

nuclear physics in the famous letter: “Liebe Radiaktive Damen und Herren....”

» Problem: Disappearance of energy in the decay of certain nuclei (beta decays) Lise Meitner experiments

>

Observed
Continuous spectrum 3 3 —

Rate

Energy and momentum
not conserved?

Expected

Energy of the electron

» Solution: a new neutral light-weight subatomic particle (undetectable)
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Offener Brief an die Grunpe der Radiosktiven bel der
Gauvereins-Tagung zu Tubingen.,

Abschrift
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der Eidg. Technischen Hochschule Zirich, Lo Des. 1930
Qirich Cloriastrasse

Liebe Radiocaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich luldvollst
ansuhbren bitte, Ihnen des nZheren auseinandersetsen wird, bin ich
angesichts der "falschen" Statistik der N= und Li-6 Kerne, sowie
des kontimuierlichen beta-Spektrums auf cinen versweifelten Ausweg
verfallen um den "Wechselsats™ (1) der Statistik und den Energlesats
su retten. MNimlich die Moglichkeit, es k¥nnten elektrisch neutrale
Tellchen, die ich Neutronen nennen will, in den Kernen sxistieren,
welgche den Spin 1/2 haben und das Ausschliessungsprinsip besfolgen und
‘eheh von lichtquanten musserdem noch dadurch unterscheiden, dass sie
mit lichtgeschwindigkeit laufen. Die Masse der Neutronen
von derselben Orossenordmng wie die Elektronenmasse sein und

8 nicht grosser als 0,01 Protonenmasse.- Das kontimuierliche
Snektrm wire dann verastiandlich unter dar Annahme. dass beim

n—p+e +r,

» 1933: Enrico Fermi proposed his beta decay theory including this particle, the neutrino




Neutrino Discovery

» 1956: First observation of neutrino interactions by Clyde Cowan and Frederick Reines at the

Savannah River Reactor (South Carolina). ~30 years after Pauli’s proposal \u. m h 5 T

e "'ﬁi |
_ %{a fk,& : @

» Reaction:

p+i,— n+e” |

» Detector: 400 | water + CdCl; seen by 90 photodetectors

Cadmium Capture

1) prompt signal: e +e~ — y+vy S Ve
Liquid
Scintillation
2) delayed signal: n +19% Ccd —199 cg* —109 Cd + ¢/ \1 Detector
Signal: delayed (few us) coincidence reactions ety el 5* oG Tt
Moderation / H,O + CdCl,
Target <. Positron
Proton Annihilation
1995: (1/2) Nobel prize to Frederick EF Liquid
Reines “for the detection of the neutrino” . (A rbrer:

Adapted from Nuclear News December 2020




1988: Nobel prize “?@

Discovery of another type of neutrino

; M
» 1962: Leon Lederman, Melvin Schwartz, and Jack Steinberger found another type ol | ld o1
of neutrino using the most powerful accelerator in the world at that time s
» Accelerator: Brookhaven’s Alternating Gradient Synchrotron (AGS) 1))/ 4 \‘*I; -

\\/ CC interaction
/ vp I u_
|
W
I
| o
&@ //\\ "J:;f’,," target proton accelerator 2 \ 72) (,.—; i
" - A L) et

» Reaction:

v, ->

detector -
pi-meson steel shield spark chamber

First detection of accelerator neutrinos beam

» Detector: Spark Chamber to observe clear tracks :

Single muon event

Electrons produce showers,
muons produce clear tracks
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— Scientific American (1963)




Number of light neutrinos: 3

= 2v

» 1989: The 4 detectors of LEP (previous to LHC at CERN) E—é |
determine the number of light neutrino families b'g 30 ALEPH

- DELPHI

- Unstable particles have an intrinsic uncertainty or (width) in the L3
. . o - OPAL

measurement of their mass. From Heisenberg'’s principle 20 |

:+ averagel:) meqsuremel(llts,
- This width, I, is proportional to the number of decay modes by factor 10

10
FZ — BFZ + Fh + NZ/FI/ -
The result at CERN was: N e S T
36 38 9 92 94
Only three lights and active neutrinos I,is ~2.5 GeV
Very heavy neutrinos? 20% of the times decay to neutrinos

Sterile neutrinos?




Direct observation of the tau neutrino

Protons produced at Tevatron

Emulsion  targer

» 2000: DONUT experiment at Fermilab

Direct Observation of NU Tau
DONUT

Shielding

» A crucial piece of the neutrino puzzle was missing for some time

» "It's simply been accepted that this guy exists” said few senior

: : : : F.L.=4535 .

scientist of the DONUT collaboration at the time &
By =0.003rad | e
Tau neutrino interactions are more difficult to observe, for the P;aoefi‘:m:/c |
short lifetime of the tau lepton (2.9 x10-13 s) P332 Cpvic -
T //t . . ’ o’
s = R R A
.‘ Steel - Blue
T e Emulsion - yellow

U, ~—=~ T =e +U,+v, ~18% "[-H-




Neutrinos in the Standard Model

Particles of the Standard Model (SM)

- Standard Model leptons

- Neutral charge

u

photon

- 3 neutrino flavours

- Spin 1/2 T ‘ W

- Weak interaction (and gravitational)

Higgs booo '°'

74

:u":lnno

UOII

neu ttlno * ol
Iectro 4

¢ QUARKS @ LEPTONS @@ BOSONS @@ HIGGS BOSON

In the SM the lepton number is conserved
and neutrinos are massless

symmetrymagazine.org




Neutrino sources

» There are many known neutrino sources

Source Neutrino Type
Reactor v,
e M e Accelerator v, Dﬂ
Reactors Atmospheric Sun Ve
Atmospheric YV, Ve U,
Terrestial v,
Extra-Galactic Vw Uy Ve 1,
Supernova Ve U, Uy, v, Vr U,
BigBang Ve U, U, v, Vr v,

Terrestrial Extra- & Galactic Supernova Big Bang as produced in the source




Neutrino energy spectrum

» Covering an energy range that extends over more than 20 orders of magnitude

1018 o | T I T T I | T T T T T | I 1 T T T | 1 T | I | I m
1012 :

L : Solar (nuclear) :
w  10°F =
! E : Reactors E
5 10°F TR -
I8 = Geoneutrinos™ T\ 2
3 10°F - E
= - DSNB - ~ " 3
3 1012 > _Atmospheri :
3 : Atmospheric E
-18 - N\ =

,E 107" \ =
5 j0#E ™ lceCube data =
g o @
1020 F ™ :

: Cosmogenic—= > -

10-36” F—y—a—1 g5 —f—1—p—r—1l—a——p—¥ 39— —p 00— -y 51— "N
107 107 10° 10° 10° 10° 10% 1o 101

Energy E [eV]
Rev. Mod. Phys. 92 (2020) 45006
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Neutrino interaction cross-section

» Interaction very very weakly

—
Q

E.

