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1. Introduction elementary particles
Standard Model
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1. Introduction elementary particles

Standard Model -

1930 Wolfgang Pauli
n-p+e-+7?

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

Ve + P > n+e+t
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1. Introduction Remarks

Standard Model — 3 flavors

1962 vV, Leon Lederman, Melvin Schwartz &
Jack Steinberger

1977 V: Martin Perl

Neutrino oscillation - neutrino have mass -
eigenstates of the weak interaction
eigenstates of mass
Mixing matrix for

neutrinos: PMNS
guarks: CKM
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1. Introduction Remarks

Standard Model - 26 free parameters
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1. Introduction elementary particles
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1. Introduction elementary particles

Standard Model

-
9(8)

2.y

S — invari

o W Gauge theory, Lorentz invariant

HCJ) Z SU(3).x SU(2), x U(1),
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1. Introduction

Standard Model

11/58

Remarks

) Symmetries

S 9‘8’ - CPT conservation
n y theorem in Minkowski space
S N
(7)) e . . .
rJcDJ Z V\/ - CP-violation for Weak Interaction

& C idem
particle = left-handed + right-handed

- right-handed neutrino ???



1. Introduction Remarks

Standard Model
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1. Introduction

Neutrino Astronomy: a prob — why

- neutrino interact very weakly with matter
Solar neutrino ~10* cm~—2 .s7?

- neutrino is neutral ] ‘
Insensitive to the magnetic field along its line of propagati

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

- neutrino with high energy can be produced
In cosmic accelerators:
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1. Introduction

microwave

Remarks

neutrinos  COSIIC rays

terra incognita:
only revealed by
neutrinos
(& GW)




1. Introduction Flux
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1. Introduction
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1. Introduction
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1. Introduction

B

Active galactic nucleus

fronts

nucleus

From F. Halzen

Neutrino beam cosmic neutrinos

atmospheric neutrinos

production

cosmogenic v
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1, Introducliion Main bkg

e* Primary Particle
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2. Neutrino detection

radiochemical neutrino detection
neutrino capture
Vet (AZ) - (A,Z+1)*+ e-
(* means Ti)
successful examples
Ve+ 3'Cl = 3Ar + e-
Ve+ "Ga - "Ge + e-

efficiency

21/58
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2. Neutrino detection Cerenkov

Cerenkov radiation, real time detection

Relativistic* charged particles through a medium 3
refractive index n> 1/ 1 H

Cerenkov radiation is tangent to a cone 8¢ around the trace W

I

I

I
cos(Bc) =1/npB :
Radiation is due to the polarization of the medium
and a dynamic variation of the dipole moment
of the molecules of the medium (l.e water)

Number of photons is proportional to Z2sin2(8¢)

o '. s
4 g __. : '1% =
] £ 13

2 gé?elativistic means that the particle moves faster than the light in the medium R:/‘I-'ir'ii'-:bc:)'o'h " nuclear power plant core



2. Neutrino detection Cerenkov

Photomultiplier — photoelectric effect — Albert Einstein 1905

Photocathode
Focusing electrode  Photomultiplier Tube (PMT)

lonization track / / /

v N

\
High energy ,,JJJ\P’ 7%7:7,1’1

phOton Low energy photons
. ./ | ' \ / pins
Scintillator Primary Secondary Dynode  Anode
electron electrons

I

Connector
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2. Neutrino detection particle-matter interaction

G ; absorption simple
diffusion Rayleigh ,
(élastique) électron ayant

. changeé d'orbite

D
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& incident Airuss incident
,\0 AR PP absorbé énergie faible
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N7} ionisation)
X

&
S o o
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l\Pr' incident <7~
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2. Neutrino detection particle-matter interaction

- Kzz L[l In 2mec By Tmae _ ’82 _ 5(2’7) ]‘

[ |

[ |

|

1
e s 1
50 = . :
= U on Cu | }
=100 = : =
E s Ander -,nnrl - : y ‘{
:‘ : Ziegler . -y : _
U B ' Radiative 3 :
% 23 ' effects 8 LEye

L= ] e e 1] 1 e
o 10 ;_.,—__;,Ff i reach 1% " -
20 :_‘ ! Minimum ' i
é.- h § 1ionmzation 1 .
o Nuclear ¥ -
A I l logses :
Il L | | | {
. 4 5
0.001 001 0l I 10 100 1 000) 10 10
Py
| | | | l | |
0.1 [ 10 100 1 10 100 | 10 100
[MeV/c] [GeV/c] [TeV/e]

