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IceCube reports first evidence for extraterrestrial high-energy neutrinos

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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Introduction

A bit of History Neutrinos and other messengers Sources and detection

Introduction : properties and history of neutrinos

Fermion

@ Weak Interactions : exchange of W, Z
= escapes dense regions

Elementary particle : no decay
Mass close to zero
= velocity ¢

Neutral particle
= no effect of magnetic fields

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Introduction

A bit of History Neutrinos and other messengers Sources and detection

An introduction to Neutrino Astronomy

A brief history of neutrinos...

@ 1930 : Pauli invents the neutrino to explain g decay.../ have done
something very bad today by proposing a particle that cannot be
detected ; it is something no theorist should ever do.

neutron proton

@ 1933 : Fermi develops the theory of the little neutron (neutrino),
discovered in 1932 by Chadwick

@ 1953 : Experimental observation at Savannah River (Reines &
Cowan) through 7+ p — e" +n

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Introduction
A bit of History Neutrinos and other mes:

Sources and detection

An introduction to Neutrino Astronomy

A brief history of neutrinos...
@ 1968 : Solar Neutrinos observed at Homestake (Davis) - only the
third of expectations...
1987 : in Large Magellanic Could

Galliu _ Chlorine ___Superk. SN0,
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Introduction

A bit of History Neutrinos and other messengers

An introduction to Neutrino Astronomy

A brief history of neutrinos...

1968 : Solar Neutrinos observed at Homestake (Davis) -

@ 1987 : SN1987A in Large Magellanic Could

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Introduction

A bit of History Neutrinos and other messengers Sources and detection

An introduction to Neutrino Astr
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= Birth of Neutrino Astronomy (1987)!

R. M. Bionta et al. , Phys. Rev. Lett. 58, 1494-1496 (1987)
K. Hirate et al.,Phys. Rev. Lett. 58, 1490-1493 (1987)
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Introduction 0s and c-Rays Neutrino Te

A bit of History Neutrinos and other messengers Sources and detection

Neutrinos as Cosmic Messengers...

i
408 MHz — Bonn, Jodrell Banks & Parks Photomosaic - Lausten et al. =100 MeV — CGRO / EGRET

Optical Gamma ray

e If E, ~ 10GeV — 10%EeV, same span as Radio to X-rays !

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Introduction nos and C Rays Neutrino Telescopes ceCube Perspectives

A bit of History Neutrinos and other messengers Sources and detection

Neutrinos as Cosmic Messengers...

e Protons : deflected by magnetic fields (E, < 10'°GeV/); UHE
interact with CMB photons (£ ~ 30Mpc)

@ Neutrons : decay (£ ~ 10kpc at E ~ EeV/)

@ Photons : interact with ExtraGalactic Background Light
(£ ~ 100Mpc) and CMB (L ~ 10kpc)

o Neutrinos : neutral, weakly interacting...

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Introduction

A bit of History Neutrinos and other messengers and detection

Neutrinos as Cosmic Messengers...
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Introduction

A bit of History

Neutrinos and other messengers

1d detection

Neutrinos as Cosmic Messengers...

10**18eV 10**19eV

10**20eV
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o F=q(vxB)= "L — qu.B= Ry(m) ~3325Y/) o E

=] (=)
Th. Pradier (University of Strasbourg & IPHC)
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Introduction Neutrinos and Cosmic-Rays Neutrino Telescopes IceCube and Antares Perspectives

A bit of History Neutrinos and other messengers Sources and detection

Neutrinos as Cosmic Messengers...

@ Requires large volume of detection...

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neu Astronomy 6 /48



Introduction

A bit of History

Sources of neutrinos...

Under rock

Giant Air Shower
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Pradier (University of Strasbourg & IPHC)

Neutrinos and other messen,
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Introduction

A bit of History

Neutrinos and other mess

The far end of the spectrum...

1022

Energy (eV)

1021

1020

1018
1

. |
o? 10! 102
Propagation Distence (Mpc)

I
103

10%

EraNdE [m2 sl st eV

Sources and detection
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Guaranteed source of UHE neutrinos

104

102!

@ Threshold vems +p — A — 7+ N =~ 102V
@ Flux : less than 100/km?/yr !
@ See Lectures on Charged CR on Ground by T. Suomijarvi

Th. Pradier (University of Strasbourg & IPHC)
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Introduction

A bit of History Neutrinos and other messengers Sources and detection

Atmospheric neutrinos

r;l'— T T T TTT TT T T
E 10 limits to extragalactic contributions:
‘-"m + Frejus
‘T: 10 wunn - AMANDA— E!
-
1 310 1
N>
= 10 4
& F Ty
= spectral measurements: i
z
AMANDA— Il (this analysis) ;+
Frejus f-‘ 1
10 7 L= AMANDAII (fow energy) TT 1
- Superk -+
IO 1 1 1 Il L 1 1
-1 0 1 2 3 4 5 6
log(E, /GeV)
Background for detection of astrophysical neutrinos ! J
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High-Energy Neutrinos :

The Cosmic-Ray Connection




Introduction Neutrinos and Cosmic-Rays Neutrino Telescopes IceCube and Antares Perspectives

Production and Acceleration From ~-ray to v fluxes Astrophysical Sources Upper Bounds on v fluxes

The TeV Gamma-Ray Sky

from TeV Gamma-Ray Catalog

. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy 11 / 48
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Neutrinos and Cosmic-Rays

Production and Acceleration

From ~-ray to v fluxes

Astrophysical Sources

The Cosmic-Ray Connection

Eynchmtrﬂ I o pray
photan LRz
Ambient 5
photon or
synchrotron
phaton ~

Shack
y

hock

Inverse-Compton
scattering

Pradier (University of Strasbourg & IPHC)

Jet axis

roton-induced

cascade

Synchrotron Radiation
y-ray

e-

Magnetic Field

Upper Bounds on v fluxes

Leptonic Production of HE ~ :

Inverse Compton Scattering

Low E photon

T

e

e-

Hadronic Production of HE ~/CRs :

p/A+p/Yy

— @ g*
44
B
1
V,Vee
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Neutrinos and Cosmic-Rays

Production and Acceleration

Energies and rates of the cosmic-ray particles

From ~y-ray to v fluxes

cal Sources inds on v fluxes

! T T 'CAPF;\’S‘S e
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Grigorov +—%—+
JACEE +——i
Akeno & Synchrotron Radiation Inverse Compton Scattering
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Hillas 2006, arXiv :astro-ph/0607109 y
Neutrinos are the smoking gun of hadronic processes J

Pradier (University of Strasbourg & IPHC)
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Neutrinos and Cosmic-Rays

Production and Acceleration

Energies and rates of the cosmic-ray particles

From ~y-ray to v fluxes

cal Sources inds on v fluxes
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Hillas 2006, arXiv :astro-ph/0607109 y
See Lectures on v and charged cosmic-rays J
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Neutrinos and Cosmic-Rays
Production and Acceleration From ~-ray to v fluxes Astrophysical Sources Upper Bounds on v fluxes

The Cosmic-Ray Connection

1031 T T T T I T T T | T T T T ] | T |
- Xrays
visible soft
1030}= ‘ hard gamma rays
i,  from space 7

1029 '
. radio _ -
= :
g’ '
>

1020
Frequency v (Hz)

Multi-wavelength /messenger analysis = Modelling of the source

Th. Pradier (University of Strasbourg & IPHC)
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Production and Acceleration

Neutrinos and Cosmic-Rays

From

~y-ray

to v fluxes
Fermi processes for Acceleration

Astropk

2nd order

Fermi Acceleration Mechanism
plasma clouds

Stochastic energy gain in collisions with
randamly distributed magnetic mirrors
E'<E