- Extra-Galactic Cross-section: indication of likelihood of

E Galactic two interacting particles
Accelerator

1mb = 10 em?

—d
Q
~

Atmospheric
SuperNova

Cross-Section (mb)

—h . [SSN —h
Q o Q@ o
pu—ry — -y —
[{=} D w o

- Example:

The cross-section of a 10 MeV
photon interacting with an
atom is 1b

10°

1 0—28

10
10 102 1 102 10° 10° 10° 10° 10” 10" 10" 10"
Neutrino Energy (eV)
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According to the SM neutrinos come in 3 flavours and can

be detected through the corresponding lepton
However, it the journey is long enough, the

situation can be different

e
SOUMCE e — — — — — — — — — — ,a<'
U 1% _
¢ € detector T
Sourcs — g -~ - — <
H yﬂ long journey Uz detector
Source m——lfp — — — — — — — — — 1/_> *<'
I/:u H detector
Neutrinos oscillate among flavours
=
SOUICE mm—fpy- — — — — — — — — — I/_> .Kv
I/T T detector

| | Non-zero masses
Laura Baudis, Fermilab Talk 2020

12






Neutrino oscillations: theory

— - Neutrinos produced/detected as defined flavour states: , V), L/,
vy v b3
SOUMCE mm—fy — — — — — — — — el < * Neutrinos propagates as defined mass states: Uy Uy L3
v Ve detector - Flavour and mass states related by a mixing matrix

- Determined by: 3 mixing angles and 1 CP violating phase

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix (1962)

—iS
Ve 1 0 0 C13 0 S13€ tocp C19 S192 0 1 cij = cos 9ij
Vp | = [0 cog  S23 0 1 0 —s12 c12 0] v2 sij = sin 6;;
Vr 0 —S893 (23 — 813 625013 0 C13 0 0 1 V3
data from atmospheric data from solar
+ accelerator neutrinos neutrinos

14



Oscillation probability for three flavours

Am | Ame
PI/”—)V'i([J’ E) - (s(t;} a 4 Z RP []“[]h[]”/[] ] Qinz . 2 Z Im U(uUhUu‘l‘U;‘/’] S ZE/
l>_] l>]
Aml] = m2 — m]2

Neutrino oscillations described by 6 oscillation parameters

2 )
012> 03, 0,3, Amy,, Amgy, Ocp

Depending on L and E, different experiments will be sensitive to a different set of parameters

| T lllustration for two flavour mixing
P(ve — vy)
0.8 — —
N\ 2
/‘ a2 [Amy L
0.6 — — P(v, — vy ) = sin” 20 sin
P(v, — V,) 4E
04— —
0.2 — — Pv,-v,)=1-Pu,— vﬂ)
| IS S ST S SN S TN NN SN N SN S N l'n PR SR S T T SN SN T SN SN TN SN SH NN T T e S S S 1
0 0 100 200 300 400 500 600 700 800 900 1000
Ve Uy Ve Uy Vo Yy Ve U Ve 1M Am2 =0.003¢V  sin0=08  E=1GeV
Ve Uy Ve Ve U,M U,u Ve Ve Ve

15



Oscillation probability for three flavours

i ~ , [ Amz. L .- [ AmL
1) = g4 R U s (AT52) =2 Ut e

1>

1>

2 _ .2 2
Amij—mi m;

e L L B S s — e~ lllustration for two flavour mixing

0.8 — \ — 5
/ 250 2 ((Amy) L
0.6 — — P(v, — vy ) = sin“20sin
P(Ve = Ve) 4F
0.4 | — —
0.2 |— T P(I/e—>1/e)=1—P(I/e—>I/M)
Y S

0 0 100 200 300 400 500 600 700 800 900 1000
Ve Uy Ve Uy Ve U Ve U Vo MM Am2 =0.003eV  sin®0=08  E=1GeV
Ve Ve Ve Ve D,M U,u Ve Ve Ve
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Knowledge on oscillation parameters

08
Sin“0,3 0.9
4
|Am321|
L, 045
015
10
Am221 9
, 0.04
n-6
2

Ocp 6

‘98 2000

P. Denton, arX|v 2212.00809

M. Tortola, Neutrino2024

Denton

2005

2010

2015

2020

Known parameters: 0,,, 0,3, 0,5, Ams,, | Am3, |

parameter best fit = 1o 30 range
Am3, [107°eV7] 7.55 055 6.98-8.19
(A2, | [1073eV?] (NO 2517003 2.43-2.58
Az, | [1073eV?] (10) 2411008 2.34-2.49
sin? 65 /10~1 3.04%0.16  2.57-3.55
sin? (3 /107! (NO) 5.6470:2°  4.236.04
sin? 0,5 /107! 5.647012  4.27-6.03
sin? 613/1072 (NO) 2.207000  2.03-2.38
sin? 615/10~2 2.20700:  2.04-2.38
5 /7 (NO) 1127515 0.76-2.00
5/ (10) 1.5050 1 1.11-1.87
Global fit

Unknown parameters: Mass ordering (sign of Am23;) and dcp

2.7 %

5.4%

2.6%




The unknown parameters and their implications

Unknown parameters: Mass ordering (sign of Am237) and Jcp

v e v, Ve
1.96m

» Neutrinos have mass. What are value of the masses? R A e S . tAms,
Vl_ 1:11;-[ 4

» What is the mass ordering?

