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J Introduction
From Pauli and Fermi theory to discovery of neutrino.
Neutrinos in the Standard Model

d Neutrino Oscillations
Solar and atmospheric neutrino problem.
Discovery of neutrino oscillations and consequences.

d Neutrino Astronomy/astrophysics
Solar and Supernova neutrinos
High Energy Neutrino Astronomy




Solution of Solar Neutrino Problem
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Neutrino Oscillation Experiments

) Solar(v ) and reactor(;e):
A m 97 9 @ 12 Homestake, Gallex, GNO, SAGE

Super-K, SNO Under construction:
KamLAND, Borexino

KM3NeT/ORCA
(data taking: 2020)
with full det. 2027

2 2
Ams,, 0 Ams,, O,
Reactor(v ): Atmospheric neutrinos(vp, v): ] UNO (2025)
Double Chooz, Daya Bay, Super-K, MACRO, ANTARES,
RENO ‘ IceCube/DeepCore HYPQT‘K (2027)

Accelerator beams (vp):
CERN: CNGS(Opera, ICARUS) DUNE (2030 ?)
FNAL: MINOS, NOvA
KEK: K2K, T2K




Direct Neutrino Mass Measurement

Hd\ - e [ndependent of cosmology Key requirements:
*H . _® e Independent of neutrino nature
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Karlsruhe Tritium Neutrino Experiment (KATRIN)

/Wi a — ) - N R
:I\I.ltr.\dowless gaseous) Transport section Spectrometer (Detector
r |l;5n sourlce | e Tritium gas/ion e MAC-E filter principle e Focal plane detector,
¢ 50 ug molecular removal > 1014 e High resolution: O(1) eV 148 pixel PIN-diode
tritium in closed loop e Counts electrons
e 10" T, decay/s
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Christoph Kohler (TUM), PIC 2024



KATRIN Results

1.8
¢ PRL 123 (2019) 160

0.8 4 ' e Nature Phys. 18 (2022) 221802
; 1 v
b s
ED .
Bl I This release
] e Upperlimit (90% CL)
o Projection (90% CL) i
0.2

T ' T T T T
100 200 300 1000
Beta scan time (days)

New KATRIN release improves direct
neutrino-mass bound by a factor of 2:

m, < 0.45 eV (90% CL)

Expected final result (2025, 1000 days):
m, < 0.3 eV (90% CL)

Christoph Kohler (TUM), PIC 2024



Neutrino Astronomy/astrophysics

Solar and Supernova neutrinos

High Energy Neutrino Astronomy



Neutrinos 1n Nature

g v" Cosmological neutrinos (CvB)
g e C logical
9 osmological v . . .
AP o v" Neutrinos produced in the fusion
[P Y olarv . .
'.‘E 10 Supernova burst (1987A) reactions 1n the stars
y10®
= Reactor anti-v
=10° .
= sl v" Neutrinos from the supernova
1 p Background from old supernova . .
i - explosion of massive stars
]0 4 L
108 F Terrestrial anti-v
sl Arciosphricn v' Neutrinos from astrophysical objects
ol (AGN, GRB,...) produced by cosmic
i v from AGN
10] rays, CR)
10t
GZKv
10} ] ¥ Neutrinos from UHECR interactions

10¢ 10 1 10°  10° 10° 107 10® 10 with CMBR (GZK v)

peV.  meV eV keV MeV  GeV TeV PeV EeV
Neutrino energy



Borexino Solar Neutrino Experiment

1990: idea of a real time neutrino detection for a sub Mev solar neutrinos

Measure of the neutrino—electron elastic scattering rates

1995: testing the record radiopurity 23U, 22Th < 10! g/g & 1*C/2C < 10718

vV

1996-1997 : Approval ~_ \/ e \/
z Elastic | z =+ W
\

2007-2021: Data taking Scattering
¢ € e e e ]
All types (NC) Electron neutrinos (NC, CC)
Vx+e'—>vx+e- Ve+e'—>ve+e'

Marco Giammarchi, "Borexino and the SUN", PI1C2024



Borexino Solar Neutrino Experiment at LNGS

Water tank: 16.9 m high with
9.0-m radius; 2,400 tons of
ultrapure water

Tyvek to enhance light collection
on the stainless-steel sphere outer
wall and the water tank inner walls

