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Introduction

The Network of Detectors Concomittant Data Taking « Golden » Targets Galactic GWHEN sources ?

An example of GW-v Coincidences : Type

Gravitational |
Waves 1

P 7
Sesum e e
g 20158 .
frses ' Neutrinos
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time{sec)
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@ my # 0 : Otpropagation =~ 5.15ms (m) (”1’6‘5 ) (%)

o ESN ~ MeV, dtaw—ygasn S 0.5 ms
= Limits on v absolute mass scale from Atew—,

» N. Arnaud et al., Phys.Rev. D65 (2002) 033010

Th. Pradier (University of Strasbourg & IPHC)


http://prd.aps.org/abstract/PRD/v65/i3/e033010

Introduction Neutrino Ast HEN Analysis RES-12 Lines, 1C22 and ond
The Network of Detectors

Concomittant Data Taking « Golden » Targets Galactic GWHEN sources ?

GWHEN in 2 words...

Gravitational Waves + High Energy Neutrinos
1 - Sources invisible in photon? : Dark Bursts
2 - Coincident Detection validate both detections

3 - Unique Information on internal processes
4 - Fundamental Physics? :

o Quantum Gravity : c?p? = E> [1+£( )Jr(’)( EZ >+}

d Eli 019 Gev
= |Atge| > 0.15ms (7%=) (1 Tev) (ﬁ pour z < 1

» S. Choubey & S. F. King, Phys. Rev. D67 (2003) 073005
» Th. P, NIM A 602-1 (2009) 268-274

. accretion-ejection...

Th. Pradier (University of Strasbourg & IPHC)

« GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH
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Introduction
The Network of Detectors

Concomittant Data Taking

GW Detectors : VIRGO+LIGO

Galactic GWHEN sources ?

celana

North
Atlantic
Oc

+ 2 kmf‘*sz\

o s O
W o “Pakistan
Eoh
i ¢ SEL N Arabial®
mauritania i ! o
X . hadfls gan s
caens

wd

SOUTH POLE NEUTRING OBSERVATORY
Pradier (University of Strasbourg & IPHC)

« GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH

4/ 52



Introduction

The Network of Detectors Concomittant Data Taking « Golden » Targets Galactic GWHEN sources ?

GW interferometers and HEN Telescopes
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Completed - ! is | Preparation of
Publication soon [ on-going future analyses|

Th. Pradier (University of Strasbourg & IPHC)
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Introduction

The Network of Detectors Concomittant Data Taking « Golden » Targets Galactic GWHEN sources ?

Gamma-Ray Bursters (GRBs)

Short GRBs Long GRBs

Binary Mergers : BH or NS Collapsars - massive star collapse

No Neutrinos ? J

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH


http://arxiv.org/abs/1204.4219

Introduction

The Network of Detectors Concomittant Data Taking « Golden » Targets /HEN sources ?

Time Window from long GRB observations

@ Bounding the Time Delay between High-energy Neutrinos and
Gravitational-wave Transients from Gamma-ray Bursts
@ B. Baret et al., Astroparticle Physics 35 (2011) 1-7
= AT = +500s

op o ¢

: central c‘ngmc‘ active central engine active

5 ‘ :
\r.\l‘s‘o :
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gamma
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Th. Pradier (University of Strasbourg & IPHC)
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Introduction

The Network of Detectors Concomittant Data Taking « Golden » Targets Galactic GWHEN sources 7

Visbility of some Galactic sources

| Virgo+LIGOs/Antares Averaged Sky Map | # Soft-Gamma Repeaters
¥ MicroQuasars

3 3

Declination (degrees)
3
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Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH



GW-HEN Joint Searches :

High Energy Neutrino Astronomy




Neutrino Astronomy

Introduction Neutrinos and Cosmic-Rays HEN Sources

An introduction to Neutrino Astronomy
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SN1987A : Birth of Neutrino Astronomy ! )

Pradier i ity of Strasbourg & IPHC)



Neutrino Astronomy

Introduction Neutrinos and Cosmic-Rays HEN Sources

Neutrinos as Cosmic Messengers...

@ 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) « GWHEN Joint Searches » VESF SCcHOOL, APRIL 18TH



Neutrino Astronomy

Introduction

Sources of neutrinos...