° ° ° ° 2
» What is the origin the small neutrino masses? Amsz; <0

The mass scale of neutrinos is very different from other particles

1.99m
I VZ— 0.71m

>
in the SM. This points to physics beyond the SM Am3,
v, 12T ) Iiin ¥
» Is the CP phase non-zero? What is its value? Normal Inverted
Do neutrinos and antineutrinos behave in the same way? Ordering (NO) Ordering (NO)

2 ) )
Am31 = Am32 + Am21

2
| AmZ, | ~ | AmZ |

18
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The solar neutri




Solar Neutrinos

» Nuclear tusion in the Sun produces a large flux of v

pp chain

pp-v

2 +
p+p—=H+e'+v,

pep-v

- 2 ”
p+e+p—->°H+v,

1

i
0.4%

i
99.6%

H+p —3He +v

85%
i

2 x 19-5 % hep-v

CNO cycle

2C+p>"N+y

BN 13C +e*+

i

3He + 3He — “He + 2p

—

SHe + p - “He + e* + v,

BC+p > "N+y

Y

pp-

15%

*He + ‘He —» "Be + ¥

786-1/ 99.?7%

0.1;3»%

‘Be+e > Li+v,

1

Li + p > 2%He

pp-Il

5B-v

Be+p—>B+y

1
8B > %Be* +e* +,

“N+p->10+y

O + p = N + “He

150 -5 N + e* +

f

TF 5170 + e+ +

{

N + p = “He + 12C

0O +p > "F+y

}

A

1
8Be* + p — 2%He

pp-lll

00.96%  0.04%

Flux: 6x1010 neutrinos/cm2/s

Only tool to probe the Sun’s core

BN +p— 180 +7

—

i
n
o

Solar neutrino flux (cm™

» Spectrum: according to the standard solar model (SSM)

1013
1012
10"
1010

-
o
w

108
107
106
10°
104
103
102

pp [£0.6%]

~

Nature 562, pages 505-510 (2018)

'Be [+6%]
pep [£1%)]
8B [+12%)]
/
/
/
hep [+30%]
1 i/l/nf/ L 1 Lo a1 ]
101 1 10
Neutrino energy (MeV)

Dominated by pp-neutrinos at low energies and

by 8B-neutrinos at higher values

20



https://www.nature.com/

Solar Neutrino Problem: Homestake

» 1968: Raymon Davis proposed an experiment to detect solar neutrinos (ve)

Homestake Experiment (1970 - 1994)
» Detector: 615 tons C,Cly (dry cleaning fluid) + 1478 m underground

» Reaction: Inverse beta decay (neutrino induced)

ICl+v, —>T Ar+e”

» Energy Threshold: 0.814 MeV (mainly 8B neutrinos)

» Signal: 3/Ar decays by e- capture to 3/Cl| with halt-lite of 35 d
37Ar recover by flushing He through the tank

» Problem: they measured solar neutrinos, but less than expected
1/3 of the prediction by solar model

________________

[ ————————— ]

processing room

STAr decays

N A




Solar Neutrino Problem: Homestake

2002: Nobel prize “jlé
R. Davis

Collection of data along 20 years: Observation of just 1/3 of the prediction

~ | ' ?
5 ].¢2~ 0‘ I\ i 5
3 .
g 1.0” .O. .. o ®
< | 1 K < o ~
2 08} T . o . Avg
o ’ J e T R:th_
g 06| |
Q |
2
8 0.4” ® Q‘Q -,‘N | S
i $ ¢ | ® o
2 .0 N (R ¢ T4 * o ¢ a .
0Ll
00 o ¢l o U . v l |
1970 1975 1980 1985 1990 1995
Year

SNU = Solar neutrino unit = 10-36 captures per target atom per second

8
Theoretical

417 Prediction

» For more than 20 years the experiment
showed a clear discrepancy with the
predictions of the solar model

» FIRST EXPLANATION: theory and/or
experiment were wrong

» In the 90's similar experiments tried
to measure solar neutrinos as well

- SAGE ("1'Ga) "NGa+v, —" Ge + e
- GALLEX (7'Ga) "'‘Ga+v, —"' Ge+e”

- Kamiokande (H20) v, +e™— v, +e”

22



Solar Neutrino Problem: Super-Kamiokande

: : 2002: Nobel prize
» Predecesor: KamiokaNDE, small size for nucleon decay searches (1983)

M. Koshiba  § 2

» Detector: 50000 tons of water seen by 11146 large PMTs (50 cm @) (At the Kamioka mine)

» Reaction: neutrino-electron scattering (CC interaction forbidden in O-nuclei)

I/e 4+ e — I/e + e E,>5MeV FIRST Results (1 996)
» Technique: detect Cherenkov radiation 5 < E, < 20 MeV
£ 02
e o . . Q .
_ N\ A Ry Typical ring of the é
B— \ Cherenkov radiation >
r,- D 4 o L4
A ’\\.\ " | AR g S "UE) 0.1 WWM

S e 0

T T ' : L

e 1D y

= FHE ;:t, #-op L DA R
; 3 j—_‘r\l Al 0 l . ,
B ——— el ~1 -0.5 0 0.5 1
- . Y PMIs cos Ogn
| e -
Y f > | ¢ . 1) Neutrinos do come from the Sun
N el - Measure of the energy (calorimetry)
- - Measure of the direction 2) Only 50% of the prediction
39 m

23



Solar Neutrino Problem: overview

Theory of flavour oscillations

rounding some minds

Situation of the solar neutrino community in the middle of 90's PMNS theory since 1962
Prediction e
By this time it was clear that:
(100%) ™= I y
» The problem was not Homestake

X
= ~60% s » Something was happening to the
_uc; ’ ° neutrinos in their journey from the
o Sun to the Earth
- ~35%
&,
¥y
S |
© Note:

D U . . .

QE’Aé Different deficit due to the different energy

2% sensitivity and the detection technique of

each experiment
37¢| H,O P
Ev> 02 MeV Ev> 08 MeV Ev> 5 MeV

24



Atmospheric Neutrinos

» They are produced when a cosmic ray (extremely energetic

cosmic nucleus) interact with the atmosphere, producing a

Cosmic ray :
shower of particles ~15 km above ground

A\ n » Short-lived mesons (mainly pions) are produced. These
Y A decay into muons + muon-neutrinos
T

» Some muons decay into electrons + electron&muon neutrinos

Ne % \ ™ v, Composition: two-thirds are v, and one-third is ve

ST TR (with corresponding anti-neutrinos)
. e

Vi \ Ve f"——h 3
¥y 440 N Energy: 1GeV - 106 GeV
-
e =5 - v :'- "-\:_-.':."' « =
e v SRR —

T. Kajita (10.2183/pjab.86.303)




2015: Nobel prize
T. Kajita /)

Atmospheric neutrino anomaly

» 1988-1992: Two water-Cherenkov experiments (Kamiokande & IMB)
observed a deficit of v,

