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o The visible is only a small energy and mass of

the Universe :

P & = 1 .

or every electron, proton and neutrl.no in the Universe,
“there are 1 000,000 000 neutrmos | e 'S

-
/ ¥ ‘ -~

@ To undegrstand the Universe: we haveto understand

Jieutrnos:. . » -










Several billion neutrinos in
10 seconds
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Neutrinos are constantly hombarding us...

...BUI... they are harmless. ..

Only 1 neutrino in several billions is

intercepted when traversing the Earth

>

>

>
>
>
>

Neutral particles, almost impossible to catch them, traverse all media and
they are extremely abundant



o Neutrinos and Particle Physics



® [he last 20 years have been a revolution for neutrino physics

mass —
charge -

name —

Quarks

Leptons

® Observation of neutrino oscillations = non-vanishing neutrino

Three Generations

of Matter (Fermions) spin %z

2.4 MeV 1.27 GeV 171.2 GeV
*u ”c *t
up charm top
4.8 MeV 104 MeV 4.2 GeV
-5 d -Y3 S -4 b
down strange bottom
0eV 0 eV 0 eV
7V oV av
C T
electron muen ta
neutrino neutyino neutpino
0.511 MeV 105.7 MeV 1.777 GeV
e M T
electron muon tau

mass (flavor mixing)

® [rst evidence of physics beyond the Standard Model

spin 1

5)

Bosons (Forces

photon

91.2 GeV

4
weak
force

80.4 GeV

"W

weak
force

Neutrinos and the Standard Model @-—@

M(H)=—126GeV

>114 GeV

'H

Higgs
bo%%n

spin 0
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The only neutral fermion in the SM

Very weak interaction with matter

3 types of neutrinos

Only left-handed neutrinos have been detected

Much lighter than their charged leptonic partners (in the SM
they are massless)

Together with photons, they are the most abundant
elementary particles in the Universe

Takaaki Kajita and
Arthur B. McDonald

“N;b‘eil;)‘rize.org 1 1



Normal Inverted

[
tsolar~7x10'5ev2
I

Main open questions .

However, there are fundamental unanswered questions: " ==

aaaaa pheric
~2x10% eV?

LAY m Vv m vV
= 1] s

4 \What is the mass of neutrinos?

4+ Are neutrinos their own antiparticle”? Dirac or Majorana? fermion masses
de s@ bpe
4+ Why are neutrinos much lighter than the other fermions”? (1arge angle MSW) ue  co
4+ What is the neutrino mass ordering”? 5 2 ¢ I 5 ¢ 3
< < < <

4+ Is there CP violation in the lepton sector? CP-phase value”

4+ Are there any sterile neutrino states? If so, what are their masses?

4+ Deviations from unitarity of the PMNS matrix? T s

SSSSS




Connection with astrophysics and cosmology

Neutrinos as probes of the Universe:

Blazar TXS|0506+056 detected by
IceCube, FERMI-LAT and MAGIC
~2§?O TeV v energy

4+ High-energy neutrino physics
4+ New astrophysical sources

4+ Core-collapse supernova and diffuse SN neutrino background

4+ Relic neutrinos from early Universe
4+ Matter-antimatter asymmetry relation

4 Sterile neutrinos as dark matter?




Neutrino interactions -.
R e [ v ] v
Ve Vi \'%
2 A GeV proton travels 10 cm in lead!!

2 Neutrinos produced by accelerators (~GeV) travel (on average) 1.500 millions
of km in lead before interacting

2 Neutrinos produced by the Sun (~1000 times less energetic ~MeV) travel (on

average) 1.5 light-years in lead before interacting
Lo Lo L

Neutrino appearance

e L T
Ve / Vl,[ VT
> —/ —_—

Neutrino disappearance

, Neutrino 0nly inteact ith members afei ‘
- own family (electron, muon or tau) ’

* The identification of the partner charged particle |
~ allows us to know the type (flavor) of the neutrino |