- e - s &2 &3

Stainless-steel sphere —
(6.85-m radius): supports 2,212
eight-inch photomultipliers

Outer vessel: second nylon —
vessel; barrier against emission
from photomultipliers and
stainless-steel sphere

Ree a9

“Uag o'

(Y

Buffer liquid: 600 tons of —
PC+DMP (3.5g L)

Inner vessel: 125-um-thick —
ultrapure nylon

278 tons of liquid scintillator —
(PC + PPO)

200 photomultipliers: muon veto —



Compehensive Measurement of Solar Neutrinos

BOREXINO Collaboration, Comprehensive measurement of pp-chain solar neutrinos,
Nature 562(2018), 505-510
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BOREXINO Results

Fundamental step to the understanding and the experimental demonstration of the working
principle of all stars in the Main Sequence

Neutrinos References | Rate

[cpd/100¢]
pp Nature 2014, Nature 2018, (134+10) ¢ (6.1+0.5)  *x10'
PRD 2019
Be PLB 2008, PRL 2011, (48.3£1.1) 10 (4.99£0.11)  ,**%x10°
Nature 2018, PRD 2019
pep PRL 2012, Nature 2018 (2.65£0.36) ,,,**[HZ] ~ (1.27%0.19) ,,"%%*x10°[HZ]
PRD 2019
‘B PRD 2010, Nature 2018, 0.223, " 5,68, 5, 0200108
PRD 2020
hep Nature 2018, PRD 2020 <0.002 (90% CL) <1.8x10° (90% CL)
CNO Nature 2020 6.7, 6.6,,,°x10°

Marco Giammarchi, "Borexino and the SUN", PI1C2024



BOREXINO Results

pp — CNO crossover at 1.4 M

CNO Cycle

log €

Triple o
PP Chain

Sun log T

BOREXINO measurements are relevant

to all Main Sequence stars

(22,000 stars in the Hipparchos catalog)

Marco Giammarchi, "Borexino and the SUN", PI1C2024




Neutrinos from SN1987A

Core Collapse Supernova (CCSN) /
Supernova type 1I (SN II)

Massive stars (8-40 solar masses) - explode as after
the core is formed from Fe/Ni.

99% of gravitation collapse energy is released by
Neutrinos

SN II very rare event: few per Galaxy per century

Very active field of research since SN1988A

Bethe, H. A. Supernova mechanisms. Rev. Mod. Phys. 62(1990),

The onion-like layers of a massive, evolved star 801-866 (1990)..

just before core collapse. (Not to scale.)



SN1987A

Closest observed
supernova 1604
(Kepler's Supernova)

The progenitor star:
Sanduleak -69 202
(Sk -69 202)

SN'1987A (SN II) explosion in the LMC satellite galaxy of Milky Way about 51.4 kpc
(168 000 light-year) away. Observed on Feb 23, 1987 (photo by




Neutrino Burst from SN1987A

SN neutrino flux:
Kamiokande -
e IMB € +p—= N+ Ve
WALY A Baksan
2 ¢ n— p+e-+V,
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s weak interactions of electron-positron pairs:
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25 neutrinos were detected from SN1986A

* in a time interval of about 10 sec by 3
10 - neutrino detectors:

Kamiokande (12 events)
IMB (8 events)
i ' : ! ! 0 o Baksan (5 events)




Diffuse Supernova Neutrino Background (DSNB)
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SK-VI 552.2 days, Observed 90% C.L. (This work) .

DSNB is an integrated flux of neutrinos emitted
from all past supernovae in the universe.

SK-V1 552.2 days, Expected 90% C.L. (This work) _|
SK-IV 2970 days, Observed 90% C.L. (PRD. 2021)

*  SK-IV 2970 days, Expected 90% C.L. (PRD. 2021)
KamlLAND 4529 days (ApJ. 2021)
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SK Collaboration, "First result of a search for Diffuse Supernova Neutrino Background in SK-Gd
experiment"”, PoS ICRC2023 (2023) 117



Terrestrial Neutrinos (Geoneutrinos )

40K 28T} 2387 :" 35 Total

g E ] Geoneutrinf;ls .
Earth composition models: a 30 Reactor an'tm;a u.trmos

~ — B Cosmogenic "Li

16 TW “E 25F B Accidental coincidences
Electron antineutrinos E - : g;tl;) background
produced by the decay of 233U 20 -
and 23?Th within the Earth. -
15F
— — ¢