- they could distinguish between v, and v, interactions

- ratio between v, and v, did not fit the expectation

1998: Super-Kamiokande solved the mystery

Zenith

Multi-GeV e-like Multi-GeV u-like + PC

Explanation: el

: Cosmic ray
| ¥
1) ve do not change /)|

. w
Atmosphere ‘9

Super-

2) v, from above do not S vomiclance V¥
change (cosf =1)

3) Many v, from below
oscillate to v (cos6 =1)

Effect caused by the different travel distances




The final explanation with the SNO experiment

» 1999: The Sudbury Neutrino Observatory (SNO) experiment in Canada PROTECTING ROCK

was designed to measure both ve and total neutrino flux from the Sun 3 B

Both electron neutrinos )
alone and all three types of 2100 m
neutrinos together give sig-

» Detector: 1000 tons of heavy water (D,0O) inside a 12 m diameter nals in the heavy water tank
vessel observed by 2600 PMTs \ | '

» Detection technique: Cherenkov Radiation

» Key Feature: the deuteron, bound state of a proton and a neutron,
has a binding energy of 2.2 MeV, relatively small compared to the
energies of the 8B solar neutrinos

» Reactions: U, T+ D — p+ p+ e (Charge Current interaction)

U, + D — U, +p+n (Neutral Current interaction)

U, +e — U, + ¢ (Elastic Scattering) e

1999 - 2006

27



2015: Nobel prlze
A. McDonald ([

SNO Results: everything agrees

» 2001: Conclusive results. The total neutrino flux agrees with the prediction of the standard solar model (SSM)

-

g i 7
o e . N - deons 68% C.L.
= BRSOt i, " o SSM prediction (BPB 2000)
R e N N L Y
s “ —— O 68%,95%,99% CL. -~ SNO — 1.76+0.96 (stat) T30 (syst)
3 F 5 6 = 239233 sta) {3yt =
X PO R .. e SO = 5,097 44(stat) T3 S syst) 7
o I WA 0 - o« s
B, 0 X X £
BE N e, 0 SR R e % 3 - &
3 o - 0.5
e SNO S 2-
F I ¢cc 68%CL. 2 " b------panins------ manmany------pammmag- -
= I oxc 68% CL. 1+
[ o2 68% CL.
B 0 0.0
: - ¢ES 68% C L. cC ES NC
O_ L1 1 1 I | I I | l I S I | I L1 1 l L 11 R | _F h . .
A 0.3 " T 5 55 3 3.5 esults of the previous experiments correct

¢, (x 10° cm™? s7))

SNO results showed evidence of neutrino flavour
oscillation over large distances




Conclusions from 1970 - 2003

» Firmly stablished the flavour oscillation framework
» Neutrinos do have non-zero masses

» No clue of the absolute mass scale

» Solely experimental evidence of Physics Beyond the SM

What happened next?

Since we knew neutrinos oscillate, we have been working on characterise

all the parameters describing this phenomenon and the rest of unknowns
around the neutrino nature

29
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Neutrino oscillations: back to present

— - Neutrinos produced/detected as defined flavour states: U, V), U,
SOUMCE ey — — — — — — — — — < - Neutrinos propagates as defined mass states: Uy Uy U
Uﬂ long journey Dz detector - Flavour and mass states related by a mixing matrix

- Determined by: 3 mixing angles and 1 CP violating phase

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix (1962)

Ve 1 0 0 Ci3 0 sp3e ocp cia s12 0][ v
vy | =0 €23 8923 0 1 0 —812 ci2 0| o
Ur 0 —s23 cCo3 — 813 eldcr () C13 0 0 1 V3
ATMOSPHERIC + REACTOR SECTOR SOLAR SECTOR
ACCELERATOR SECTOR

y) )
+Am21, Am31

Cij = cosb;;

Sij = sin0;;

31



1. Results from the solar sector: 9,, Am?,

sz
N -~ G 00

2

in 10°eV?

—
&)

21

Am
-

Phys. Rev. D. 109, 092001(2024)

 sin® (@12) =0.306%£0.013 Am21 (61
 sin’(@,

-sin ( 12)=0.316" 883%

OO-h

,)=0.307+0.012  Am2,=(7.50*

018 10 56V sin 2(0,,)= -0.0218+0.0007
28) 10%eV?
019) 10%eV?

| lq 20i.

Results from KamLAND + Solar Experiments
(KamLAND + Homestake + SAGE + Borexino + SK + SNO)

Green Area —> Solar experiments

Blue Area —> KamLAND
Red Area —> Combined

Sin2912,g10bal = 0.307 £ 0.012,

A7n’21,global (7 50+8 ig) X 10_5 6V2

........................... I B 30
0.1 0.2 0.3 0.4 ) 05 2468
sin (912) Ax

he sing of Am2,; from matter
effects in the sun
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Borexino Detector

» Detector: 278 tons of liquid scintillator (13.7m @ + 2200 PMTs)
» Location: Laboratori Nazionali del Gran Sasso (3700 m.w.e)

» Reaction: v, +¢ —> U + ¢

» Excellent energy resolution: ~5% at 1 MeV

» Energy threshold: ~150 keV neutrinos from pp-chain and above

» Very low background level

» Since 2007 to 2021

f pP»
Y (o)
w05’ Lo
Girst 5PE° ep and CN
75e: “eu-“\“os

f«mm )

4,*,7 Q\ m\\, 411'
el -3

' ' ! ', "v'r 'v '! ‘

!

0.8

0.7

0.6

0.4

0.3

0.2

103

N,)

102

Events/(5

10

pp

vacuum and matter-dominated regimes

lll | | 1 llllll

Nature 562 (2018) no. 7728, 505-510

Be

Vacuum-LMA

lll 1 1 1 llllll

200

300

1 10
Neutrino energy (MeV)

N
400 500 ' 600 700 800 900

T TTT]

|

L IIIIIIIE

I

T

II| LTl
. :

h

-

-

.+ 1 ' 1 ' 1 ' T ' T ' 1
"Be-v and ®Be-v

10

External backgrounds
Other backgrounds

- Total fit: P value of 0.3

2 000

1,500
Energy (keV)

1.000

2,500

Nature 587 (2020) 577-582
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2. Results from the reactor sector: 6,; Am:,