1lst order
E'>E

acceleration in stron

supernova ejecta, RG
v

E

Plasma cloud
AE

2
g "B

ot spots
E

v
p=

shock waves

<107
e
[Slow and inefficient]

B
° dEocE 7, with 1.5 <y <25
@ See Lectures by A. Marcowith

Th. Pradier (University of Strasbourg & IPHC)
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Neutrinos and Cosmic-Rays

Production and Acceleration From ~-ray to v fluxes cal Sources e inds on v fluxes

Fermi processes for Acceleration

Hillas-plot
(candidate sites for E=100 EeV and E=1 ZeV)

Protons
(100 Eev)

it Maximum Energy

@ Impose L < R,

T @ = Enax ~ ZBL with L size of
| re (100 5wy accelerating region
= Compact sources
N i

Colliding
galaxie:

@ Ultra-Relativistic shocks :
Enax ~ TZBL

log(Magnetic field, gauss)

3 6 Ts 12 15 18 21

1 au 1pc 1 kpc 1 Mpc
log(size, km)

[} = =
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Production and Acceleration

Neutrinos and Cosmic-Rays

Leptonic/Hadronic ?

-ray to v fluxes

Astrophysical Sc

black holes,
merging neutron stars,...
Leptonic scenario
@ e— accelerated via Fermi
mechanism

@ X-Rays, observed, produced via
synchrotron : et B — ety

Upper

@ HE ~v-rays by Inverse Compton :
ei’Ylow E — € “high E

@ No neutrinos!

Th. Pradier (University of Strasbourg & IPHC)
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Neutrinos and Cosmic-Rays

Production and Acceleration From ~y-ray to v fluxes Astrophysical Sources Upper ds on v fluxes

Leptonic/Hadronic ?

black holes,
merging neutron stars,...

Hadronic scenario

@ Protons and Heavy nuclei
(observed !) accelerated via
Fermi mechanism

@ Interaction with ambient
photons :

o pty/A= AT -7’ +p
o p+y/A—= At 7t 4+ n
® ~v-rays via 70 — vy
@ Neutrinos via
nt — pty, — ety

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Neutrinos and Cosmic-Rays
Upper Bounds on v fluxes

Production and Acceleration From ~-ray to v fluxes Astrophysical Sources

A Hadronic origin for ~ emission ?

eV /{cm?s)
10

¥

1

oF /de

2
€
7

Compressed
shell of hot gas.

Inverse Compton
scattering— y-rays

The case of RXJ 1713-3946

@ Purely leptonic models not satisfactory

@ Proton acceleration + beam dump on nearby molecular clouds?
Berezhko & Volk, arXiv-08100988v2

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Neutrinos and Cosmic-Rays

Production and Acceleration From ~-ray to v fluxes

A Hadronic origin for ~ emission ?

= F = N
- " My,”
« Q Q\}
§ 10°- § 10k \
> F > f *
[0} - (0] . \
= - = » }
w [ w [
3 S \
2 2 \ ,I
Gl P [ \
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—a— Fermi LAT (24 months) \ \
10° —e— HESS (Aharonian et al. 2007) 10° e HESS (Aharonian et al. 2007) \ \
Berezhko & Voelk 2010 74y \
Ellison et al, 2010 (n0dominated) Fv — — Porteretal. 2006 \ |
Zirakashvili & Aharonian 2010 (0 dominated) v — — Eliison et al. 2010 (IC dominated) \
F | Zirakashvili & Aharonian 2010 (IC/TO mixed) Zirakashvili & Aharonian 2010 (IC dominare\:)\
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Energy [ MeV ] Energy [ MeV ]

@ According to Fermi, hadronic models not satisfactory

@ Different conclusions for Yuan et al.

[} = =
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http://arxiv.org/pdf/1103.5727v1.pdf
http://arxiv.org/pdf/1011.0145v2.pdf

Introduction Neutrinos and Cosmic-Rays Neutrino Telescopes IceCube and Antares Perspectives

Production and Acceleration From ~-ray to v fluxes Astrophysical Sources Upper Bounds on v fluxes

The TeV Gamma-Ray Sky
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Neutrinos and Cosmic-Rays

Production and Acceleration From ~y-ray to v fluxes Astrophysical Sources Upper Bounds on v fluxes

The TeV Gamma-Ray Sky

How to compute a v Flux from 7-Ray Observations
@ Assume a primary spectrum at the source
@ Describe the interaction mechanism

@ Renormalize expected flux to the observed HE + flux
A. Kappes et al., ApJ, 656, 870 (2007)

Hadronic Production of HE ~/CRs :

p/A+p/y — ° o*
Ll

VY M
1

VyVe€

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy


http://iopscience.iop.org/0004-637X/656/2/870/pdf/65799.web.pdf

Neutrinos and Cosmic-Rays

Production and Acceleration From ~y-ray to v fluxes Astrophysical Sources Upper Bounds on v fluxes

The TeV Gamma-Ray Sky

How to compute a v Flux from ~-Ray Observations

@ Assume a primary spectrum at the source

@ Describe the interaction mechanism

@ Renormalize expected flux to the observed HE ~ flux
A. Kappes et al., ApJ, 656, 870 (2007)

V.

Neutrino oscillations

e Expect flavor ratios (1,2,0) (v +7) — (1,1,1)

= But depends on source properties

o If B high, pions+muons at HE have energy losses before decaying

@ Smaller life time of muons/pions, suppression of contribution to v
flux from p decay :

= flavor ratio can be (ve, e, vy, Uy, v+, -) = (0,1,0)

o At Earth, becomes (ve + e, v, + Uy, v + 77) = (1,1.8,1.9)

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy


http://iopscience.iop.org/0004-637X/656/2/870/pdf/65799.web.pdf

Neutrinos and Cosmic-Rays

Production and Acceleration From ~-ray to v fluxes Astrophysical Sources Upper Bounds on v fluxes

The TeV Gamma-Ray Sky

How to compute a v Flux f ~v-Ray Observatio

@ Spectral index of -rays could be different to that of primaries and
neutrinos, due to interactions in the sources

@ Can reprocess photons giving rise to “softer” spectra, i.e. more low
energy events

@ Total energy can still be related through :

Emax Emax
il dN > dh,
E— —K / E,—X%

/Emr'n g dE’Y [Emin dEV

¥ v

in .. dN .
o If E;"ax > Eg””, with TE: = Ava @

—=@AF2
dNV ~ A E—2 ~ A'YE'y,min E_2
dE, v (o = 2)KIn(Eyy.max/Ev.min) "~

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Neutrinos and Cosmic-Rays

Production and Acceleration From ~-ray to v fluxes Astrophysical Sources Upper Bounds on v fluxes

The TeV Gamma-Ray Sky

pp interactions

° fEmmX ESE =K fE,,,m E, e with K, = 1

e pp — pp/np/nn+ 7°(1/3E,) + n*(1/3E,) + 7 (1/3E,)
= 7% = yy:1/2E,
= 7t = v (1/4E:) ut — etvei,(1/4E,)
= 7 — U (1/4E:) p= — e Devyu(1/4Ex)

@ 3 pions produced at each interactions : each carry E,/3

@ Each neutral pion gives 2  : each v carries E,/6

@ Each charged pion gives 4 particles : each particle carries E,/12,
hence E,/6 under the form of v,

(SR s
_ max __ max __
/El,_/EV, Er> = L, E¥ =

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Neutrinos and Cosmic-Rays

Production and Acceleration From ~-ray to v fluxes Astrophysical Sources Upper Bounds on v fluxes