@ Under rock
°
°

@ Giant Air Shower

Pradier
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Neutrino Astronomy

Introduction Neutrinos and Cosmic-Rays HEN Sources

Atmospheric neutrinos
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Th. Pradier (University of Strasbourg & IPHC) APRIL 18TH



Neutrino Astronomy

Introduction Neutrinos and Cosmic-Rays HEN Sources

The Cosmic-Ray Connection

wotats Leptonic Production of HE + :

Synchrotron Radiation Inverse Compton Scattering
y-ray

Low E photon
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Th. Pradier (University of Strasbourg & IPHC) EN Joint Searches » V.



Neutrino Astronomy

Introduc Neutrinos and Cosmic-Rays HEN Sources

The Cosmic-Ray Connection

Energies and rates of the cosmic-ray particles
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Neutrinos are the smoking gun of hadronic processes

Th. Pradier (University of Strasbou Joint Searches » V.



Neutrino Astronomy

Introductio Neutrinos and Cosmic-Rays HEN Sources

A Hadronic origin for v emission ?
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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 & Vélk, arXiv:08100988v2

Th. Pradier (University of Strasbourg & IPHC) EN Joint Searches »V L, APRIL 18TH


http://arxiv.org/abs/0810.0988

Neutrino Astronomy

Introduction Neutrinos and Cosmic-Rays HEN Sources

Upper Bounds for HEN from UHE Cosmic-Ray sources

Bounds for extra-galactic sources

@ Waxman-Bahcall upper bound

° EQ% ~ 10*erg/Mpc® /yr from observed CR fluxes
o Assume optically thin sources and evolution with z

@ Mannheim, Protheroe, Rachen (MPR) Bound

o Different injection spectra, optically thin/hidden sources

o~ -4
D
£
7
Tm -5 Frejus present work: 1
¥ MPR Bounc Ty 1
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Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH


http://arxiv.org/abs/hep-ph/9807282
http://prd.aps.org/abstract/PRD/v63/i2/e023003

Neutrino Astronomy

Introduction Neutrinos and Cosmic-Rays HEN Sources

Upper Bounds for HEN from UHE Cosmic-Ray sources

Bounds for extra-galactic sources
e E20, <1078GeV.cm 2.5 Lsr7!
o ®ITP(E > 1TeV) = 10 Mem 2571 ...
@ With a v cross-section € 1073% — 10=33cm? for TeV — PeV ...

= Needs large detection volumes !

10° =t L

10° = (a) =3
"e 10° % = T4
H” . Total - 3
T.10 -7 E|
= = ,t\Char ed Current 2
~— 3 & i
_0E Neutral Current 5
I 3
& =

i 3

10" 10" 10" 10" 10" 10" 10" 10" 10" 10"
F, (eV)

. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » V. CHOOL, APRIL 18TH



Introduction Neutrino Astronomy HEN Telescopes The GWHEN Analysis ANTARES-12 Lines, 1C22 and Beyond

Introduction Neutrinos and Cosmic-Rays HEN Sources

In the Galaxy...

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

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH 17 / 52



Introduction Neutrino Astronomy HEN Telescopes The GWHEN Analysis ANTARES-12 Lines, 1C22 and Beyond

Introduction Neutrinos and Cosmic-Rays HEN Sources

The TeV Gamma-Ray Sky

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH 18 / 52



Neutrino Astronomy

Introduction Neutrinos and Cosmic-Rays HEN Sources

The TeV Gamma-Ray Sky

How to compute a v Flux from y-Ray Observations

@ Assume a primary spectrum at the source
@ Describe the interaction mechanism
@ Renormalize expected flux to the observed HE ~ flux

Hadronic Production of HE ~/CRs :

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH



Neutrino Astronomy

Introduction Neutri and Cosmic-Ra HEN Sources

The TeV Gamma-Ray Sky

T RX J1713.7-3946 T VelaX

2 " HESS data _f‘ " HESS. data

o -------- fitted ¥ spectrum 4 ~ ------=- fitted ¥ spectrum

& calculated v spectrum 2 1o \\ calculated v spectrum
5 — — mean atm. v spectrum 5 ~ — — mean atm. v spectrum
= =

W W

10" 107
10" 1 10 10 107
E (TeV)

appes et al. (2007)

