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1. Introduction

Standard Model → minimal

tme
ntnmne

1930  Wolfgang Pauli
   n → p + e- + ? 

1956 Clyde Cowan & Frederick Reines
  Neutrino observation

1957 Bruno Pontecorvo
  Neutrino oscillation prediction

1967 Steven Weinberg, Abdus Salam & Sheldon Glashow
  Neutrinos massless & Left-handed

1998 Super-Kamiokande & SNO 
  Neutrino oscillation observation
  ne  +  p → n + e+ 

Neutrinos have mass 
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1. Introduction

Standard Model → 3 flavors

tme
ntnmne

1962 nμ Leon Lederman, Melvin Schwartz & 
Jack Steinberger

1977 nτ Martin Perl

Neutrino oscillation → neutrino have mass →  
     

eigenstates of the weak interaction
≠   

eigenstates of mass

Mixing matrix for 
neutrinos: PMNS
quarks: CKM
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1. Introduction

Standard Model → 26 free parameters

Remarks
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1. Introduction
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- CPT conservation

theorem in Minkowski space
 

- CP-violation for Weak Interaction
Parity maximal violation & C idem
particle = left-handed + right-handed

→ right-handed neutrino ???

Remarks
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1. Introduction

Neutrino Astronomy: a prob → why

→  travel long distances w.o be affected 

- neutrino interact very weakly with matter
  Solar neutrino ~1011 cm ² .s ¹⁻ ⁻
  
- neutrino is neutral
  insensitive to the magnetic field along its line of propagation

- neutrino is light (Σmν < 0.1 eV?) easily produced

- neutrino with high energy can be produced 
  in cosmic accelerators: 

→ Tool to understand AGN, GRBs, supernovae...    
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1. Introduction Remarks
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Flux1. Introduction
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Flux1. Introduction 50 000 m³
1 km

³
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1. Introduction
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production1. Introduction
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2. Neutrino detection 

radiochemical neutrino detection

neutrino capture
ne + (A,Z)→ (A,Z+1)*+ e-   

     (* means T1/2)

successful examples 
ne + 37Cl  → 37Ar+ + e- 
ne + 71Ga → 71Ge + e-

efficiency
 about 1 neutrino capture per sec per 1036 target atoms

Chemistry

ud atom

(A,Z) (A,Z+1)
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2. Neutrino detection 

Čerenkov radiation, real time detection
Relativistic* charged particles through a medium 
refractive index n > 1 / β

Čerenkov radiation is tangent to a cone θC around the trace 
cos(θC) = 1 / nβ

Radiation is due to the polarization of the medium 
and a dynamic variation of the dipole moment 
of the molecules of the medium (I.e water)

Number of photons  is proportional to  Z2sin2(θC) 

Čerenkov

ud atom

(A,Z) (A,Z+1)

* Relativistic means that the particle moves faster than the light in the medium

n >1/
C

Mini-boon nuclear power plant core
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2. Neutrino detection 

Photomultiplier ← photoelectric effect ← Albert Einstein 1905
  Ɣ → e- + amplification (1Ɣ ~pC → gain 10⁷)

Čerenkov
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2. Neutrino detection particle-matter interaction
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2. Neutrino detection particle-matter interaction
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2. Neutrino detection 

#

particle-matter interaction
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2. Neutrino detection particle-matter interaction

#

Z ln(P/m)   → E < 300 GeV

Z ln(P/m) → E > 300 GeV
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2. Neutrino detection particle-matter interaction

Z ln(P/m)   → E < 300 GeV Z ln(P/m) → E > 300 GeV

Example : Ice Cube
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2. Neutrino detection particle-matter interaction

 

Example : Ice Cube
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Homestake → Solar neutrino 