The TeV Gamma-Ray Sky

pp interactions

max

ET dN. (£ dN.
) Y E Ay — v E aily —
fE:{”"" Y dE, K fEL’,""" Y@ls, v KPP 1

e Maximum E[™* of protons depends on kinematics of acceleration
mechanism (jets...)

e Minimum Eg’"” given by threshold energy for pion production :

2m, + my)% — 2m?
(2mp ) P ~T x1.23GeV

Emin =
Z 2m,
o [ Lorentz Factor of accelerator relative to the observer, related
to Doppler Boosting of radiation in jet §;, to angle between jet's axis
and line of sight 6, 3 bulk velocity of plasma in units of ¢

1

% = (1 — S cosf)

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Neutrinos and Cosmic-Rays

Production and Acceleration From ~y-ray to v fluxes Astrophysical Sources Upper Bounds on v fluxes

The TeV Gamma-Ray Sky

p7y interactions

° fé:m B =K [gr B2, with Ky, =4

@ py = A — 7N :2/3pr° 1/3n7"

@ One pion produced at each interaction : each photon carries E /2
@ Each charged pion gives 4 particles : each neutrino carries E, /4

= 1/3E, for photons, 1/12E, for v,, or [ E, =1 [E,
@ Average fraction of proton energy transferred to m < x,—,, >~ 0.2
EJ? < Xpsy >
2

EP™ < Xpyy >

E’/;nax = 4

max __
i Ez/ T

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Neutrinos and Cosmic-Rays

Production and Acceleration From ~-ray to v fluxes Astrophysical Sources Upper Bounds on v fluxes

The TeV Gamma-Ray Sky

v production at the source

@ For pp collisions :

dN,,
els,

(s K?Tewcmys) (F) (23_‘ )

@ For pv collisions :

~2x1072TeV/ecm? /s x .

dN,,
dE,

A, 10 2.8 =2\ [ Eytarget \*
“\3.2x 10~ 11TeV/cmz/s a—2 1MeV

Alvarez-Muniz & Halzen, The Astrophysical Journal, 576 (2002) L33-L36

0 BTeV/ecm?/s x.

v

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Neutrinos and Cosmic-Rays

Production and Acceleration From ~y-ray to v fluxes Astrophysical Sources Upper Bounds on v fluxes

The TeV Gamma-Ray Sky

Taking oscillations into account

@ If only part of the total flux is considered (if only interested in
neutrinos for instance), effects of propagation need to be taken into
account :

source __ q)ZOLII’Ce + q)liOUI’Ce + q)j—OUI’Ce — (0.5 + 1)¢;OUI’C€

total

@ After oscillations :

Earth __ Earth
q)tota/ - 3q),u

Measured CDEa'th = O.5¢Z°“’C€' Calculated

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Neutrinos and Cosmic-Rays

roduction and Acceleration From ~-ray to v fluxes As Vs ources inds on v fluxes

The TeV Gamma-Ray Sky

How to compute a v Flux from ~-Ray Observations

T B RX J1713.7-3946 T VelaX
s N = HES.S. data N " HESS data
v - ~ ------=- fitted ¥ spectrum 2 -----== fitted y spectrum
& 10M N calculated v spectrum & calculated v spectrum
; E N, — — mean atm. v spectrum ; — — mean atm. v spectrum
3 F N, 3
i3 i
W s W

1012

10 | 10"

10" 1 10 107
E (TeV)
A. Kappes et al., ApJ, 656, 870 (2007)
4

Pradier (University of Strasbourg & IPHC)
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on Neutrinos and Cosmic-Rays Neutrino Te

Production and Acceleration From ~-ray to v fluxes Astrophysical Sources Upper Bounds on v fluxes

In the Galaxy...

Superior
junction

Periastron

Inferior

conjunction
L]
$=0.716
observer

Compact Object (BH or NS) fed by a massive star
Particles accelerated in jets or in accretion disk

Nature or primary particles unknown !

A few of them observed in v : HESS, MAGIC, VERITAS
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In the Galaxy...

en

:: 5 o 7 INFC
§ i 55 T O $ a4, 0a5<9z09
i H - £ [
5 g |
3 i
- 10 =
~ £ SUPC
- p i: E p=0.45 and p> 0.9
. b :
£ I
"‘".‘"‘.""!"""‘#""f"a‘.a'"F"'.‘"'z o o e 0
Orbital Phase Elaw)
e Compact Object (BH or NS) fed by a massive star
@ Particles accelerated in jets or in accretion disk
@ Nature or primary particles unknown !
o A few of them observed in v : HESS, MAGIC, VERITAS

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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In the Galaxy...

The Galactic Plane - visible with Antares !
@ Lots of New Sources discovered by HESS

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy 17 / 48
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Active Galactic Nuclei...

High Luminosity compact
region at the centre of some
galaxies...

Supermassive Black Holes
accreting matter
Different features depending of
angle of jet :

= Blazars (BL Lac, FSRQs,...)

have jet towards earth

Results of the Pierre Auger
Observatory ?

Ecole de Gif 2013 - Neutrino Astronomy 18 / 48
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Active Galactic Nuclei...

@ 20 out of 27 CRs with E > 57EeV correlate within 3.2° with nearby
AGNs from Véron-Cetty& Véron Catalogue (292 AGNs with
D < 75Mpc)

@ Significance of effect has decreased with time...(68% to 38%)
Auger Collab., Science, 318, Issue 5852, pp. 938- (2007)
Auger Collab, Astroparticle Physics, Volume 34, Issue 5, p. 314-326 (2010)

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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Active Galactic Nuclei...

@ 20 out of 27 CRs with E > 57EeV correlate within 3.2° with nearby
AGNs from Véron-Cetty&Véron Catalogue (292 AGNs with
D < 75Mpc)

o Significance of effect has decreased with time...(68% to 38%)
Auger Collab., Science, 318, Issue 5852, pp. 938- (2007)
Auger Collab, Astroparticle Physics, Volume 34, Issue 5, p. 314-326 (2010)

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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Gamma-Ray Bursters and Dark Bursters

2704 BATSE Gamma-Ray Bursts GRBs as neutrino sources

Fireball model for long GRBs
External Shock

- mmmm_m

m2=E, E, Internal Shock
E,— small T 1
E,—large g

~10"cm

PeV neutrinos from internal shock
MeV neutrinos at collagse

EeV neutrinds from external
. T TeV neutrinos from inside the star

107 10° 10° 10*
Fluence, 50-300 keV (ergs cm?)

PeV-EeV neutrinos from flares

Gamma-Ray Bursts

@ Isotropic in Distribution
@ Cosmological : most distant z ~ 9, D ~ 13Gpc

@ Energy released up to 10%°erg ~ 10%L

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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Gamma-Ray Bursters and Dark Bursters

Short GRBs Long GRBs

Binary Mergers : BH or NS Collapsars - massive star collapse

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy 19 / 48
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Production and Acceleration From ~y-ray to v fluxes Astrophysical Sources

Gamma-Ray Bursters and Dark Bursters

¢

i 025
g 025 |
o -
> 02
]
bl 1+
% 015 Blazar 1E51959+650
= -
“;J 01 | &
<
“ 005 _ﬁ-& | |
-2
x10" | | | | |

o 1 2 3 4
Whipple Flux (Crab Units)

Dark Sources?
@ Several sources observed only in 7, no radio, no X-Rays

@ Orphan Flares

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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Upper Bounds on High Energy Neutrino Fluxes ?