14



NATURAL

ARTIFICIAL

Neutrino sources

¢, ~65 x 10° /cm? s

Sun

¢, ~10° /cm? s

Earth

b, ~300 /cm3

Big Bang

(1)\, ~2 X 1020 /S GWth
Nuclear Reactors

E ~ MeV

L ~ 108 km

E ~ MeV

L ~10- 103 km
E = meV

L ~ Mpc

E ~ MeV

L ~ 1-100 km

¢, ~10%-10°
/GeV cm? sr s

Atmosphere

Supernovae

Astrophysics
Accelerators

Particle
Accelerators

E ~ GeV-TeV

L ~ 10- 104 km
E ~ MeV

L ~ kpc- Mpc
E ~ TeV-PeV

L ~ kpc- Mpc
E ~ GeV

L ~ 100-1000 km

15



Neutrino fluxes at Earth

—10*
'> -
= 10 |
= I Cosmological v
': 10'6 |
[ — L Solar v
I X Supernova burst (1987A)
L10°%
< [ Reactor anti-v
= B
=10° | S
1 F Background from old supernova
10°¢
10-8 } Terrestrial anti-v
10-12 : Atmospheric v
107°r v from AGN
1020 GRB, SNR
24 |
107 GZK v
10=5F
TO= 107 1 107 10° 10 102 10" 105
neV. meV eV keV MeV GeV TeV PeV EeV

Neutrino energy



e Neutrino detection -
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Underground laboratories

f,] Yates
<8 Complex

300 Level

4850 Level
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Solar neutrinos

Homestake Mine
South Dakota

Nobel\gize jn 2002

Prediction (J. Bahcall): 1 Ar atom per day
Measurement (R. Davis): 1/3 of prediction!!

R — _— STy
R ~, \ X .“I_‘ ’.,v:'.‘ % ‘

“N—g u{;

37Ar @ raé‘n@ﬂ statlen . i

No explanation over 30 years

(1968-2001)

2/3 OF NEUTRINOS ARE MISSING !

24
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Atmospheric neutrinos

Kamiokande and IMB detected atmospheric neutrinos in the 80’s

® Expected: 2 times more v, than vq
2V, ~ Ve

¢ Found:

20



The idea of oscillations

B. Pontecorvo (1957)

This phenomenon is only possible if neutrinos have different masses

27



Detection of neutrino oscillations

ve?/
V?/

................................................................... P
L = distance V2 /
Propagation .
. pag Detection
Production
Frequency
Oscillation probability ot g ey ong®
08 4Jt/Am2 -
— . il B |
P(Va — vﬁ) = @ sin 06}- A |
For 3 neutrinos: ~ 1
2 values of Am? (Am?221, AmZ23y) Amplitude Neutrino energy |
02
3 values of B (812, B23, B13)

Am2 — m22 — m12 I:{> Squared mass difference '

L/E, (arb. units)

Ve Vu Vg

28



The discovery of neutrino oscillations (1998)

— Theory (no osc.)
— Theory (0sc.)

Clear v, deficit observed

Cosmic ray
cosO=1

Numberof Events

Cosmic ray Atmospheric neutrino oscillations
cosf=-1 i




Solar neutrino anomaly solved (2001)

Only ve are emitted from the
Sun by fusion reactions

e SNO: 1000 ton heavy water (D20) in the Sudbury mine (Canada)

® Able to measure all types of neutrinos from the Sun

® Reaction sensitive to all types of neutrinos (NC)
V.+d=p+n+v,

Reaction only sensitive to electron neutrinos (CC)

V,+d=p+p+te

® |n case of no oscillations: One = Pcc

® |f neutrinos osclllate: One # Oc

Result: ®cc / One = 0.301 + 0.033

One in agreement with SSM

Part of ve converted into vy, and/or v+

30



Neutrinos have mass!!

Takaaki KaJ 1ta and
Arthur B McDonald

Nobelprlze org

® Fvidence that the Standard Model of Particles is not complete

® Can this observation open the door to new Physics beyond the SM?