1960 Raymond Jr. Davis
Brookhaven Solar Neutrino Experiment 
South Dakota, old gold mine 
1 478 meters underground

detector:
only sensitive to ne 

ne + 37Cl → 37Ar+ + e- 
threshold→  0.814 MeV

 400 m³ perchlorethylene
counting Ar (0.5 atom/day)
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Solar neutrino Remark
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Homestake → Solar neutrinos → missing a factor ~3 ??? 
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Homestake → Solar neutrino

solar neutrino problem  
new experiments: chemistry or Čerenkov

- Kamiokande (1987) → SNA 1987 A →Super-Kamiokande
- SAGE & GALLEX ← 71Ga chemistry
- SNO → neutrino oscillations 
- Antares 
- IceCube 

Birth of neutrino astronomy
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Kamiokande 

electromagnetic 
(optic) counterpart

1984 Kamiokande I
proton decay & neutrino oscillation
Japan Mozumi zinc mine  
1000 meters underground 

detector:
Čerenkov
ne from 8B 
8000 m³ (~1033 nucleons)
1000 PMTs, 50 cm
threshold→  10 MeV

1987  Kamiokande II idem → SNA 1987 A
Large Magellanic Cloud 
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Kamiokande 

1984 Kamiokande I
proton decay & neutrino oscillation
Japan Mozumi zinc mine  
1000 meters underground 

detector:
Čerenkov
ne from 8B 
8000 m³ (~1033 nucleons)
1000 PMTs, 50 cm
threshold→  10 MeV

1987  Kamiokande II idem → SNA 1987 A
Large Magellanic Cloud 

24 neutrinos detected in ~10 s
3 hours before the electromagnetic signal
Typical energy ~10 MeV
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Super-Kamiokande

1996 Takaaki Kajita
Japan Mozumi zinc mine 
1000 meters underground

detector:
sensitive to ne, nμ, nτ
11 146 photomultiplier, 50 cm
threshold→  4.5 MeV

 50 220 m³ 

41m

39m
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Super-Kamiokande

1996 Takaaki Kajita
Japan Mozumi zinc mine 
1000 meters underground

detector:
sensitive to ne, nμ, nτ
11 146 photomultiplier, 50 cm
threshold→  4.5 MeV

 50 220 m³ 
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Super-Kamiokande

42m

39m

Neutrino oscillation observation
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Super-Kamiokande ← T2K 

2010  
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Super-Kamiokande ← T2K 

2010  

Protons graphite Pions Pions π+ → μ+ + νμ 
~ 99 %

νμ

νμ

νμ

~500 MeV
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Antares 

1987 → 2008 completed → 2022 finished
Toulon, France
2 500 meters underground
more a prototype 
→ Km3net

detector:
~0,1 km2

Problems
bio-luminescence
ocean current 
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Ice Cube

2004 South pole 
1450 to 2450 meters under-ice 

detector:
sensitive to ne, nμ, nτ

5160 (86*60) digital optical modules (PM)
~25 cm (10 inch)
300 TeV to 1 EeV (and locally 10 GeV)

problem:
air bubble in ice → go deeper

~1km³

< 50 m drill & > 50 m 
hot water drilling 2 m/mn



44 / 58

Ice Cube

~1km³
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Ice Cube
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Ice Cube Federica Bradascio
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Ice Cube Federica Bradascio
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Ice Cube

Astrophysical 
neutrinos ~100 y-1

Astrophysical 
neutrinos ~10 y-1

[Icecube 2022 ApJ 928 50]

Atmospheric bkg 
~10⁵ y-1
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Ice Cube
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RemarksIce Cube

Selection → need various bands of the electromagnetic spectrum
AGN   → ~2 evts per month

Evidence for neutrinos from flaring blazar TXS 0506+056 (3σ)
Evidence for neutrinos from nearby Seyfert galaxy NGC 1068 (4.3σ)
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4. Conclusion Future
1987 Antares

1987 Km3net → 2026
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4. Conclusion Future
1987 Antares

1987 Km3net → 2026
2 sites: Toulon/France & Sicile/Italie
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4. Conclusion Multi-messenger 
All information (radiations) should be used to constrain any astrophysics model

optic
Infra-red
X
radio
GW 
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Optics
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Infra-red



59 / 58

X
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Radio
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All
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Thanks for your patience !
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