Bounds for extra-galactic sources

@ Waxman-Bahcall upper bound : w & B, Phys.Rev.D59 :023002 (1999)

o E*9Y ~ 10*erg/Mpc®/yr from observed CR fluxes
o Assume optically thin sources and evolution with z

@ Mannheim, Protheroe, Rachen (MPR) Bound : Phys.Rev.D63 :023003
(2001)

o Different injection spectra, optically thin/hidden sources

o~ -4
IL-
n
D Frejus present work: |
b MP Ty 1
ey

5 -6 Tm<l
3
]
o _, |
_\\ Y, W&B Bound
g ~AGN
'gq -8 Atmgspheric flux 7
§o -9 ’IG;‘FE: B

] 9 15

log(E/GeV)

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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Upper Bounds on High Energy Neutrino Fluxes ?

Bounds for extra-galactic sources

dNcg 2 :
Bl o Ecp (Fermi)

e In range 10%° — 10%teV €cr ~ 5 x 10* erg.Mpc=3.yr—1

:> EngNCR/dECR e m _3.
Energy loss fraction of HE protons ¢ < 1 through photo-meson
production of pions before escaping the sources

yr— ! [Waxman]

~ 10" erg.Mpc

Present day energy density of v, :

E2dN, /dE, ~ 0.25¢tyE2rdNcr/dEcr

where ty ~ 10%yrs Hubble time

€ follows proton generation spectrum : fraction of proton energy
carried by v produced through photo-meson production E, ~ 0.05E,
is independent of proton energy

e Factor 0.25 : 1/2 from 7° + v, carry 1/2 of 7" energy in decay

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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Upper Bounds on High Energy Neutrino Fluxes ?

Bounds for extra-galactic sources

@ For e = 1, obtain maximal v, intensity /pyay :

Imax = 0. 25€fzt/-/ ECRdNCR/dECR

~15x%x107%,GeV.cm 2.5 tsrt

Neutrino luminosities : E2®,, = 35 E2 98 = Zelmay

With ¢, ~ ®;, ~ o,
, ~ 1 : evolution with redshift

Sources of size not larger than proton photo-meson mean free path
= Otherwise, proton fluxes higher than observed

But higher v luminosities possible if “optical depth” > 1 : only
v can escape the source (MPR Models)

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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Upper Bounds on High Energy Neutrino Fluxes ?

Bounds for extra-galactic sources

@ v with observed E produced at z with energy (1 + z)E

Zmax dt
n,(> E) :/ dz (> (1+2)E:)
0 zZ

= (> E)/ dz§(1 +2)(2)
0 zZ

o n,(>E)oc EL
o f(z) = "”n—gz)
° ty :fooo dz%

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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Upper Bounds on High Energy Neutrino Fluxes ?
Bounds for extra-galactic sources

o Finally, with g(z) = —Ho(1 + z)%/?dt/dz, where g(z) = 1 for a flat
universe with zero cosmological constant :

Jo o dzg(z)(1 +2)7"/?f(2)
J5 dzg(2)(1 + 2) 572

gz:

@ Luminosity density of AGNs : f(z) = (1+2)* = & ~3
@ No evolution f(z) = constant, &, ~ 0.6

—~ 4
',
5
" O\ Frejus present work: |
b TPl
E gl “T<l
>
3
© Ll |
~ .. W&B Bound
= =
) RGN
s A
% Atmgspheric flux
Fl 'GRB TN
e /GRB; \

@

9 12
log(E/GeV)
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Upper Bounds on High Energy Neutrino Fluxes ?

Bounds for extra-galactic sources

o Optical depth i = e~ 7, measures how opaque is a medium to a
radiation

e dl = —rkpldl, with k opacity in cm?/g, p density of medium
o Finally £ = ,%p and 7 = [ kpdl = [ nodl, with n number density, o
cross-section
= 7 = number of mean free paths through medium
@ Optically thin 7 < 1
o 1 km of Earth atmosphere : k ~ 10~ *cm?/g, p ~ 10~ 3g/cm’,
T~107°
= Double the material, double the extinction
@ Optically thick 7> 1
o 1 km of polluted city atmosphere : k ~ 0.1cm?/g, p ~ 10~ 3g/cm®,
7~ 10
= No radiation, except outer layers and blackbody

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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Upper Bounds on High Energy Neutrino Fluxes ?

Bounds for extra-galactic sources
@ Result : E2¢, <1078GeV.cm 2.5 L.sr7t
o ®JTP(E > 1TeV) = 10 Mem 2571,
@ With a v cross-section € 10735 — 10~33cm? for TeV — PeV...
= Needs large detection volumes!

10°

10°
"E 10 S
© 3
8 a B i
T 10 - 4
= o ’\Charged Current 3
=, o 2 3
- e Neutral Current 3
% e 3
T E
1 O. ;

1 ¥ L W il M
10" 10" 10" 10" 10" 10" 10" 10" 10" 10"
E, (eV)
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High-Energy Neutrinos :

Neutrino Telescopes, How they
work...




Neutrino Telescopes

Detection Principles Neutrino Interaction Muon Propagation Muon Detection Reconstruction and Analysis

Detection of Cosmic N

)

o
- K
s U .
“a atmospheric muons
-
'.‘g 07
-10
é 0oE
a
= 10 L
g 10°
= -1z
10 E .
muons induced
10 by atmospheric
. neutrinos
0E

08 06 04 02 0 02 04 06 08 1
Cos(©,)

|dea of Markov (1960)

@ _apparatus in an underground lake or deep in the ocean in order to separate charged particle direction by Cherenkov radiations

Interaction v, + N — .+ X with R, ~ 1 —10km in 1 TeV-1 PeV

Effective volume of detection increases with energy

Colinearity of 1, with v increases with energy = astronomy

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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Detection of Cosmic Neutrinos

Optical Cherenkov Atmospheric showers Radio Acoustic
In lce In water Earth based In space Earth based  In space
AMANDAB-10  Baikal Auger EUSO RICE ANITA SAUND
AMANDA I OWL GLUE  FORTE SADCO (Greece)
ANTARES SalSA ANTARES R&D
IceCube NEMO CODALEMA IceCube
NESTOR ARIANNA AUTEC
—— AGAM
KM3NeT
Lectures on CRs

E~TeV - PeV E~1-10EeV E~EeV - ZeV

m] = = =

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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Detection of Cosmic Neutrinos

10°
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Energy (PeV)
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Neutrino In Muon Muon Detection nstruction and Anal

Acoustics and Radio

Attenuation Lengths :

water ice salt

optical EM optical
Cerenkov (Cerenkoy) ~50 m ~100 m -0
EM radio
~0 ~fewkm | ~1km(?)
(0.1-1.0 GHz)
radio acoustic )
?(la ?(la
Cerenkov (10kHz) (large) (large)

= hadronic shower (or
EM shower for v, CC
interactions)
o ) v v,
—~((((((F))))))- s
-\ d i W.Z
i
: L N hadrons
! incoming neutrino
[} = =

Th. Pradier (University of Strasbourg & IPHC)
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Acoustics and Radio

1200

1000

A)ISudp A319ud dAD B[

"
01519
LY E T00TeV 1
F [\ — 100TeV_2
E —100TeV 3
0.1 — 100TeV_4
S0 F — 100TeV 5
s E =
" 05
< 0.
=~ o
X E
2 F
400 S E
N B
L o0sf
w0 g M
01 i
o E i Hi i,
95 05 0 o5 0 5 d0 B 2 0.6643 0.66435 0.6644 0.66445 0.664¢

Time/s

r(cm)

@ R&D in Antares (Germany, Marseilles)

Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astrol
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Acoustics and Radio

0.50 T T T
R=2km R=1 km
< 000 L .|“‘
\n_)/ Ll
-
g
B om0 1 f f 1
2 =05 km R=0.25 km
8
=
0.00 ' % T ¥ “; +
o 125 250 0 125 250
time (ns) fime (ns)
Askaryan Effect - used in Codalema, LOPES
@ Coherence length Az along Oz axis of shower : fields arrive simultaneously at distance R if % =vcosf = £

2 . 2
@ But 9B varies : 4B — \2sin" 60

dt at2 R2
imoli 1252 6 52
Coherence implies AR = 5 TAt <A

VAR

= vAteon = TR

Zcoh

Optical domain : Az < a, emitting zone around maximum

)
(* VN
=9
=

Radio domain : Az > a

Th. Pradier (University of Strasbou Ecole de Gif 201. no Astronomy



Detection Principles

Neutrino In

Acoustics and Radio

Neutrino Telescopes
Muon

Muon Detection

balloon at ~37km altitude
cascade produces
UHF-microwave EMP

1struction and Analy
antenna array
on payloa

4
100'EeV neutrm@)\_\ earth

refracted RF

l ~700km to horizon

ohserved area:

~1.5 M square km

neutrino
enters
moaon

partial Cherenkav cone
Askaryan Effect - used in Codalema, LOPES...