Measurements by 10F B .
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High Energy Neutrino Astronomy
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First attempt:
Deep Underwater Muon And NeutrinDetector (DUMAND)




First Generation Neutrino Telescopes

AMANDA: South Pole, Amundsen-Scott Station

Polar ice: high transparent environment, short scattering length,
no background

Remote location: high transportation and energy supply costs

ANTARES: first deep-sea neutrino telescope (near Toulon, France)

Deep-sea environment: short absorption and longer scattering lengths,
Optical background from 40K and bioluminescence,

Baikal telescope in the lake Baikal



ANTARES Neutrino Telescope
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Current Projects of High Energy Neutrino Astronomy

st riioati A
ONSTtruction

Planned

+ Several proposed Chinese projects




IceCube: First km? Scale Neutrino Telescope

IceCube Lab \ i // 4// 1
Bt ) S
50m —— -':—::’:::"_-_‘:{‘3..::.‘?_:7;”// g;4stt>?)ttli?:gfsensors
SO A —..,f'y .-:"“;’,‘.‘//
,;;"; ,,i‘dr:”(-""/" . . o . .
Vi iceCube Array » 86 Strings with 60 Digital Optical
Modules (DOMs)

1450m |

—
—

Ve _ » Full configuration running with > 99%
i _/BDStﬁr?gggrpeacmg optimized for lower energies Uptime Since 2011

480 optical sensors

Eiffel Tower
324 m

» 3000 atmospheric u per second
» 1 atmospheric v per minute
» 1 astrophysical v per day

Cristian Haak, Current State of Neutrino Astronomy, PIC2024



lceCube-Gen2

arXiv:2008.04323v1

Neutrino Sugnatures in IceCube

dE
dX
“Tracks”: “Cascades”:
* Good directional * CCv, &V, interactions
resolution < 1° + NC all-flavor
* Poor energy resolution via * Directional resolution
dE
— of muon il i
dx

* Good resolution of visible
energy: ~10% for CCv,

“Double Bang”:

CC v, interactions + T decay
Atmospheric v, production
strongly surpressed

T decay length:

gt (5
M \pev



ORCA (Oscillation Research with Cosmics in Abyss)

memenoe - JceCube Collaborartion, Evidence for High-Energy

s . e
:’: SClenCe ;': Extraterrestrial Neutrinos at the IceCube

Detector, Science 342 (2013), 1242856

worid
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| OF THE YEAR |




History of Neutrino Astronomy in Antarctica

Starting Events “Partially contained” Cascades

Vo

= i -
O O O O O O O O O
1988 2000 2001 2011 2013 2018 2021 2022 2023
Telescc;e in the AM,;JDA Atmos_pheric Iceabe Astror;ysical Firsts_our-::e GIanw Second_Source Third?ource
Ice Envisioned Completed Neutrinos Completed Neutrinos TXS 0506+056 Resonance NGC 1068 Milky Way

Detected Discovered Identified Neutrino Identified Identified

Upgoing tracks



KM3NeT Project

Cities and Sites of KM3NeT

Australia

Amsterdam
Sydney ~¥" Delft " ‘
L/ ’ Leiden J i~ 5 S % 2
H “”. Texel N -
' Bamberg °
Erlangen Warsaw
— ®  Tibingen

Munster Wiirzburg

Louvaln B ahn

Parls o Prague
Johannes
Caen Strasbogrg ratlslav o2
Potchefstroom ® \antes ¢ Tlglisi
Bucharest *
oA ARCA

Montpellier M a e /Ile

South Africa : j Genova BO’Og"a ‘ ’ DEPt}l “"'3500 m
| L : / 2 blocks of 115 Detection Units (DU)

USA

: Toulon R
Vilanova i la Geltrd DITY

- CasertegBatt Distance between DU ~90 m

alencia Na, Ies .

Gandia® T Distance between DOMs ~36 m
: Volume (0.5 x 2 ) km3

Shat]ah T —

0
Abu Dhabl ORC A
Depth ~2500 m
One block of 115 Detection Units

Distance between DU ~20 m
. . . . Distance between DOMs ~9 m
The KM3NeT Collaboration ( 62 institutes, 22 countries) Colume ~8 Mton

Granada Athens
( ] Nlcos:a

[ ]
Catania ®

_-{“" .