31



From oscillations:

Neutrino mass measurements

® Direct measurements:

m, > 0.05 eV

Tritium lbeta decay experiments:

4+ KATRIN 2022: m < 0.8 eV (90% CL)
4+ KATRIN (goal): m < 0.3 eV (90% CL) in 2026

® Neutrinoless double beta decay:

4+ |If measured, neutrinos are Majorana particles

+ GERDA, EXO, CUORE, CUPID, NEMO-3, KamLAND-
Zen: mgpg < 28-122 meV (90% CL)

4+ Future ton scale: mgg < 10 meV (only 10)

¢ Indirect measurements (Cosmology)

PLANCK 2018: A&A 641 (2020) A6

4+ >my <0.12 eV (Planck TT,TE,EE +low E +lensing +BAO)

4+ Nert = 2.99 +0:34 533 (Planck TT,TE,EE +low E +lensing
+BAO)

K 300 Temperature



Tritium source

Transport section

~70 m

2x107 1

—

X

=

<
[y
w
|

B decay rate in s'eV*

—m = 0 meV |
— m_ = 1000 meV | '

Pre spectrometer

10000
electron energy E in eV

Spectrometer

'E, = 18575

Detector

33



New KATRIN result (2024)

e Nature Physics 18, 160166 (2022 KATRIN arXiv:2406.13516 (2024)
nature physics Y (2022)
/ 0.5 -
my < 0.8 eV (90% CL)
¢ Nature Phys. 18 (2022) 221802
Y R
||| &; + This work
3 _
€ —0.5-
— _--IlIIII|| ||IIIII'--__ il
: | ~1.0 - ¢ PRL 123 (2019) 160 |
Blindedbythelightneugfino\ § 18,573.75 - =-_ » ° Bestfit
— | ' I ' I v I
: — B 1.6 -
< 18,573.70 | § —e :
i:, 40 § S ¢ PRL 123 (2019) 160
(] i v
18,573.65 | Ll = 0.8 - o Nature Phys. 18 (2022) 221802
_ 2 | > _ v 0 '
185760 | ks ® m, < 0.45 eV (90% CL) Final goal
S & I This work
1 0 1 0:4- My < 0.3 eV (90% CL)
m; (eV?) 1 e Upper limit (90 % CL)
o Projection (90 % CL) i
0.2 , . , . —s ,
100 200 300 1000

Beta scan time (days)

Other technologies (cyclotron radiation: Project-8; micro-calorimetry with holmium: ECHo, Holmes) under development
34



Neutrinoless double beta decay .« .- =

0.4} ;/ BB2v A -

unités arbitraira

02+ [/ \ gl

AL=0 2vB decay OvBP decay - Cor ’oésnjr)/c;\\“** —

n - > D n > D In the light-neutrino exchange model,
< 3 0vBB decay half-life:
vV > ©
4 . Ov —1
< e " C Tl/z — ( |M‘ (7pp) )
n . n
: > p > p /N
_ Phase space Nuclear matrix  Effective Majorana
(Z,A) = (Z+2,A)+ 2e + 2v (Z,A) = (Z+2,A)+ 2¢e elements neutrino mass
1021 25
1y~10y 1,,>10%y )
mﬁﬁ = EUez mvl
° nas been observed in more than 10 isotopes (lifetimes 1018 — 1021 y) i

® Ovf33 has not been observed yet (lifetimes > 1025 — 1026 y):

4+ |t would imply total lepton number violation (LNV) and neutrino Majorana mass

4+ Different mechanisms are possible: SUSY, leptoquarks, extradimensions, Majorons, ...

4+ Most discussed mechanism: light Majorana neutrino exchange

39



Current status of 0v(33 searches

(Mmgg) [meV]

Parameter space vs. mass of lightest v:

10° : o
' ©
Q
' o
1 KamLAND-Zen 2024 (136Xe) o
107 - -
1 Inverted ordering (IO
I LLELELETEERERERPRYe- AP PEPRRE
10 iNormal ordering 0vBp (ton scale)
(NO)
10° -
T | ' T ' T
10 10° 101! 107 10°

Lightest v mass, mp,in, [meV]

|

KamLAND- tillator)
B [ | Zoy
M1
1117
Orrl |HEl
Xe-LS 24 ton Inner Balloon (IB)
VL] NN .
L N W W Wt A 2 A 2 380 m d|ameter
é’ B\ N N O W W | I I [/ //A
Outer-LS |~ ¥ )
1 kton )
A== A ~ 4 A2~ A\~ 2 ~ 4

KamLAND-Zen

<mpgp> < 28-122 meV
Miightest < 84 - 353 MeV

The most sensitive search
to date for Ov[3[3

30



Current and future sensitivity

Sensitivity of upcoming experiments:

=

o
=
]

s Completed
Running

1 1 Upcoming peun; 2 0)

ol

o
-
|

mgg 99.7% discovery sensitivity [meV]
= =
- o
(U (D
' Degenerate —
P e —

R i ' g P R S b i b T R R |
107 104 105
sensitive exposure [mol yr] From TAUP 2023 D. Moore



Cosmology

® Neutrinos are everywhere in the Universe and their
| | _ 0.058eV  (NO)
presence and interactions must be incorporated va 10106V (10) from osc.
into astrophysical and cosmological models.
» m, <0.21eV (CMB)
« Cosmological neutrinos are very abundant
+ ;Teeﬁl;oenstrlbute to radiation at early times and to matter at N, = 2.9963 «+ 0.0074 from LEP
I

Ny = 2.98 +0.20 (CMB)

4+ Cosmological observables can be used to test standard or

non-standard properties

® Neutrino parameters: sum of neutrino masses NPT S5 mht o
u .3, nu-fit.org
(> m,) & effective number of neutrinos (Ne) - .
| =/ normal ordering
inverted ordering
0 4
New result from CMB + e
DESI BAO (2024), 95%: 3
N
Z m, < 0.072 eV 107" 777 Planck, DESI (2024)
— ¥/ e.g. Planck, DESI, EUCLID
10 102 10 10°
m; (eV)

300 Temperature

—300 K

standard scenario predicts detection

33



Messengers of the Universe

\

AGNs, SNRs, GRBs... 4V

Gamma rays -

They point to their sources, but they
can be absorbed and are created by
multiple emission mechanisms.

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.

/

air shower

y

w

They are charged particles and
are deflected by magnetic fields.

»

Image: Juan Antonio Aguilar and Jamie Yang. IceCube/WIPAC



Neutrinos from core-collapse supernovae and DSNB

Ve Burst Accretion

s Detection of core-collapse supernova

% ¥ neutrinos (99% SN binding energy emitted
28 in ~10 seconds by neutrinos) provides

88 information about:

Garching model (25 Mo)

4+ Core-collapse explosion mechanism

4+ Neutrino properties

Time [ms] Time [s] Time [s]

10° —e— SK-111l (2012)
o-—o—2- —s— SK-IV (2021)
u —e— SK-VI (2023)

Detection of diffuse supernova neutrino ¢ | - DS
' g = - -~ Theoretical Predictions
e background (averaged neutrino flux from 3 — T | T e
g all SupernOvae) :xgl oL e (F21 + BH)
i Ew ~ New results from

4+ No detected yet ~  SK-Gd

4+ Best upper limits from Super-K

V., Energy [MeV] 40



High-energy
‘neutrinos




Astrophysical neutrinos - high-energy neutrinos

=102
>
% 1020

: 1016

—

;‘ﬂ 1072

/\ Cosmological v

Terrestrial anti-v

Solar v
Supernova burst (1987A)

ﬂ/\ Reactor anti-v
/

Background from old supernova

Atmospheric v

v from AGN

GRB, SNR
GZK v
10:° 107 1 10° 10° 10° 1072 107> 10
eV meV eV keV MeV GeV TeV PeV EeV

Neutrino energy

e Atmospheric neutrinos
4+ Up to 100 TeV

® Cosmic neutrinos (~TeV-PeV)
4+ From AGN, GRB, SNR

e Cosmogenic neutrinos (PeV-EeV)

4+ From cosmic ray interactions with CMB photons
(not detected yet)

® Production: p+ y-»n+n?
AR A

ur >e :F"E“Ve."}':’vu ‘
® Detection of astrophysical neutrinos

4+ Interaction with water/ice producing Cherenkov
photons (shower vs tracks)

veCC, »:CC, NC b ¢4 vuCC |

¢o
i it

42
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Data from every sensor is

collected here and sent by
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10° =

S - Astrophysical
Air shower - = (Conventional Atm.
4 10% Muon-Template
| _ - Sum

N

10° = -\+\- Exp. Data

Atmospheric Muons: ~2700 /s
Atmospheric Neutrinos: ~1 / hour
Astrophysical Neutrinos: ~1 / day

lceCube results

Astrophysical source
(e.g., Milky Way) v-dominated

A /
Ve
Ve
/7
’/
= - > g = 2 7
al Tu-dominated 10 3
W = Air shower 3
101 = ;