ANITA - GLUE

Th. Pradier (University of Strasbourg & IPHC)

m]

Astronomy
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Optical Cherenokov : Event Rate & Detector Size

N, o @, X Papsorption (8, E) X o, X R, x A,

cross-section 4 range  Effective Area for u

®  Ang(v.jiep)<1.0deg Events —
= B ANG(¥,jir)<0.3 deg Events s
E 4 Selected Events --
E == e
F . E e
Ay, [KmT] - ==
— -
o -
.
- -
; o
o =D
=‘.=—-—_q_ 1 1 L 1 =
2 3 4

Pradier (University of Strasbourg & IPHC) i 13 - Neutrino Astronomy
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Optical Cherenokov : Event Rate & Detector Size

Luminosity needed for Event Rate N,

Nl/ X ¢u X Pabsorption(ea E) X Oy X R,u, X A,u,
~ ~~
cross-section W range Effective Area for p
v

2 11— —1
L, = 4nd’®, ~ 10*°N, d E, AuT erg/s
4Gpc 100 TeV km2yr

@ aw~1for E, <100TeV, o ~ 0.5 above 100 TeV
e Blazars ~ Gpc, L ~ 10" erg/s = A, ~ 1 km?
@ Galactic Sources L, ~ 103 erg/s for A, ~ 0.1 km?

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Track :

Good angular resolution
(<0.3° @ E>10TeV),
poor energy resolution
(factor 2-3)

Shower :

Good energy

resolution ~30%,

poorer angular
resolution >1°
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Number of detected muons...

For area A and observation time T

o N,(0)=AT. fE v(Ev,0)dE, P, Pg
= &, (E,,0) neutrino spectrum

= P, Probability to produce a detectable muon with E,, > Epin
= Pg Earth transparency to HE neutrinos

Producing a detectable muon
° PV~>/,1, ch dE, R/(E/, mln)dE/
@ R, range of muon of energy E, before it reaches E;y,
° j—,‘:.’l differential interaction cross-section...

Th. Pradier (University of Strasbourg & IPHC)

Ecole de Gif 2013 - Neutrino Astronomy



nic-Rays Neutrino Telescopes IceCube and Ar

on
Muon Detection Reconstruction and Analysis

Detection Principles Neutrino Interaction Muon Propagation

Interaction in Rock/Water/Ice

(1-yE=E
Q =-(k-KY ~M,

YE

Deep-Inelastic Scattering

e 2G2mnE, [ M2, \2 _
=T (ﬁ) [xq(x, @) + x@(x, Q*)(1 — y)?]

@ my, My, nucleon and boson mass
@ Q transfer momentum, v = E,, — E; hadronic energy in lab-frame

2 o a
o X = 2Q— momentum fraction carried by parton
myv
I 7
Y=g
”

Ecole de Gif 2013 - Neutrino Astronomy
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Interaction in Rock/Water/Ice

v, and anti-v, CC Cross Sections

€ _
5 F ]
£ 1
“r - CTEQ3D]
P AT PO T e e et

7 ) 9
log,,[E. (GeV)]

Deep-Inelastic Scattering

@ o,y x E, below 5 TeV
@ o,y x E%* above 5 TeV

e Pointing : /< 02, >~ /2 o
ointing <67, > B =><0> JEG)

= Colinear at high energy!
Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Principles Neutrino Interaction

Muon

Interaction in Rock/Water/Ice

L(10°cmw.e.)

o o o o

T T T T T
12
10
8
6
4aF " "
2 Earth density profile
0 L L L L L L
[} 1000 2000 3000 4000 5000 6000
R (km)
T T T T T T T
1f
.8F
6 Earth thickness vs nadir angle
L4r
2F
]

T T O TR SO SO
0 0.10.20.30.40.50.60.70.80.9
cos(6)

Neutrino Telescopes

Muon Detection

Absorption probability in the Earth vs E|

1struction and Analysis

(for CC interactions only)
T T T T T T

T T
1 b
— Vie
..... Vio
-1
10 /
" @ cos(6)=0.1
@ cos(0)=0.4
@ cos(9)=0.7
@ cos(8)=1.0
107}

log,o(E,, GeV)

Th. Pradier (University of Strasbourg & IPHC)
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Energy Losses

@ lonization and atomic

excitation : interactions with N
electrons in the media s \\‘1;3\\ ‘
(continuous) - minimum at sy \\\ LY
! liquid
2MeV /g /cm? T§ s T
o Radiative - discrete and S
stochastic % 3
= Bremmsstrahlun.g: % NS T :
accelerated particle through ! R ]
field of atomic nuclei & 1/m? ‘f’// 1
= Pair production : P A1 L A . A
s+ N— ete 0.1 1.0 10By:pm11?o 1000 10000
= Photonuclear : inelastic sl
interaction of muon with Muon momentum (GeV/c)
nuclei, produces hadronic
shower )

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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Energy Losses

10 ET |||||||| T TTIOM T TTTI T TTTHT] T 10 E TTTI T T T TTTTTm T TTTITM] T
= E total = E
5  F Rock /E _ [ Water total /
= F ] E F g
3 q : -g 1 E ‘f i
1 E H E| ] E E|
=] E créafion de aire_ <] = =
§ E _‘T_P: 3 = E / 3
Tl d il é 10 4 e
E M 3 / pliotonuclédire E
r o E 102 S —
102 L v fopsetion l £ ioniation3
- lung n 10* J
10° /. J E
? 3 preemsstiahiung ]
r ] 10 : .
10“ [ AT I NN TT| i [REITT flll\lll Ll 1 IIHIII‘ Ll 1 IIE
00 0t 107 10f 10° q0t 107 108

E, (GeV) Ey (GeV)

Energy Losses and muon range
o —% —3(E)+ b(E)E

[m] = = =
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Energy Losses

- Decay length, T

— R,yin standard rock, ©
++ Ry in sea water, ©

— R, in standard rock, u

10 - Ryyin sea water, i

10’ 10°
E (GeV)

Energy Losses and muon range

@ Muon Range R, = fOE%dE% E_dE__ 7 log <1+ Eé) with

0 at+bE
E. = a/b critical energy
@ For upgoing muons, the interaction volume is much larger than
instrumented volume !