25 /58 Muon momentum



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

Example : Ice Cube

Z In(P/m) - E <300 GeV
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2. Neutrino detection particle-matter interaction

Example : Ice Cube
dE

i a(E)+b(E)E  a(E) = 0.24 GeV m™! and »(E) = 0.00032 m™! for ice
X
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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 Ve
Ve+ 3'Cl = 3Ar* + e-

threshold - 0.814 MeV

Solar : 5
Number Reactio terminati Maximum neutrino energy
400 m3 perchlorethylene eten - (Mev)
(0.5 atom/day) 1 p+p—Hie +r 99.75 0.420
or
2 p+e +p—H + » 0.25 1.44 (monoenergetic)
3 H4+p—*He+ v
4 ‘He 4 'He — *He 4+ 2p 86
or
5 *He + ‘He — 'Be + v
6 Be 4+ e — 'Li 4 » 0.861 (90%), 0.383 (10%) (both
monoenergetic)
7 Li + p— 2*He 14
or
8 ‘Be + p—'B + v '
9 B tBe* ety v 14.06
10 tBe* — 2‘He (1X1]
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Solar neutrino Remark

. I0|3
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Homestake — Solar neutrinos —
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Homestake - Solar neutrino Birth of neutrino astronomy

solar neutrino problem
new experiments: chemistry or Cerenkov
- Kamiokande (1987) - SNA 1987 A - Super-Kamiokande
- SAGE & GALLEX ~ "'Ga chemistry

- SNO Prediction I
- Antares (100%) ™= |
- lceCube 5
= ~60% ~55%
5
Q
> ~35%
Q
v
L2
o I
2
SR
C
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Kamiokande

1984

1987

35/58

Kamiokande |

proton decay & neutrino oscillation
Japan Mozumi zinc mine

1000 meters underground

detector:
Cerenkov
Ve from B
8000 m?3 (~10* nucleons)
1000 PMTs, 50 cm
threshold - 10 MeV

Kamiokande Il idem

PHYSICAL REVIEW LETTERS 6 APRIL 1987
twelve electron events w & ! T f
stron angle in the last 5 4 [
1987A. The errors on @ 3 |
dard-deviation Gauss- =] 2 J
o
R
lectron Electron 2o e mmea L B
snergy angle COS 6(e.LMC)
MeV) (degrees) ——— = N T S — — —
NE=X 1818 | L | L |
SE3Y 15427 L
S+20 10832 | 1 _sol i
2E2.7 70 £ 30 E
8+29 135+ 23 — 5 - 4
X117 68 =77 l 2 8
4+8.0 32+ 16 =7 4 220 0% e
0+42 30+ 18 | |z
BE32 g t22 ¥ I & - .
627 122430 I 4 ns 29
0£26 49+ 26 R T2 & ™ &®
9 1.9 91+ 39 L L & e i
L i | 1 i o TN D . T Y T O ] [ VS i Wy ! L A S A0S ot
© 0w ¥ MmN -~ O -1.0 -05 0.0 05 10
ent with isotropy. SINIAT H0 HIBWNN P ——
: data of 16:09. 21
PHYSICAL REVIEW LETTERS 6 APRIL 1987

electromagnetic

(optic) counterpart

I1. Shelton, International Astronomical Union (IAU) Circu-
lar No. 4316. Note also that R. H. McNaught subsequently
communicated visual magnitude of 6.0 on 23.44 UT February.
The first confirmed observation of optical brightening was by
G. Garradd, 23.44 February (IAU Circular No. 4316). The
last confirmed evidence of no optical brightening was by Shel-
ton, 23.059-23.101 February (IAU Circular No. 4330).
There was a possible observation of no optical brightening by
A. Jones at 23.39 February {IAU Circular No. 4340).



Kamiokande

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

detegtor: _
Cerenkov i S
v. from °B alian Qbservatory |

e

8000 m3 (~10* nucleons)
1000 PMTs, 50 cm
threshold - 10 MeV

1987 Kamiokande Il idem
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 Ve, Vy, V1

11 146 photomultiplier, 50 cm
threshold - 4.5 MeV

50 220 m3
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Super-Kamiokande

1996  Takaaki Kajita
Japan Mozumi zinc mine

1000 meters underground

detector:

sensitive t0 Ve, Vy, V1

11 146 photomultiplier, 50 cm
threshold -~ 4.5 MeV

50 220 m3

38 /58
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01
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Super-Kamiokande
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Super-Kamiokande

2010

T2K Data v, and v, CC
,and v, CC Neutral current
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Super-Kamiokande ~ T2K

2010
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Antares

1987 - 2008 completed - 2022 finished
Toulon, France

2 500 meters underground

more a prototype .
- .
detector: =
~O,1 km2 -
ke
350 m *
Problems <5 i
bio-luminescence it -
ocean current -
& -
* e

2
100 [ A

~70 m
42 / 58

©Montanet

Anchor/line socket

.
s
.
e
e
e

14.5m

* 25 storeys / line
* 3 PMTs / storey
- 885 PMTs

Deployed
in2001 *

f'.