NuclearReactor
Produces Electron-
Antineutrinos

N

Short Baseline: L~ 100m -1km E < 10 MeV

» Physic Channel: disappearance

N

Near Detector observes
a few of the
Electron-Antineutrinos

Far Detector observes
a few of the
Electron-Antineutrinos

Search for the missing neutrinos from a
flavour present in the source

ND |dentical near & far detectors ED
1.0 *

» Detection Technique: : sinizﬂn
lnverse beta decay E Unoscillated flux

— o&_ observed here

+
Ve T p — e +N Survival Probability
P =1 - sin"28,; sin*(1.27 Am; L/E)
LS doped with Gd =
Distance ~1000 meters

Figure: M. Toértola, Neutrino2024
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2. Results from the reactor sector: 0,; Am?,

Double Chooz

[UBLE

Doi -

(i \ Loty Far detector (FD):
\ ®: Reactor == Near detector (ND): = _ Data taking 04/2011
AN i el nd G=Eesse. . Datataking 01/2015 | . -
A 1,050 m QO 300 mwe.
-
\ "_ ——— — ——
‘ Iso-ratio curve
f;[\
2 detectors, 2 reactors
2 x4.27 GW,,

8.3 tons per detector

2011-2020 |-/

291 m.w.e.

x20t 8 detectors, 6 reactors

20 tons per detector

JINIDB 255 mwe.
6X29GW, '

@ Reactor
O Detector

&/ S0, 2 detectors, 6 reactors
Q ! S I,
v ’/ AN 16.5 tons per detector
@ Mo 2011-2023
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2. Results from the reactor sector: 6,; Am:,

Double Chooz > . ; \:‘g" i The detectors are typically “three zone” cylindrical
A I som s modules immersed in water pools
DOUBLE i 'ﬁ ,0 o Gd-LS + LS + Mineral Oil
i ;-B.E{__J § 2 detectors, 2 reactors
' ST 8.3 tons per detector e stainless Steel

Vessel (SSV)

PMT

Mineral oil

%x2t 8 detectors, 6 reactors Liquid Scint.
20 tons per detector

o

Gd-LS

I5m

Inner acrylic tan

@ Reactor
O Detector

' : o '
‘? - 5m
RE M@ § ~30 %, 2 detectors, 6 reactors

4 O13 N ’/ NS 16.5 tons per detector

4
@ o) Example of Daya Bay




2. Results from the reactor sector: 6,; Am:,

13

Nature 16 (2020) 558-564 Phys. Rev. Lett. 130 161802 Neutrino 2024
1.3 | l 1.06 T T ' T ' T . T PR e : e
—4— FD/ND Data ] - : - e Measured reactor v, survival probability in the -
.......... No oscillation - 1.04 ¢ EHI ‘} EH2 } EH3 = i far detector as a function of L.s¢/E, g
1 . 2 . Bt fit ON 8|I‘|229,3 =0.105 + 0.014 . l 07 :- -: l ............................................................................... OBl
[T Mut Detector Uncertainty : ) it Best fit (3-flavor osc. model) ) B N
s i .
a 1 ) 1 Uncertainty is the square root of the covariance matrix diagonal terms ’_;) l B T e I>o - —
@ : [ T — =
2 | T 098 0.95 -
5 : > I T wfsr i -
w 1.0 a. 0.96 — - —’ & .
: — - QI - -
0.94 — - _ ¢ FarData .
i=ar (815 days) + Near ( 2 58 day s ) | - B - i Prediction from near data !
[ | | | | | [ . e It | I | A | i | - 1 | 1 l 1 1 1 | | 1 | | | 1 1 l
0.8, 2 3 4 5 6 7 0 200 400 600 300 0 0.2 0.4 0.6 0.8
Visible Energy (MeV) L/(Ez, ) [m/MeV] L /E, (km/MeV)

Amé(eV2 )L(m)
E (MeV)

P(v. —v.)=1-sin’26,,sin?|1.27
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2. Results from the reactor sector:

» Daya Bay leads the precision measurements

» Results compatibles with accelerators measurements measurements

Experiment Value

nGd —o— 0.0851 +0.0024 2.8%
Daya Bay nH —_— 0.0759 *)0039 6.5%

nGd+nH —— 0.0833 +0.0022 2.6%

nGd ——— 0.0920 +550e 6.5%
RENO nH —_— 0.082 =+0.013 159%
Double Chooz nGd+nH+nC —————— 0.102 +0.012  11.8%
Reactor Average e . 0.083900021  2.5%