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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Cherenkov Effect

ST e > ,— Surface of Mach cone o = speed of particls
/ //// :,/ \\\\ w,/ //,//%\ £ - speed of radiati
/ - /ot \
(@ | ( [ (\ ( 5 v - ( // ( (ﬁ\.\ } )(_ s q o
\ \ AN ’ \\ \ 5 2
\\ \;/_/// \ \

Charged Particle with velocity > phase velocity of light

® v > < or 3> 1 refraction index

@ Coherent emission along a cone of 6¢ ~ constant

@ Oc ~ 1° in air, ¢ ~ 43° in water, 0¢c ~ 41° in ice

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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Cherenkov Effect

Charged Particle with velocity > phase velocity of light

® v > < or 3> 1 refraction index
@ Coherent emission along a cone of ¢ ~ constant

@ Oc ~ 1° in air, ¢ ~ 43° in water, 0¢c ~ 41° in ice

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy 29 / 48



Dete

Principles

Neutrino Inter

Cherenkov Effect

Neutrino Telescopes
Muon

Muon Detection

R nstruction and Analysis
Number of Photons
d2N_27r704 1 1 N27TO(.
dxd\ A2 22 )~
@ Between 300-600 nm, % ~ 350 photons/cm
~ d>N
dEdx

~ 370sin>O¢c(E)eVtem 1 ~ 10~ x 2MeV /cm
= But directional effect !

Th. Pradier (University of Strasbourg & IPHC)

]
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De Principles Neutrino Interaction

Different radiators...

Neutrino Telescopes

Muon Propagation Muon Detection

L R/

I(r) o Ee*

@ Note the 1/R because light on a cone, not on a sphere! (not so

easy to demonstrate!)

: 1 1 1
@ Here Attenuation length : pwreiinll wewtie sl wan
Medium Attenuation  Absorption  Scattering Af 10 TeV
Sea water 40-50m 50-60m >200m 0.2°
Lake Baikal 20m 15-30m >100m 1.5°
Polar Ice 100m 25m 3°

@ Ice : no current, no bioluminescence, no § decay from salt

o Water : less scattering, better angular resolution

Th. Pradier (University of Strasbourg & IPHC)

Ecole de Gif 2013 - Neutrino Astronomy
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Event Topologies

Muon neutrino Electron neutrino Tau neutrino
a) E,=10 TeV ~ 90 hits

E =375 TeV E=10PeV

b) E,=6 PeV ~1000 hits

: T— v thadrons

' Double-bang signature
E ~/dEldx, E>1TeV 3Z$To;1b£’:l¥;round
Energy Res. : log(E)~0.3 Energy Res. log(E)~0.1-0.2 Pointing capability
Angular Res.: 0.8 -2 deg Poor Angular Resolution

Best energy measurement

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Det

Principles

Neutrino Intera

on

Reconstruction of the track...

Neutrino Telescopes
Muon Pr

tion

Muon Detection

Muon Track

Reconstruction and Analysis

Optical Module

tthcory = t+ % (l

_ k.
tan 6¢

1 k

+Tg (Sin 0c)

@ 5 parameters : ty, 6, ¢, X0, Yo

Th. Pradier (University of Strasbourg & IPHC)

]
Ecole de Gif 2013 - Neutrino Astronomy




Neutrino Telescopes

Detection Principles Neutrino Interactio Muon ation Muon Detection Reconstruction and Analysis

Reconstruction of the track...

-

Q

E =TeV

-
Q,

number of hits (a.u.)

Scattered e- and photons

T

o Few of photons are direct !

@ Impact on angular resolution
17

20 40 60 80 100 120 140
L t(reco)-t(true)=residual (ns)
Optical Background

[} = =

it
«

Th. Pradier (University of Strasbourg & IPHC)
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Neutrino Telescopes

Detection Principles Neutrino Interaction Muon Propagation Muon Detection Reconstruction and Analysis

Atmospheric 1 (downward) event

Run 34497 Frame 40952
Non Jun 2 03:30:15 2008
Triggor bits 80002020
Zenith : 144.3 Ay, Line 1-12 Physics Trigger (t}
Fiton 11 line(s) e

sEihuey BV
JE
4|
TITITI
+

i

et

b

58 phoons

¥

PR )
2]
pred
%

yuys e

t

s ke (R
E &+ | | |
e = i

3 e B

siiyey kY
b

¥
TITITI G

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 201.



and C 3 Neutrino Telescopes Cube and

Detection Principles Neutrino Interaction Muon Propagation Muon Detection Reconstruction and Analysis

Atmospheric v (upward) event

pra T o Run 34927 Frame 7155

= G I o e Wed Jun 18 00:08:10 2008

o + * o R Trigger bits 80002020

Zenith: 34.8 oo -t 1 Line 1-12 Physics Trigger (th{
Fiton 5 line(s) = i + e

ped LR

- = 123456 photons
P P hi4 e i o
P +, o SO o By o .
P = + P ot i
P 0 ) e 5 e 0 ) AP S
- - Eoo 2w | o o
o P J " o
o 3 i 3
[ 0 - oz = n it 52 o
p p - o p i
. e - 2 o U 72 .
e i e 1 e Jor :
= & = S |13 P o O
- + + ... + - - =
o P / " o

H ¥ Fal

= =

P i o

= - o

P - SEE

7
. - .
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Neutrino Telescopes
Detection Principles Neutrino Interaction Muon Pr tion Muon Detection Reconstruction and Analysis

Atmospheric or Cosmic?

Methods to distinguish between Atmospheric and Cosmic Neutrinos... )

~ Detector

_EeV

v"lalm o E-3,7 PeV

log (dN/dE)

Vpcosm o | DR

Cut on Energy

E
~TeV neray

Look for an excess at high energies...= need good energy resolution | I

Ecole de Gif 2013 - Neutrino Astronomy
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Neutrino Telescopes

Detection Principles Neutrino Interaction Muon Propagation Muon Detection Reconstruction and Analysis

Atmospheric or Cosmic?

Methods to distinguish between Atmospheric and Cosmic Neutrinos... J

tail-in exces:

Tibet-ll

lceCube-22

relative intensity

20 TeV

Look for anisotropies/excess around chosen J Confirmation with other

sources = need good angular resolution messengers : GRBs, optical
follow-up, gravitational

waves...

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



High-Energy Neutrinos :

Neutrino Telescopes - IceCube and
Antares




Introduction Neutrinos and Cosmic-Rays Neutrino Telescopes IceCube and Antares Perspectives

Structures Selected Results Multi-Messenger Approaches

Neutrino Telescopes in the World...

Antares ) . . .
Baikal (Siberia)
complete 2008}
) 2 PF

7

IceCube (South Pole)

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy 36 / 48



IceCube and Antares

Structures Selected Results

Multi-Messenger Approaches

Neutrino Telescopes in the World...

ANTARES
E>75%

O 25%-75%
O<25%

TeV y-Sources
@ galactic
® extragalactic

IceCube
= 100%
O 0%

@ 0.57 sr instantaneous overlap

@ 1.57 sr integrated overlap

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 -

Neutrino Astronomy



IceCube and Antares

Structures Selected Results Multi-Messenger Approaches

lceCube

P R

IceCube Lab

IceToy
‘/91 Stations, each with
2 lcaTop Charenkov detector tanks
2 aptical sensors per tank
324 optical sensors

‘ | IceCube Array
86 strings including 8 DeepCore strings .
60 optical sensors on each string

| | 5160 optical sensors

December, 2010: Project completed, 86 strings

1450m

DeepCare
B strings-spacing oplimized for lower energies
480 optical sanaors

Eiffel Tower
L |324m

2450m

2820m

1C59:2008-9
1C79:2009-10
1C86:2010-11

Th. Pradier (University of St le de Gif 2013 - Neutrino Astronomy



IceCube and Antares

Structures

lceCube

Amundsen-Scott South Pole Station

runway

South Pole AMANDA—H/

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy 37 /48




IceCube and Antares

Structures Selected Results Multi-Messenger Approaches
Antares and its successor KM3NeT

* 12 lines
« 25 storeys/line 9

* 3 PM / storey @@ANTARES 9 arXiv:1104.1607v]]