10° =

® 2013: Discovery of high-energy astrophysical neutrino flux
® 2017: Neutrino emission from blazar TXS 0506+056
® 2022: Neutrino emission from the active galaxy NGC1068

1071 _=IIIII I IIIIIIII 1 IIIIIIIl I Lrreen 1 Lrrren

e 2023: Evidence of neutrinos from the Galactic plane

10 W{ﬂ;ﬂﬂ*l’; ‘T ______

O.S_I II LI B | II LI II | IIIIIIII I IIIIIIII| LI

[} L i i III
107 10° 10* 10° 10° 107
Muon Energy Proxy / GeV

i Fraes _ Northern Sky
> Southern Sky
3 L otEN V. AnalysisiExpectation . R
- A B cal Event Unce

Event (likely 10’s of PeV) detected by KM3NeT

-0.30°

Declination

................................................

Pre-Trial Significance (n-o

Neutrino astronomy Is an
exciting field

42.87° 40.87°

Right Ascension :
e KM3NeT also taking datal




Future-challenges and discoveries
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V

Discovery opportunities in LBL experim

e CP violation

V
V
4+ 12K and NOVA could reach 3o sensitivity to CPV over the next years }}, VVV
\Y
4+ To reach discovery and precise measurement, larger detectors and (upgraded
or new) beams are needed v

2
me A

® Neutrino mass ordering

4+ Small preference for NO with current data (not conclusive)

e Octant of 623

4+ Maximal? v, < vt mixing symmetric? If so, why?

® Neutrino anomalies: sterile neutrinos”

e Solar neutrinos: hep neutrino flux

® Supernova burst and Diffuse SN Neutrino Background detection

e Beyond the Standard Model. nucleon-decay, testing the 3-

neutrino flavor paradigm
49



- - . 3
3 neutrino mixing: |v,>= ) U, |v,>

Neutrino oscillations

Pontecorvo, Maki, Nakagawa, Sakata (PMNS) 3x3 mixing matrix

/ve\ 1 O 0 Cis 0 s,e" \ C, S 0) /vl\

V. [=[0 ¢p Sy 0 1 0 -s, ¢, 0Ofv,

v,) 0 =5, cufl-s5.¢° 0 ¢ N0 0 IAv
023 013, Ocp 012

Atmospheric + LBL acc.  SBL reactors + LBL acc.

Solar + KamLAND

Oscillation probability

Py vy (L E) =603 —4 )  Re [U}UsiUq;Uj;] sin

1>

Am,?jL
4F

Am?jL
2K

> ) 2
Am;; = m; —m;

— 2 Im[U};UpiUa;Uj;] sin

Neutrino mass spectrum

B V. s v, V¢
1.997 T 1.36m
4 V[ 071 72 Lin $am2.
Vl_ 1.117 4
ms;
1.99m1
, VZ— 0.71m
Am3 1.99 1.96
. It . T
v, T 5, vz 111 T

Normal Ordering  Inverted Ordering

Unknown parameters: mass ordering (sign of Am2;,), &cp, Octant of 6,4

50



Global fit information

« Global 6-parameter fit (including o,..):
— Solar: Cl + Ga + SK(1-4) + SNO-full (I+H+IIl) + BX(1-3);
— Atmospheric: SK(1-4) + DeepCore;

— Reactor: KamLAND + Dbl-Chooz + Daya-Bay + Reno;

— Accelerator: Min

0s + T2K + NOVA;

® 023 octant is not resolved yet (slight preference for

the second octa

Nnt)

® The sign of Am232 is unknown (Normal Ordering is

oreferred)

® Ocp Unknown:

ension between

experiments for

NO. CP-violation

2K and NOVA
or |O at ~30

2

31
N
&)

N
(@)

10°eV’] Am
N
N

2
32

270

S 180

90 |-

[10° eV’
N
(@)

AMm

2
21
N

<
O

NUFIT 5.3 (2024)

O]
1 I

L1 1 | | 1 | 1 1 1
026 028 0.3 032 034 036 0018 0.02 0.022 0.024 0.026

. 2
sin 912

.2
sin 913
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Three large-scale projects under construction

DEEP UNDERGROUND
NEUTRINO EXPERIMENT

Py

TN N
e DMACAN A AN
o [ o et B~

[‘,
!
n
i
u

52



JUNO (Jiangmen Underground Neutrino Observatory)