NO 0.0892 00138 15.9%
T2K + NOvA

10 0.1008 50152 14.2%

0.06 007 008 009 0.10 0.11 0.12

sin® 203

Figure by Hongzhao Yu Neutrino2024

0
0,3 Ams

3.25¢

N W
a3

|Am%1| [10_3 eV2]
b
-

90, 99% C.L.
2.25F

M. Tértola, Neutrino2024

I ! |

————
~~~~~

- S~

-

0.015 0.

020  0.025

Sin2 91 3

0.030

3.25¢

3.00

N

3

)
|

|Am§1| [10_3 eV2]
D
3

90, 99% C.L.
225

——————
\\\\\
~

RENO

m ]
L L

0.015 0.

020 0.025
Sil’l2 913

0.030
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3. Results from accelerator neutrinos 6,; Ams;,

It can run 1n neutrino or anti-neutrino mode

-

P~

g—

Booster

iy Magnetic Decay Absorber Dirt Detector

focusing horn region
APS/Alan Stonebraker

Two detectors two characterise the
Far Detector (FD)

neutrino flux (near and far)

- after traveling long distances

many v, disappear. . E

Long Baseline: L>100km E > 1 GeV

Two Physic Channel

N

Disappearance Appearance
—>
Pu Pu v, — 1,
- sensitive to 023 & Am?3> - sensitive to Am?32 & Am?s;

- sensitive 1o 623 & B13
- sensitive to dcp

neutrino beam
Near Detector (ND) .,

1000 m \

Neutrino Beam

295 km
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https://alanstonebraker.com/

3. Results from accelerator neutrinos 6,; Ams;,

® Based at Fermilab (EEUU)

N~

Same experimental concept:

ND measures before the oscillations and the
FD looks tor changes relatives to the ND

NOVA

O m,,/ 4 ND & FD same technology (scintillator)

Soudan «@® MINOS

Duluth " "R '//"3-: F\ y MINOS/MINOS+: NOvVA:

NOVAFD MINOS FD
810 km, 14 kton " 735 km, 5.4 kton » 2004 - 2016 » 2014 - Present
Madison ‘ | } FOF I/ﬂ —_— I/ﬂ } For I///l — I/e
MINOS ND » On-axis p Off-axis (14 mrad)

1 km, 980 ton » 350 - 700 kW beam » 700 kW beam

— ) Epeak 4 -7 GeV ) Epeak ~ 2 GeV
Highly active liquid scintillator

NOVA ND
1 km, 290 ton

Near Detpcsor 11 S
W il =2 steel & scintillator tracking
o ./.'::\ ,‘..-:{"‘s

¥ calorimeter to contain muons

i |
-
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3. Results from accelerator neutrinos 6,; Ams;,

MINOS Technology

\R7ALVR /ALY ":>’\" \ .
x\\ Magnetised steel &

(AN >\ \ plastic scintillators

/ N 7 W %N 7N - 700 m underground

_leew

/) \ ;
/) \ :
/ Y/ /
] ] |
¥ \ 7
)y J .I ]
l'l I"l L Y | ’
J \ ' J \
/f A\
'y, \ Y 4 ’
P! A A ot A .
LR W B E— -
/ 7,

scintillator

steel

- Scintillator
(tracks + calorimetry)

- Magnetised steel
(charge of the particle)

muon event

NOvVA - FNAL E929

Run: 18975/43

Event: 628855 / SNEWSBeatSlow
UTC Mon Feb 23, 2015

leptons & hadrons

,, i'.:" 344000 cells of PVC filled
sioutrian with liquid scintillator

from
Fermilab

5ms of data at the NOvVA Far Detector
Each pixel is one hit cell

Color shows digitized from the light

- Scintillator
(tracks + calorimetry)

14:30:1.383526016  Several hundred cosmic rays crossed the detector
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3. Results from accelerator neutrinos 6,; Ams;,

)))))

Tokai to Kamioka

2010 - Present ' o At e e s PARC Main Ring
R Super-Kamiokan o it o L] € (ﬂ (K EK-JAEA, Tokai)
(ICRR, Univ. TokjO)§ B ek gt I o \

295 km, 50 kton

ND280
mK pmon foffaxis . « vV,
ST m— On-axis 2.50 » ND complex: experiment ND280 (off-axis) + INGRID (on-axis)
| | R0 _“)55 | » FD: Super-Kamiokande (off-axis)
Om 120m 280m 295 km

» 500 kW baseline beam (800 kW in 2024)
) Epeak ~ 600 MeV

Near detectors with different technology
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3. Results from accelerator neutrinos 6,; Ams;,

AmZ, (107 eV?)

Phys. Rev. D 109 (2024) 072014

Normal ordering, 90% C.L.

’__.

+_._-.

% — - — IceCube 2023
X —— Super-K

0.35

MINOS/MINOS+ 2020 | . ..\ acore
NOvVA 2020 (LBL)
T2K 2023 _

atmospheric

04 045 05 055 06 0.65
sin‘e,,

» Combination ot experimental results determines

Sin26’23 — ().564 M. Tértola, Neutrino2024

623 — 4870

» Am23,is 100 times bigger than Am2;;

‘ Am322 ‘ =24 X 10_3€V M. Tértola, Neutrino2024

Unlike in the solar sector, the sign of AmZ23; not
accesible with the current experiments

» The sign of Am23; still unknown

two possible orderings are allowed
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Ultra high energy neutrinos

1450 m

——

|

2450 m .:‘\ ‘|| \”‘”

NMW-N —

\ e ﬁ-w | o i R
.V v ~le w"’:’v’

- N LA AL T
——-'

J. A. Aguilar, Neutrino2024

B ICECUBE

NEUTRINO OBSERVATORY

l lceCube Lab

l'l
- —

Amundsen-Scot
South Pole Station

t

. 5,160 Digital Optical
~ Modules (DOMs)

86 string with 60 DOMs
each

6 denser strings called
DeepCore

1 km2surface array
with 324 DOMs: IceTop

Completion in December
2010

» Detector: 1km3 ice at the South Pole
» Detection technique: Cherenkov Radiation

» Main Goal: Observe high energy neutrinos

First PeV (1075 eV) neutrino in lceCube

.".‘0 =

e -
LAd
L

—.'w’\
*® o

-

SENINTINTEY Seee

SSettnenee

99 o
*e

- -

soqddae
LILEER

hid
-
=
=
-
&
-
-

a1
AL AR L[ [ [ [ CL LI
et S Tt > A wf
SRLLLLEL L]

Bert (August 2011)
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Ultra high energy neutrinos
$3 I CECUBE

NEVRING FIRSERUATERY » Detector: 1km3 ice at the South Pole

» Detection technique: Cherenkov Radiation

l aelah G
o » Other Goal: Atmospheric neutrino oscillations
1| T » How: DeepCore (dense array of detectors)
: %103 e v, +v.CC ~== NO0-0SC.
| ' . v, + v, CC § Data
hd ! L — Tl
11 86 string with 60 DOMs . 3
= each -
1450 m ! , o -
L By 6 denser strings called > 2 :
4y {“f DeepCore “=)
all ﬁ 1 km2surface array 0 | 2o ————hla. |
‘ll: 0 with 324 DOMs: IceTop L 12
2450 m | “H | = 1.0
l Completion in December & 0.8 i
Antarctic bedrock 2010 ' 1 0 3

L/E [km/GeV]

J. A. Aguilar, Neutrino2024 lceCube - Neutrino 2024
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Conclusions from 2004 - 2024