Rabat

[ J
Oujda

® Ben Guerir
® Marrakesh



KM3NeT Detector
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Neutrino Oscillations in KM3NeT/ORCA6

KM3NeT/ORCAG, 433 kton-years KM3NeT/ORCA®G, 433 kton-years

i | | | L I| 1 1 I | L I| | | 1 I_ 3.5 1 I 1 ] d 1 ] 1 | ] 1 1 1 1 | | I 1 I
1.2k n i 0% CL -
L _ i IceCube 2024 — SK 2020 |
- - - —T2K 2023 — MINQOS+ 2018 |
5 1.0f J( 1 39l —NOVA2020 —KM3NeT 433 kton-years _|
T [ Jr 1 — T -
—] : 4 i ]
3 0.8 4 = | )
? | ] o 251 =
5 0.6] 1 2 ‘
= 0.6~ High Purity Tracks — 1 == T )
2 i i 1 a® : :
: 0.4-_ Non-oscillation ' _|_ h E 20l B
= - —— Bestfit . < i i
v : i B i
¥ 0.2 B NuFit v5.0 ] i :
A —I— Data i 1-5__ __
i | | | L1 11 I| | | | L1 11 I| l | | I_ |— -

D.D 100 1%0 | | | | | l | l | | | L | l | l | | |
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VHE Neutrino Events in ARCA21

ARCA2]1: VHE event
3672 PMTs (35%) triggered
Energy: > 100 PeV

10PeV u MC
1PeV u MC
VHE event
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KM3NeT VHE-Event: GZK Neutrino?

Cosmic microwave background spectrum (from COBE)
400 1 1] ] 1 1

I 1 1
COBE data F—+—
Black body spectrum

103 -
350

300
10! 4o 250

200

Intensity [MJy/sr)

150

1071 4
100

el Bl Bl -~ —a 1

-3
10 2 4 6 8 10 12 14 16 18 20 22

Frequency [1/cm]

GZK process (cutoff):
P +Ycup —> D+ 7t (pnd)
1° 100 102 10° 10' 10° 10° 107 10° 10° 10 1oV P +

> U +v,

107" -

E 1GeV]



LHC Neutrino Detectors
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LHC Neutrinos in the KM3NeT ?

HiLumMi

A LARGE HADRON COLLIDER

LHC / HL-LHC Plan

LHC HL-LHC

13 TeV

13.6 TeV 13.6 - 14 TeV

energ

Diodes Consolidation

splice consgolidation cryolimit LIU Installation -
TeV 8 TeV button collimators interaction ‘ inner triplet HLLHE
TV e R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

510 7.5 x nominal Lumi
ATLAS - CMS —
experiment upgrade phase 1 ATHE_AS - %MS /’
beam pipes X ‘ upgrade
nominal Lumi 2 x nominal L(ﬂr' ALICE - LHCb " 2 x nominal Lumi :

75% nominal Lumi | /‘— upgrade
m integrated JREANURLR
m m luminosity gLV (VR

L-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY "‘ PROTOTYPES / CONSTRUCTION INSTALLATION & COMM “H PHYSICS

Data taking with

HL-LHC CIVIL ENGINEERING: K BNET(ORCA&ARCA
Q .

e ld =13 T a1V PN IS AN TATYT LA 9000 IR/




LHC Neutrinos in the KM3NeT ?

CERN (46.2330° N, 6.0557° E)
KM3NeT/ORCA (42°48' N, 6°02’ E)
S (42.8°N, 6.0333° E)
. (H{t Gm J, < li CERN experiments:
L N oo ATLAS (46.235° N, 6.053° E)
SYEGELACY s CMS  (46.3098° N, 6.0764° E)

LHCb (46.2412° N, 6.0969° E)
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Summary

Neutrino physics is very active field of research: linking Standard Model and New Physics?

Neutrino oscillation research:

- precision measurement of 5 PMNS parameters
- defining NMO and d.p

Measurement of neutrino mass

Unanswered questions:
- are massive neutrinos Dirac or Majorana particles? (Ov[f3)
- are there sterile neutrinos?
- are there non-standard neutrino interactions?

New neutrino experiments: DUNE, Hyper-K, JUNO, KM3NeT, . ..



End of Lecture 11
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