Th. Pradier i ity of Strasbourg & IPHC) EN Joint Searches »V.
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GW-HEN Joint Searches :

HEN Telescopes : principles,
instruments




HEN Telescopes

Detection Principles From neutrino Interaction to the analysis IceCube and Antares

Detection of Cosmic Neutrinos

atmospheric muons

muons induced
by atmospheric
.. Deutrinos

08 06 04 02 0 02 04 06 08 1

Cos(©,)

|dea of Markov (1960)

@ “‘we propose getting up an apparatus in an underground lake or deep in the ocean in order to separate charged particle direction

by Cherenkov radiations”

@ Interaction v, + N — p+ X with R, ~ 1 —10km in 1 TeV-1 PeV
o Effective volume of detection increases with energy

@ Colinearity of i with v increases with energy = astronomy

Th. Pradier (University of Strasbourg & IPHC)



HEN Telescopes

Detection Principles From neutrino Inter 1 to the analysis IceCube and Antares

Detection of Cosmic Neutrinos

Optical Cherenkov Atmospheric showers Radio Acoustic
In lce In water Earth based  In space Earth based  In space

AMANDA B-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

M AGAM
KM3NeT
E~TeV - PeV E~1-10EeV E~EeV - ZeV
oy <3 =) <> =

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches »V L, APRIL 18TH



HEN Telescopes

Detection Principles From neutrino Interaction to the analysis IceCube and Antares

Detection of Cosmic Neutrinos
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HEN Telescopes

Detection Principles

From neutrino Interaction to the ana

IceCube and Antares

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 ‘N
«~((((((\F))))))- s
BN d i W.Z
i
: L N hadrons
! incoming neutrino
[} = =

Th. Pradier (University of Strasbourg & IPHC)

« GWHEN Joint Searches »

L, APRIL 18TH



HEN Telescopes

Detection Principles From neutrino Interaction to the analysis ube and Antares

Acoustics and Radio
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Pradier i ity of Strasbourg & IPHC) EN Joint Searches »



HEN Telescopes

Detection Principles From neutrino Interaction to the an. s Cube and Anta

Acoustics and Radio

T T
R=2km R=1 km

" "
s oo - l‘
: !
y
s
°
=
B om 1 f { 1
Z A=0.5 km R=0.25 km
Z
g
=
b i
0.00 prcstty ’.' 1 o +
55 s . : s
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 % =vcos6 =<

2 £
dR e . dRZ _ 2 sin® 0
"] ButEvarles.mf\/ =

Coherence implies AR =

sin 6

Optical domain : Az < a, emitting zone around maximum

(*]
@ Az = vAt, ~
=
=

Radio domain : Az > a

Th. Pradier i ity of Strasbourg & IPHC) EN Joint Searches » V.



HEN Telescopes

Detection Principles From neutrino Interaction to the analysis ube and Antares

Acoustics and Radio

balloon at ~37km altitude

cascade produces

UHF-microwave EMP antenna array
?‘/ on payload

earth

# ~ 7]
M 0.1:100 EeV neutrings "
" & neutrino
enters
moon
~700km to horizon

observed area:
~1.5 M square km

ANITA - GLUE

Pradier iversi Joint Searches »



HEN Telescopes
Cube and Antares

Detection Principles From neutrino Interaction to the anal

Event Rate & Detector Size

N, o< @, x Pa})sorptiorl(97 E) X Ovy X Ru X Au
~~ ~—~
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E [ ® Aavams oo everts i
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HEN Telescopes

Detection Principles From neutrino Int: o the analysis IceCube and Antares

Event Rate & Detector Size

Event Rate N, & Luminosity needed

N, x ®, X Pabsorption (0, E) X oy X R, X A,

cross-section 4 range  Effective Area for u
v

d \2 E l-a /4 7\ 1
L, = 4nd?d, ~ 10*°N, ~ L e
i 4Gpc 100 TeV km?2yr /

@ o~ 1for E, <1007eV, a ~ 0.5 above 100 TeV
@ Blazars ~ Gpc, L ~ 10" erg/s = A, ~ 1 km?
@ Galactic Sources L, ~ 10°° erg/s for A, ~ 0.1 km?