- 885 PM Y % Accepted in NIM-
= .
8

Instrumentsifor

* positions of PM_— O(j] Ocm)#
* orientation of PM o
*Time califration™0O(ns) «

Junction Box

2500m below sea level

@F. Montanet

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy 38 / 48



Introduction Neutrinos and Cosmic-Rays Neutrino Telescopes IceCube and Antares Perspectives

Structures Selected Results Multi-Messenger Approaches

Antares and its successor KM3NeT

Astropart. Phys 13 (2000) (Background light)
Astropart. Phys 19 (2003) (Bio-fouling)

[ Astropart. Phys 23 (2005) (Light transmission)

ANTARES

Y *

‘o

,d‘

42 50'N, 6 10'E

. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy 38 /48



IceCube and Antares

Structures Selected Results Multi-Messenger Approaches

Antares and its successor KM3NeT

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



IceCube and Antares
Multi-Messenger Approa

Structures

Antares and its successor KM3NeT

[ Muon Mc

I kouc

I combinatorial Background
—e— Runs (610-619) 1615 (32 min)

Rate / Hz

A future Km3NeT Digital Optical Module is already taking data )

Ecole de Gif 2013 - Neutrino Astronomy
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IceCube and Antares

Structures Selected Results Multi-Messenger Approaches

Antares and its successor KM3NeT

Volume > 5x lceCube, construction to begin in 2015-2016 7 J

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Structures

IceCube and Antares

Selected Results Multi

Calibration and Performances - Antares

ger Approaches

@ Positioning with Hydrophones

zm

50
- s Trajectory N
- of lowest hydrophone
hydrophones ' .
- ssduring 2 weeks
L P g
- R~
[ storey positions (fit) 3 "3 /Line anchor
i axis
Ly 20‘.5 21 215 1‘2 12‘.5 le 235 24
X (m) - 268200.
200~
150
hydrophone
100 ~
sb

Th. Pradier (Universi

[} = =

Ecole de Gif 201.




IceCube and Antares

Structures Selected Results Multi-Messenger Approaches

Calibration and Performances - Antares

@ Positioning with Hydrophones
@ Timing with LEDs and Laser

T v
lagona

1200F- 8 =26ns
«larger distance

1000]-

ook *less intensity

soof" light scattering

|

200

E I R R 3040

4500

4000 "horizontal" G=0.7ns
sso0f-

s000f-

200

2000

1500

1000E-

ool

g
Trneas = Texp [nS]
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IceCube and Antares

Structures Selected Results Multi-Messenger Approaches

Calibration and Performances - lceCube

@ Positioning with Hydrophones
@ Timing with LEDs and Laser

@ Check pointing with Moon Shadow
= blocks cosmic-ray muons!

i »

=

(811 - 6Moon) [degl

3 2 -1 0 1 2 3

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy




IceCube and Antares
Mult nger Appro

Structures Selected Results

Calibration and Performances

— e T T -
& —=— ANTARES Unfoldin 1
e 9 b e PRELIMINARY = Super—Kx,
_.Q 1 o~ AMANDA-II Unfolding b - « Fréjus v,
= A 10 o Fréjus v}
o -] —=— lceCube40 Unfolding 1 S AMANDA v,
w L | 1 | 3 o ing
: | oot oldi
> [N B S 1 S %, % i ang
[ 1 =107 3 “ IceCube v,
[©) 1':)_.—( & 7 »_ unfolding
= s — - [ts o . l:lluwvard folding
w L
o e 107 This Work v,
= 1
S
o
Tu —— Bartol flux Prop,

[] Bartol uncertainty —Hondav,

107 = = = Bartol + Martin flux ~-Bartol v,
===+ Bartol + Enberg flux —Hondav,
L T T 1 L
030 1 2

! log, (E,/GeV)

Antares 2008-2011 IceCube )

Ecole de Gif 2013 - Nei

Th. Pradier (University of Strasbourg



Structures

Selected Results

IceCube and Antares

Multi-M

The search for a Diffuse Fluxes : lceCube

\ger Approaches

107 1) AMANDAI Atmospheric v, 1387d

2) W AMANDAIIY, unfolding (2000-2003) ..o ..
1 0-4 3) e—— AMANDAAIY 807 d

4) e ANTARESv, 07-0%

5) ——— IC40 Atmospheric v,

6) 4 IC40Ama. v, Uniokding

E2 dN,/dE, GeV cm? s sr-!
s 3

_L
i
4

T) s IC20w, 3755 d

----- Bartol + Naumov RGPM [£]
Heonda + Enberg Min [&]
= = = Waxman Bahcall Prompt GRE(10
- - Blazars Stecker i

—— - Waxman Bahcall 1998 x 12 (12

-}(— Backer ach (B2 120.2) (13

?é Mannheim AGHs (14

Il\l HHLI.I.IJ \HIHH‘ 111

10" =
10° L 10,57
E |’|)|’ P IR
2 3 4 5 6

).( Models rejected at 5¢

Th. Pradier (University of Strasbourg & IPHC)

m]

8 9
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& = =
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IceCube and Antares

Structures Selected Results Multi-M ser Approaches

The search for a Diffuse Fluxes : Antares

"__|10-5: IIIIII T T IIIIII| T T T TTITIT T T TTTTIT T T TTTTIT T T Illlli
o i MACRO 3

@ C T ]

I : ]

R [ d = . MPR2,, < 1 -
g 107E 22 e

[&] = .

> = ]
[ = i o | i

(.2. T Baiikal NT-200v /3, ]
10 E Amandz|l AY 7S 5

o'le‘ E i \ Tt i =
L [ ANTARES 08-11 ., R LR I T ]
8 B IceCjibe 59 WB/2, evolution 7

10 E IceCube 40 : =

C WB/2, no evolution -

10-9 E =

C 1 1 1 1111l 1 11 biill 1 L1l 1 1111111 1 [ ERE

10’ 10° 10°
Energy [GeV]
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IceCube and Antares

Structures Selected Results Multi- ser Approaches

Neutrinos at Extremely-High Energies - lceCube

=
=
~1

E* O(E) [GeV cm™ sec! sr]

1078 — 1C4a0 3335 days)
—— I1C-22
—= ANITA
10°) = PAO 7
EvE RICE & |
10 —— AMANDA
1074 6
log. (Energy/GeV)
Exclusion of (most) top-down scenarios [LINK] J

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy


http://arxiv.org/pdf/1103.4250v3.pdf

IceCube and Antares

Structures Selected Results Multi-N ger Approach:

Time-Dependent Point Source Searches

Signal needed for a 5c evidence the 50% of the times VS flare length

o0 R
£ F Sk
§ o5l 2 F
w F 8 6
g E A E. Time Integrated Analysis (no nhits info used
s T LF
& 2 5 °F
E\ F ¢ 4; Time Integrated Analysis
3 15— E
hor 3=
A E
5 10— =
=T 2
s 1=
JSRT——e vy X : fot ol .k b e
54800 55000 55200 55400 56600 55800 2 3
MJD time 1 10 10 Flare Iengt?lo(days)
@ Selection of sources and time-periods [Antares] J
o I - = =

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 201.



IceCube and Antares

Structures Selected Results Multi-N \ger Approach:

Time independent Point Source Searches

‘-5;'  PRELIMINARY Pre-tral skymab PRELIMINARY .
-
: 10"
-
10|
10°
e Time integrated search [Antares] - 2.30 J

Th. Pradier (University of Strasbou Ecole de Gif 201.