0 km

-\

Junction

box
(since 2002)

Interlink cables



Ice Cube

2004

~1km3
South pole
1450 to 2450 meters under-i

detector:
sensitive to Ve, Vy, V1
5160 (86*60) digital opti
~25 cm (10 inch)
300 TeV to 1 EeV (and |

problem:
air bubble inice - god

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

South Pole

Amundsen-Scott Station

lceCube
Neutrino Observatory



Ice Cube

~1km3
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Ice Cube

lceCube Lab

50m

1450 m

2450 m

2820 m

45/ 58

IceTop
81 Stations
324 optical sensor

IceCube Array

86 strings including 8 DeepCore strings
/ 5160 optical sensors

DeepCore
8 strings—spacingjoptimized for lower energies
480 optical sensor

A pwer

Penetrator HV Divider
\ LED
Flasher
Board
DOM

Mainboard 3 ik .
b ’ ;

Delay
Board

7

” P ;
PMT - RTV
T gel

Glass Pressure Housing



lce Cube Federica Bradascio

& "\

Deep Inelastic Scattering

W %
* hadronic

Northern Vi
Sky /

shower

Southern

Sky

46/ 58



lce Cube Federica Bradascio

Cascades

¢

&

&

v, +N—->pu+X vx+N—->uvy+X, ,+#N—-e+X
Good angular resolution 0.1-1 deg Fully active calorimeter
Neutrino astronomy Good energy resolution ~15%
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Ice Cube

1025
1018
1011

104
1073
10-10

10—17

Flux [MeV~1 cm~2 s 1 sr71]

104
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|Ce CUbe e Assuming best-fit power law:

103 +++ Unfolding
s ‘ I Astrophysical v+ 7
I Conv. atmospheric v +V

10° 4 . W —

1 = Astrophysical 27
105-: == Conventional Atm. 10 é—_|_|_‘_ .

: === Prompt Atm. - — lceCube preliminary

1 === Muon-Template - B
194': — Sum . - L b=

] <+ Exp. Data £ —'—I
1“3_ | — ‘I L

] o 1 3

| 5 101}
ll}z'_ (T I

1 | e
m]—; ’ ﬂE
1.5
B B—!'™ ;

Ty 107" F

0 P RIRETSIS WREMSEARTPE BNETRERVRNS R > 251 » e | L] :

10 10° 10* 10° 108 107

Muon Energy Proxy / GeV

02— L
104 10° 106 107

49 /58 Median neutrino energy (GeV)



Ice Cube Remarks

Selection - need various bands of the electromagnetic spectrum

AGN — ~2 evts per month

Evidence for neutrinos from flaring blazar TXS 0506+056 (30)
Evidence for neutrinos from nearby Seyfert galaxy NGC 1068 (4.30)

Earth

ab:-..urptiun

Galactc Plam '

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

Galactic
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Ice Cube Remarks

Selection - need various bands of the electromagnetic spectrum

AGN — ~2 evts per month
Evidence for neutrinos from flaring blazar TXS 0506+056 (30)
Evidence for neutrinos from nearby Seyfert galaxy NGC 1068 (4.30)

L]

| J l l l | . | | |
-150 -100 -50 0 50 100 150
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Ice Cube Remarks

Selection - need various bands of the electromagnetic spectrum

AGN — ~2 evts per month
Evidence for neutrinos from flaring blazar TXS 0506+056 (30)

Evidence for neutrinos from nearby Seyfert galaxy NGC 1068 (4.30)
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Neutrino Astronomy
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- Homestake

- KamiokaNDE - sup
- Antares
- IceCube

4. Conclusion
- Future
- Multi-messenger
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4. Conclusion Future

1987 Antares
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4. Conclusion LN Future

1987 Antares

1987 Km3net
2 sites: Toulon/France & Sicile/ltalie




4. Conclusion

optic
Infra-red
X

radio
GW
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Infra-red
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Radio

60 /58



All
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Thanks for your patience !
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