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH



Track :

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

Shower :

Good energy

resolution ~30%,

poorer angular
resolution >1°




HEN Telescopes

Detection Principles From neutrino Interaction to the analysis IceCube and Antares

Number of detected muons...

For area A and observation time T
o Nu(0)=AT. [ &,(E, 0)dE,P,,Ps

e ®,(E,,0) neutrino spectrum

@ P,_,, Probability to produce a detectable muon with E,, > Ein
@ Pg Earth transparency to HE neutrinos

<

Producing a detectable muon
© Py o [ SZRI(Ei, Emin)dE)
@ R; range of muon of energy E, before it reaches E,,i,

° j—g differential interaction cross-section...

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH



on Neutrino Ast HEN Telescopes The GWHEN Analysis \ tES-12 Lines 2 eyond

Detection Principles From neutrino Interaction to the analysis IceCube and Antares

Interaction in Rock/Water/Ice

@ =- (k-Ky M,

YE

Deep-Inelastic Scattering

e 2GmnE, [ M2, \2 _
ge — 26mEs (M) [xq(x, Q%) + xd(x, @)(1 - y)]

@ my, My, nucleon and boson mass

@ @ transfer momentum, v = E, — E; hadronic energy in lab-frame

2 . .
o x = 2& momentum fraction carried by parton
myv
_ v
*Y=E

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH



HEN Telescopes

Detection Principles From neutrino Interaction to the analysis IceCube and Antares

Interaction in Rock/Water/Ice

v, and anti-v, CC Cross Sections

E f f
5 F ]
£ 1
“r - CTEQ3D]
P AT PO T e e et

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

Deep-Inelastic Scattering
oun X E, below 5 TeV
oun < E9* above 5 TeV

R . 2 —~ my ~ 1.5°
Pointing : (/< 67, > B =><0> N

Colinear at high energy !

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » V. CHOOL, APRIL 18TH




Detection Principles

HEN Telescopes

From neutrino Interaction to the analysis

Interaction in Rock/Water/Ice

IceCube and Antares

ansmission through Ear

o Py =e!/* where A=t = pNao,(E,)
12 ! ' ' ' ! ' Absorption probability in the Earth vs E,
(for CC interactions only)
— 10 E T T T T T T
& 1 N
£ 8 E
v

a g4t E vu,e
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Th. Pradier (University of Strasbourg & IPHC)



HEN Telescopes

Detection Principles From neutrino Interaction to the analysis IceCube and Antares

Muon Propagation - Energy Losses

@ lonization and atomic
excitation : interactions with
electrons in the media
(continuous) - minimum at

2MeV /g /cm? % 5E B laud - Hi
o Radiative - discrete and %" 4
stochastic 2 sp
T
e Bremmsstrahlung : % .
|

accelerated particle through
field of atomic nuclei oc 1/m?

1l il

e Pair production : 0.1 10 10 100 1000 10000
g by = piMe
pt+N-—e'e U T R RPN RN
e Photonuclear : inelastic 1 Muoneementur (Gevig 100 1009

interaction of muon with
nuclei, produces hadronic
shower

u}

L)
I
il

it

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VE APRIL 18TH



HEN Telescopes

Detection Principles From neutrino Interaction to the analysis IceCube and Antares

Muon Propagation - Energy Losses
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Energy Losses and muon range
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HEN Telescopes

Detection Principles From neutrino Interaction to the analysis IceCube and Antares

Muon Propagation - Energy Losses

-~ Decay length, ©
— R,y in standard rock, ©
-+ Ry insea water, ©
~— R,y in standard rock, p
10 “+ Ryyin sea water, j

10’ 10°
E (GeV)

Energy Losses and muon range

@ Muon Range R, = fOE & dE ~ fE *_=1log (1 + E%) with

E
E. = a/b critical energy

0 a+bE

@ For upgoing muons, the interaction volume is much larger than
instrumented volume !

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VE APRIL 18TH



HEN Telescopes

From neutrino Interaction to the analysis
Muon Detection - Cherenkov Effect

(@)

ceCube and Antare!