» Firmly stablished the flavour oscillation framework
» Neutrinos do have non-zero masses

» No clue of the absolute mass scale

» Solely experimental evidence of Physics Beyond the SM

» Neutrino oscillation parameters measured experimentally using ditterent neutrino sources (solar,
reactors, accelerators + atmospheric) and detector technologies

What next?

Many projects ahead to figure out all the neutrino properties still unknowns
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Final confirmation: the KamLAND

KamLAND: Kamioka Liquid scintillator ANtineutrino Detector

p+v,—n+e”

Calibration
Device

) -y A
Containment Vessel ' Lo
(18 m diameter) l‘) \  Photomultiplier
\ -~ Tubes
baseline ~ 180 km i
Il lai=] | EERRY — Buffer Oil e b \
Inner Detector 9 R AN '
1 kton LS —Hd i | — Fiducial Volume
C* *%.\\1 \ I 5 1} :
\MisEw 11113
Outer Detector N ~. LS Balloon
water : (13 m diameter)
O -
¢! |
ele od © oo o

1n the Kamioka mine

» Goal: Oscillations with neutrinos from all nuclear reactors in Japan
-> Increase statistics

» Technology: Liquid scintillator (LS)
Charge particles (and y-rays) produced light that is detected by PMTs

experiment

Events/0.425 MeV

» 2003: 99,95% CL confirmation
of neutrino flavour oscillation

Phys. Rev. Lett. 90, 021802 (2003)

—— reactor neutrinos
0 geo neutrinos
= background

15¢

2.6 MeV ® KamLAND data
analysis threshold  _ 4 oscillation
: ——— best-fit oscillation
sin20 = 1.0
N Am’=6.9 x 10” eV’

Prompt Energy (MeV)
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Neutrino Discovery

» 1956: First observation of neutrino interactions by Clyde Cowan and Frederick Reines at the

Savannah River Reactor (South Carolina). ~30 years after Pauli’s proposal

» Reaction: Inverse beta decay with neutrinos from a nuclear reactor

p+i,— n+e”

» Detector: 400 | water + CdCl; seen by 90 photodetectors
1) prompt signal: e +e~ — y+vy
2) delayed signal: n +19% Ccd —199 cg* —109 Cd + ¢/

Signal: delayed (few us) coincidence reactions

1995: (1/2) Nobel prize to Frederick
Reines “for the detection of the neutrino”

wwesonese RADIOGRAMM-RADIOGRAMME®wisie svss

. L —~

+YIA RABIODSUISSE

NEWHORK |~ 1wk

tiottwotoylaiiim

Freduccok RENES avu Ay e COVAN

Rox ’/’,“3, COS AUA *or Veo 4,
' Sec

/ r sl Cd Coreds B
hin. Ao Know, Aov Yo mf;t
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Spark Chamber

» Several metal plates in a sealed box
» Filled with a gas (He or Ne)

» High voltage among the plates

» Charged particles ionised the gas
while passing through

» Due to the high voltage the ionisation
produces sparks along the trajectory of
the particle




Decay width or decay constant, I

» ' : decay rate or decay width

1
dN = — I'Ndt N(f) = N(0)e™" == lifetime

» Heisenberg’s principle suggests that particles with extremely short lifetimes
(At << 0) there will be a significant uncertainty in the measured energy

1.0F
f\
AEAt > n/2 /
| |
: : Lo : : - |
» When measuring the rest mass ot an unstable particle a distribution is UE [ gren
: : T : : | .
obtained. The width of this distribution is I’ L] wi
0.6 + ‘I y igner
. \ .
line shape
h h )
DANE = —=— =T natural units [ T\
At T 04 r ‘I \\
|
» When using natural units I" has the same dimension as the mass (energy) 0.2 | / \
Fi 0 e A e —
» For several decay modes: Br; = Branching ratios 30 20 T p +1 420 +3r

Fmtal E, =m,C



Neutrino oscillations: theory

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix (1962)

—10
Ve 1 0 0 C13 0 S13€ 1OCP C12 512 0 V1 Cij = COS 81]
Vu | =0 ca3 823 0 1 0 —s12 ¢z O v sij = sin 6;;
vy 0 —s33 co3 | [—s13e® 0  c3 0 0 1][ v

Ue7 Uez
Interpretation in terms of a . i i’ Uy Us Us
. . 7 2 3
3D rotation in the space s ’ 5 Uix Uwp Ui
N U'rl U7'2 UT3 -
Uﬂ UrZ U1'3

(b) PMNS lepton flavor mixing




Neutrino oscillations: global fit
Valencia Global Fit (Pre-Nu2024) S

I I ' I

20—
- 41° < 45°< 49°

15F

NR i
b> 101

—0.020 0,022 0.024 0026
sin2913

020  (

20—
15F

10F

Ax?

65 70 75 80 8523

Am3, [107° eV?]
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Solar Neutrinos

—_ 1012 — (Ga F— (] —»= Kamiokande
N

| | l1l11l' | | 1TIIIII I

-
=

The observed detficit was different in
each experiment because each one

was sensitive to a different range of
the spectrum

Flux at 1 AU (cm ¢ s IMeV l) [for lines, cm ‘
=
-]

0.1 0.2 0.5 1 2 5 10 20
Neutrino energy (MeV)



The Photomultiplier Tube (PMT)

Photocathode

Photons i Focusing electrode

. _
Photons l : :

B

e :
Photons | ' i/

/ I
Window Dynodes Anode Last dynode

https://myscope.training



Cherenkov Radiation

» This radiation appears when a charged particle in a medium moves with
a velocity (v) faster that the speed of light in that medium (c/n)

Vparticle = c/n

n: refraction index of the medium

1) Threshold for light emission > Vparticle/C = 8> 1/n > threshold = 1/n Sharonio it
o ., cos 6. = 1/n(A \
2) Angle of emission c ( )ﬁ A
—neg
Slow Particle Fast Particle Charged 5\*" faeste0ny o
particle H -

ct/n

in water (HETNE
*e
Photosensors 4

Charged particles
propagating in a medium
with a speed exceeding that
of light in that medium emit
Cerenkov radiation.
Detected as a ring by large
area photo-multipliers.

Note: energy loss due to Cherenkov radiation very small compared to ionisation (<1%)
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Kamiokande: neutrinos from the 1987 supernova

» KamiokaNDE: Kamioka Nucleon Decay Experiment

, , Supernova SN-1987A
» Soon upgraded to detect neutrinos (Kamiokande-ll)

» 3000 tons of water + 1000 PMTs

» 12 events observed in ~12 s

0 - R | 6 81012
Time (s)

BEFORE AFTER

Credit: David Malin / Australian Astronomical Observatory

Note: IMB another Cherenkov detector