IceCube and Antares

Structures Selected Results Multi-M \ger Approaches

Time independent Point Source Searches

-4

= 10 E === ANTARES sensitivity (1339 days)

(7] E e  ANTARES (1339 days)
“.‘ = *  MACRO (2300 days)

€ [ A Super (2623 days)

© 5 ®  AMANDA-II (1387 days) . t{

> 10" E W IceCube 59+40 (348+376 days)

Q [ == |ceCube 59+40 sensitivity (348+376 days) *

(O] = * *
r‘ — * . *

*

a - x4 * *
B 10°% = * b * XX *x

%> * L

o~ = * Kk A

w - * A A 4

B A a N Aa 4l °
& °
107 = A . e o © oo,
E [ | ’ ° [
° °

10°®

10°

1 | 1
-80 -60 -40 -20 0 20 40 60 80

e Time integrated search [Antares]
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IceCube and Antares

Structures Selected Results Multi- enger Approac

Neutrinos and Cosmic-Rays from GRBs

— Ahlers et al. ‘
— T 6
- — Rachen et al. N ) 107 7
I(D 10°H — waxman-Bahcall 3 g 10 ] e E @
— =+ 1C40 thru IC59 UL (90% CL) > - 7 10’7 Tm
[ — IC40 thru IC86- UL (90% CL) 8 10 ] b = | ANTARES 2007 E «
»n 107} 1= 3 T ANTAREs Guena o 107 E
£ f v 3
O 107 ] ] W o
~— b 7
> &
o 10° _
®  p-----
z 10 IceCube Preliminary
10 4 5 6 7
10 10 10 10 105
. 10° 10 10° 10° 107 108 10°
Neutrino Break energy (GeV) E [GeV]
IceCube Antares

L)
I
il
it

m]
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IceCube and Antares

Structures Selected Results Multi-Messenger Approaches

PeV events in IceCube : a clever veto

NP o — T
80 rlceCube Pre||m|nary Sr]lpwers e
racks ==+ |

Declination (degrees
)
o o
T T
e,
=
.
1 1

X
-80 | | IF% 4
10 10°
x Deposited EM-Equivalent Energy in Detector (TeV)
28 events (7 with visible muons, 21 without) on background of
10.6735 (12.1 + 3.4 with reference charm model)

m]

L)
I
il
it
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IceCube and Antares

Structures Selected Results Multi- er Approaches

PeV events in IceCube : a clever veto

Charge Threshold

BB Background Atmospheric Neutrino Flux
107 Background Uncertainties (Atm. Neutrinos)
=

Background Atmospheric Muon Flux (Tagged Data)
Signal+Bkg. Astrophysical £ % Spectrum
All Events (Trigger Level)

10°
I— e%e Data

g

_IceCube Preliminary

o
o
S

-
Ou-

-
2

Events per 662 Days

10*

Pradier (University of Strasbou 13 - Neutrino Astronomy



Structures

Selected Results

IceCube and Antares

Multi-Me:
shower events

p-value = 8%

\ger Approach

Al p—value.s are post:trial

17
b

PeV events in IceCube : Skymap =- no point source yet

UBE PRE LIM INARY

all events

p-value = 80%

Th. Pradier (University of Strasbourg & IPHC)

7

Ll
TS= 2log(L/LO)

Equatorial
12.4

m]
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IceCube and Antares

Structures Selected Results Multi-Messenger Approaches

Correlations with other messengers...

GeV-TeVy-rays
Fermi/HESS...

in Strasbourg

Optic /X
TAROT,
ROTSE / Swift,
IPN

In Marseilles (CPPM) in Strasbourg (IPHC) p
+ Paris (APC)

See the complete list of Antares publications J

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy


http://antares.in2p3.fr/Publications/index.html

Structures

IceCube and Antares

Selected Results Multi-Messenger Approaches

Selected References

Fluxes, bounds, ev rates

@ R. Gandhi et al., Ultrahigh-Energy Neutrino Interactions, APh. 5 (1996) 81-110

@ J. K. Becker, HEN in the context of multimessenger physics, Phys.Rept.458 (2008) 173-246
o
@ Antares : Fermi Bubbles, recently submitted
@ IceCube : Recent PeV events - Physical Review Letters 111 (2013) 021103
v
@ Antares : latest 4-yr analysis - The Astrophysical Journal 760 :53(2012)
@ IceCube : IC40-79 - Astrophysical Journal (2013)
”
@ Antares : GW+HHEN coincidences with Virgo/LIGO - JCAP 06 (2013) 008
@ IceCube : Crab Flare 2010 - Astrophysical Journal 745, 45 (2012)
v
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High-Energy Neutrinos :

Perspectives...




Perspectives

The future Mediterranean HEN Telescope : KM3NeT

Construction to begin in 2015-2016 7 )

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Introduction Neutrinos and Cosmic-Rays Neutrino Telescopes IceCube and Antares

Relic v and UHE v

Neutrino Cosmological Background : 10s after Big-Bang !

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of
400,000 yrs. |

Inflation

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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Relic v and UHE v

Perspectives
P R R R B T e R P R e R R
KoleV] KoleV] KoleV]
1 1 1
0.9 0.9 0.9
08¢F 08¢ 0.8F
0.7 07 0.7F
P R R R S WSRO P T R By
KoleV] Ko[eV] Ko[eV]
Dip in Neutrino Spectrum...
m] = = =
Th. Pradier (University of Strasbourg & IPHC) Astronomy




Perspectives

An example of GW-v Coincidences : Type Il SN

G ravitational
Waves

Ww

Neutrinos

melsec)

SN de type II ‘

2 2
. ~ L myc? 10MeV
e m, 7é 0: 5tpr0pagation ~ 5.15ms (m) ( TeV ) <E_V)
° EVSN ~ MeV, 5tGW_V£1ash < 0.5 ms
= Limits on v absolute mass scale from Atew_.

N. Arnaud,..., Th. P. - Phys.Rev. D65 (2002) 033010

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy



Perspectives

An example of GW-v Coincidences : Type Il SN

\ 7
I

i
A

i

m=0,5,6.1,10,15 eV
!

Collapse of NS into BH induced by accretion
=- Sudden stop of neutrino signal
= Strong GW Signal

= Limits on v absolute mass scale from Atcw_.

J. F. Beacom et al. - Phys.Rev. D63 (2001) 073011
Th. Pradier (University of Strasbourg & IPHC)
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Perspectives

Fundamental Physics at High Energy

@ Quantum Gravity : ¢’p® = E? [1 +¢ (L) +0 (
QG

Eqc
EHE

S. Choubey & S. F. King - Phys. Rev. D 67, 073005 (2003)
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Perspectives

The Fermi

AT 1FGL Source Catalog

1 hiess graszs0

st By o oy,

AGN.a SNR
AGN-Non Blazar PSR PWN
No Association Starburst Galaxy PSR w/PWN
Possible Association with SNR and PWN | Galaxy Globular Cluster
Possible confusion with Galactic diffuse emission HXB or MQO
@ New instruments bring new sources !

o Neutrino Astronomy =  — ray astronomy 20...or 30 7 years ago !

Th. Pradier (University of Strasbourg & IPHC)
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Perspectives

Expect the Unexpected...

Instrument User Date Intended Use Actual Use
Optical Galileo 1608 Navigation Moons of Jupiter
Optical Hubble 1929 Nebulae Expanding

Universe
Radio Jansky 1932 Noise Radio
Galaxies
MW Penzias, Wilson 1965 Radio-Galaxies 3K CMB
X-Ray Giacconi 1965 Sun, Moon Neutron Stars
Binaries
Radio Hewish, Bell 1967 lonosphere Pulsars
y-rays Military 1960 Nuclear Tests GRBs
v Davis, Koshiba...  '50-'00 Sun v Oscillations
SN1987A
v

Th. Pradier (University of Strasbourg & IPHC) Ecole de Gif 2013 - Neutrino Astronomy
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