® Next-generation Large Liguid Scintillator detector (20 kton)

x103
100F . : .
4+ Medium baseline reactor experiment (<L.>=50 km) in China S YEARSTARREENT | T Mo oscitarions
4+ Aim at much improved light yield and energy resolution ~3%/\/E(MeV) 80| _ ﬂi;?ij;‘ij;‘!}r?g
. > i
4+ Relatively shallow depth (700m overburden) 2 ool Reactor antineutrino
4+ Expect to start data taking in 2025! 9] : spectrum
. . . . . "2 B sin 2012
® Design to reach 30 precision on mass ordering determination after oy + 2 © lsing y
. - - . . 13
precise solar oscillation parameters (<0.5%) in 7y + other low-E physics | :
< Amg, _)| |Am§2
O -. TR R ls oy o vy s oy b s by

o 1 2 3 4 5 6 7 8 9
Es. (MeV)

Reactor V. signal IBD event number (x103)
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Mass ordering
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Long-baseline neutrino accelerator experiments

sin?(Agy — alL)
(A3 —alL)?
sin(Agy — aL)A sin(al)

P(v, ' 1) ~ sin® a3 sin® 2613 A3

sin sin si A91 cos )
Oscillation probability in matter + s 20 sin2hasin 22X ALy AN Tary S eosBu koer)
sin’(a
+ COS? 0233in2 2912 (al(/)g)A%I Aij = Am?JL/4E,,
a :|—'C"'F1Ve/\/§
T2HK: Tokai to HyperK DUNE: FNAL to SURF

+ Minimize matter effects and maximize statistics to focus on CPV P Measure first and second oscillation maxima to disentangle
discovery (MO and other parameters must be known by other CPV and matter effects and access to all neutrino oscillation
means) + non-beam physics program parameters + non-beam physics program

+ Narrow-band beam (~0.6 GeV; 500 kW — 1.3 MW) and Water- & \vide-band beam (0.5-5 GeV: 1.2 = >2 MW) and liquid Argon
Cerenkov detector (190 kt fiducial) TPC (>40 kt fiducial)

- neutring “F tmstn A

0.12 Normal Ordering

L=295km, sin?2043=0.1

Ocp = W2

/'q\’ —
3 3
0.08
= T:x.
Z : >
o “ A 0.06

2 3 4 5 678 54
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Hyper-Kamiokande

e Upgrade J-PARC neutrino beam with expected
power 1.3 MW, 2.5° off-axis angle

® Baseline: 295 km

e \WC Total mass: 260 kton pure water, Inner
detector: 216 kton, Fiducial mass: ~200 kton
(x 8 SK)

e Between 20-40% photocathode coverage

® New cavern in a different part of Kamioka mine
under construction (600 m rock overburden

® Aiming to start operation in 2027

>

y HK ‘cavern

#

arXiv:1805.04163
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Hyper-Kamiokande sensitivity

® Able to exclude CP conservation at 5o for 60% of ocp values (if MO known) in 10 years for nominal power
® 10 resolution of &cp in 10 yrs ~20° (6°) for &cp = -90° (0°)

® 4-60 MO determination depending on sin2023 for 10y of data taking combining beam and atmospheric neutrinos

Statistics only

Statistics only

------------- Improved syst. (v /v, xsec. error 2.7%) ------=----=. |mproved syst. (v./v, Xsec. error 2.7%)

......................... T2K 2020 syst. (v /v, xsec. error 4.9%) -=----e----=. |mproved syst. (v./v, Xsec. error 4.9%)

00— 7 7 717 7 777 1 : I - PUR— T2K 2020 syst. (v./V, xsec. error 4.9%)
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—
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o
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Neutrino 2024
56



DEEP UNDER
NEUTRINO EXF
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Two separate 17 kt (about 10 kt fiducial) LAg
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International collaboration of >1400 members, 38 countries + CERN

e /0 kton (4 x 10 kt fiducial) LAr TPC far detectors at 1480 m depth (4300 mwe) at SURF measuring
neutrino spectra at 1300 km in a wide-band high purity v, beam with peak flux at 2.5 GeV operating at
~1.2 MW and upgradeable to >2 MW

® Near detector (CDR: arXiv:2103.139170) at 560 m from the neutrino source: LArTPC, TMS/magnetized
GAr TPC & magnetized beam monitor