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Different signals at the SNO experiment

CC interaction

E,> 1.4 MeV

electron neutrino Cerenkov Light

" electron

‘Q+\>*

Deuteron

V

e

protons

The Cherenkov light emitted by

the electron in the final estate is
detected by the PMTs

NC interaction

E,>2.2 MeV

neutrlno
neutrlno

o —> \proton

Deuteron o &

0‘/

35C|

The neutron is thermalised and capture
by a nucleus. Then it releases gammas

In the first stage 2H (n, gamma)3H

E,> 0 MeV
Cerenkov Light

neutrlno electron

N '

9

neutrino

The Cherenkov light emitted by

the electron in the final estate is
detected by the PMTs



Gravelines

Double Chooz (France)

Data/data

o SRRCED: Far detector (FD):
O Near detector (ND) - Data taklng 04/2011 _+_ FI / HD Data
IR .| Data taking01/2015 v | 1o T Noescllator L _
Blaya:o h . | B : . Best fit on sin %26,, = 0.103 + 0.017
Multi Detector 1 ¢ Variance y
S 1. 1b0— A
[ B il
= | x2 | DoF =28/37 -
S 1. -

Double Chooz IV ]

i Far (818 days) + Near (258 days) ]
0.8t i -
1 2 3 4 5 6 7

Visible Energy (MeV)

Data/MC ratio plot

1.3
" —+— FD / ND Data
The detectors are again “three zone” cylindrical modules | N
1 . 2 .............................................................. ||
Best fit on sin®26,, = 0.105 + 0.014
. Multi Detector 16 Variance _.:
Inner detector: slil————————————————————— "y I
p ]
Target (r =1.2 m): =~ -
- Acrylic vessel F 1. J
S I - 8.3 t Gd-scintillator ]
Outer Veto: y ‘ ‘:(,\ ,..‘?,'.J,,, DR .<4 (1 g/l Gd) ]
Plastic scintillator | |Bigeres it e .aﬁa»;f\”{' 1l 0. N
. — \"j . Gamma Catcher (0.55 m): : Double.Chooz 'V ]
5 - - Acrylic vessel : Far (818 days) + Near (258 days)
'y - - 18 t liquid scintillator 0.8; > é "1 é é .l,
it Visible Energy (MeV)
Inner Veto: o Buffer (1.05 m):
- Steel 7 - Steel vessel .o 2 9 O 1 O 3 O O 1 7
i -80 t “oil” — +
- 70 t LS — | — |
-390 PMTs (10”) Sin 13

-78PMTs (8”) 55— o




Daya Bay (China)

8 identically designed detectors in thre¢ Oscillation Results with 1958 days

1.00|

— Best-Fit

— W/O oscillations
EH1
EH2
EH3

0.98|

- < >

P(Ve = Ve)

0.94|

0.92}

099700 200 300 400 500 600 700 800 90

Lerr / Ey (M/MeV)

B - -
The detectors are “three zone” cylindrical modules SII 2913 =0.0856+0.0029
immersed in water pools B s s s

s -
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RENO (Korea)

Near Detector
70m high

/Rocc‘l'ors

L e

Results of RENO (Korea)

3

\ -

100m 290m €

The detectors are cy

iIndrical modules

_‘ Buffer & & || Gamma Catcher &

| Minersl OB (LAB)

.“'V ) o |

Hinner = 3.2 M
\| veto |1 "r;ogg

| (waten) T AR

v ¢ % & 8 : \

"'-, « e e & 8 o=

\

| TR, R TR VA U T R T < " ................. 4’ )

Far Detector

bl <50 e

PV, —>V,)

¢ Far Data
© Near Data
— Prediction from near data

Illlllllllll

-

0.2 0.4 0.6 0.8
L_./E, (km/MeV)

Comparison with the rest of the experiments

This Result, RENO

—— World Average (2017)
—e— Daya Bay
: Double Chooz
: ® T2K
0.08 01 a0 0I5

.2
SIn 291 ]

Daya Bay has the smallest errors




DUNE: muon (anti) neutrino disappearance
Precision measurement for oscillation parameters

P((_/)L %(;;)1,) =1 (COS4 (913 SiIl2 2(923 -+ SiIl2 2(913 SiIl2 (923) SiIl2 (1332 -+ ...

1.27 Am?iL
sensitive to 023 & Am?23o i = E

90% confidence
2.6

. . DUNE Sensitivity — 336 kt-MW-years
- - All Systematics ~—— 624 kt-MW-years
| = - Normal Ordering — - z
g_) - U NOSCI I I ate d - sin’20,, = 0.088 unconstrained 1N1u0':1|-(t 4I3V:oy°/e acrsL
= 04 — 2.55}—90% C.L. (2 d.o.f) e | o= [T
% - Vv ' —V ' i rue Value E
- I O
2 03 € 1 o
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DUNE: electron (anti) neutrino appearance
Signh change

sin? (P31 — aL

P(D,, —'D) ) = sin® fa3 sin” 26,3 (B3, — aL)? forv_and Ge
sin(®3; — aL sin( aL
—+ Sin 2(923 Sin 2(913 Sin 291 i (1331 (1321 COS((I)gl T 5CP)
(I)gl — CLL E—
- sensitive to Am232 & Am?234 T ... , (1o N
. sensitive to B2 & Brg g _ L2ramylo TP e Interplay between
. sensitive to ¢ I E, — V2 mass ordering
and CP-phase
014~ Neutrinos L 8ep = -m2 0.14F  Antineutrinos W5, = -2
0.12 :‘lisrﬂ;TOrdering B, =0 0.12F :\Izosr?nI:InOrdering [lse=0

= 1/2

SCP 8(:P = /2

_ _ Matter effect
Y z increases with E,
g g Enhances NO

sensitivity

2 3 4 5678 o ,. 2 3 4 5678
Neutrino Energy (GeV) Neutrino Energy (GeV)



Peak energy of the LBL experiments

T2K v, flux

Fermilab Experiments

w257 off-axis (ND280) -

- O .

E, (GeV)

Mean 1.51 GeV-

- !i“ﬂﬁ!ﬁl!au CITETA

H On-axis (INGRID)

Mean 0.85 GeV
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NOVA is the most collimated because of

the off-axis location (~0.8 grad)



T2K near detectors (ND280 + INGRID)

ND280 INGRID

UAI| Magnet

Several technologies Based on liquid scintillator



Atmospheric Neutrinos (combined result Neutrino 2024)

Current reactor data fit
HyperK LBL projection for 2030 (2.5 years)
NOvA fit, PRD 106 032004 (2022)
T2K fit, PRD 103 112008 (2021)
—— SK atm. v fit, PRD 97 072001 (2018)
IC DeepCore atm. v fit, arXiv:2304.12236

Combined atm. v projection,
for 2030 (this work)
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Arglelles, Fernandez, IMS and Jin, PRX 13 (2023)




Ultra high energy neutrinos

0 KM3NeT

e Next generation neutrino telescopes (1kms3)

e Volumes between megaton and several cubic kilometres of clear sea water in the Mediterranean.

- With the ARCA telescope, KM3NeT scientists will search for neutrinos from distant astrophysical
sources such as supernovae, gamma ray bursters or colliding stars.

- The ORCA telescope is the instrument for KM3NeT scientists studying neutrino properties exploiting
neutrinos generated in the Earth's atmosphere.
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