® Physics goals: LBL oscillations (MO and CP violation), precise osc. measurements, SN burst neutrinos,
solar neutrinos, nucleon decay, Beyond Standard Model searches, non-standard interactions...
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PLATFORM
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DUNE:ProtoDUNE-SP

Pr?to.DL.jNIIE'S.P. — —_— BOO [ 1+~ o 1 e
| —— MC positrons 500;- [[%I II\BAI?g T\;ggbkg —i
P t D U N E t. t C E R N e | e o
roto s operation a
é 1005 E
| | .L b et A, %“j: boupoliot b byt #:
e Construction and operation of ProtoDUNEs at CERN (2018 - 2020) ’ 2 xMeviem B N - O T
DUNE: PrOtODUNE SP Ruii o772 cvenu 1o1o¢z 10
e Successful demonstration of the DUNE LAr TPC performance 5000 l8 g
4750 ©
. . 6 E
e Several ongoing analyses (hadron-Ar cross sections.. .) DUNE:ProtoDUNE-SP  Boam Line Data (17 GeVjo) ,
_ | AR 2
ﬁ14o— i IO 5
? "’ 10.0 —
=120 e <
2 50 5
100 3
2.5 =
0.0 %
800 . —2.56
(2020-2023 construction + operation =2024) 'W”
o S '[/[(H m S
e ProtoDUNE-HD ey ol
- ey | L 7;i R ;’] ”H;;H!'H)J:HI”;” "} PLATFORM
4+ Final technical solutions for all FD-HD subdetectors I || SR ;;u&u'n’uur,!”llli”.',',f,,,lhIm,,,,,..|
Tl ]']'“H'ml
4+ Detector filled and currently taking data with charged-particle test-beam and cosmic muons at ~e
CERN
® ProtoDUNE-VD e |
4+ Realization of a Module-0 detector in 2022-2023; -LAr will be transferred to ProtoDUNE-VD in ProtoDUNE—Vﬁ i

October for running starting in early 2025
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FD-HD: JINST 15 T08010 (2020)

DUNE Phases

e DUNE Phase | (2026 start inst; 2029 it
physics; 2031 beam+ND)

P~

IR
ST

4+ Full near + far site facility and infrastructure R i
4+ Two 17 kt LArTPC modules

4+ Upgradeable 1.2 MW neutrino beamline

FD-VD: arXiv:2312.03130 (2023)

4+ Movable LArTPC near detector with muon catcher

4 On-axis near detector

e DUNE Phase ll:
4+ Two additional FD modules (=40 kt fiducial in total)

4+ Beamline upgrade to >2 MW
4+ More capable Near Detector (ND-GAr)

65’840 mm x
18’940 mm x
17’840 mm
(Lx WxH)
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DUNE Physics Program

® DUNE can determine the neutrino mass ordering at 50 in 1-3 years of data (depending on ocp value)

® Excellent resolution to B-3

e CP violation: if maximal, 30 (50) observation in 3.5y (7.5y); in long-term >30 CPV for 75% of dcp; 6°-16°

resolution

® Precise measurement of all oscillation parameters

® Supernova and solar neutrinos + BSM (NSI, non-unitary mixing, dark matter, sterile neutrinos, nucleon decay,...)
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o Conclusions

® Neutrinos are massive particles - breakthrough in Particle Physics = S ““gended (how do

neutrinos acquire their mass?)

r artlcle Physics
O

¢ Neutrino oscillations are still one of the most important t@“&ﬂ Particle and

(beyond the Standard Model)
® Neutrino oscillations are under integse s ex eneratlon of

and powerful (anti-)neutrino be discover CP

and measure with precision clllatfon Darame
RO g P

® Many opportunities for Beyo rnos (heavy neutrinos, NSI, ...)

more capable detectors
rmme the neutrino mass ordering

ova neutrlno

E\

pefully around the corner (in the lab and in cosmology)

® Neutrino mass mea
e Majorana or Dlra?trmos intensive neutrinoless double beta experimental campaign trying to cover the 1O
range — an importaM®technological step will be needed to explore lower masses

® \ore precise
detectors

Il be provided by bigger and complementary

® The beginning of a golden era for high-energy neutrino detection (and multi-messenger astronomy)
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