- = ——Surface of Mach cone
w;/ ///_,{%\
1 4 “Yn— .
— // { ﬂ\.\\\l\( ﬂj Y Tragestory
* s, \\ s ) ] ) B
\ \\ N N/
\\ N

Bo = spand of particle
£ speed of radiati

Charged Particle with velocity > phase velocity of light
e v>=<orf> % refraction index

@ Coherent emission along a cone of ¢ ~ constant

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

Th. Pradier (University of Strasbourg & IPHC)

« GWHEN Joint Searches » V.
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HEN Telescopes

Detection Principles From neutrino Interaction to the analysis IceCube and Antares

Muon Detection - Cherenkov Effect

Charged Particle with velocity > phase velocity of light

G 1 . .
@ v > - or 3> - refraction index
@ Coherent emission along a cone of ¢ ~ constant
@ Oc ~ 1° in air, ¢ ~ 43° in water, O¢c ~ 41° in ice

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH



Det

Principles

HEN Telescopes

From neutrino Interaction to the analysis
Muon Detection - Cherenkov Effect

e and Antares

Number of Photons
d’N B 277704 1 1 . 2T
dxd\ ~ N2 mp2) =

7 Sin 92
@ Between 300-600 nm, Z—N ~ 350 photons/cm
") ﬂ

dEdx

~ 370sin? Oc(E)eV—1em™ ~ 10~* x 2MeV/ /cm
o But directional effect !

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

Detection Principles From neutrino Interaction to the analysis IceCube and Antares

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 ~ dE/dx, E> 1 TeV above ~ 1 PeV

Very low background
Energy Res. : log(E)~0.3 Energy Res. log(E)~0.1-0.2 4 d

; Pointing capability
Angular Res.: 0.8 -2 deg Poor Angular Resolution Best energy measurement

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » V. CHOOL, APRIL 18TH



Det

ion Principles

HEN Telescopes

Reconstruction of the track

From neutrino Interaction to the analysis

Muon Track

L ttheory =
Optical Module

to +

+

@ 5 parameters

to, 97 ¢a X0, Y0
Th. Pradier (University of Strasbourg & IPHC)

tan 6¢
1 k
vg \ sinfc

-

ceCube and Antares

« GWHEN Joint Searches » VES




HEN Telescopes

From neutrino Interaction to the analysis IceCube and Antares

Def Principles

Reconstruction of the track...

direct !

10
2 [oi
£ | Eu =TeV
k]
510"
-E =
ERE Scattered e- and photons @ Few of phOtOl’lS are

@ Impact on angular

1 )
resolution

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

Optical Background

L, APRIL 18TH

« GWHEN Joint Searches »V
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Neutrino A n HEN Telescopes The GWHEN Analysis \ 12 Lines

Detection Principles From neutrino Interaction to the analysis IceCube and Antares

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
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JE
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Detect

Neutrin:

ion Principles

HEN Telescopes The GWHEN A

From neutrino Interaction to the analysis

Atmospheric v (upward) event

o = . Run 34927 Frame 7155

- I o L Wed Jun 18 00:08:10 2008

b 1% * o R Trigger bits 80002020

Zenith: 34.8 oo o3 2 Line 1-12 Physics Trigger (thi
Fit on 5 line(s) o e * - %

P LR

S S 123486 photons
L i i =
= - o o - i
P = + b Pt Al
b - ) o i g 1 e 00 20 P 3]
4—F - Foor | EL | :
o P J " o
o . u 3 -
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HEN Telescopes
From neutrino Interaction to the analysis

Detection Principles IceCube and Antares

Atmospheric or Cosmic ?

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

log (dN/dE)

vpatm o E-3,7

vpcosm o E-Z

Cut on Energy

Energy

~ TeV

Th. Pradier (University of Strasbourg & IPHC)



HEN Telescopes

Detection Principles From neutrino Interaction to the analysis IceCube and Antares

Atmospheric or Cosmic ?

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

e region tail-in excess region

Tibet-lll

lceCube-22

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) « GWHEN Joint Searches » VESF SCcHOOL, APRIL 18TH



HEN Telescopes

Detection Principles From neutrino Interaction to the analysis IceCube and Antares

Different radiators...

1
I(r) Ee_R/A‘“"

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

: 11 1
@ Here Attenuation length : +~— = = + ——

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

@ Water : less scattering, better angular resolution

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH



Introduction Neutrino Astronomy HEN Telescopes The GWHEN Analysis ANTARES-12 Lines, 1C22 and Beyond

Detection Principles From neutrino Interaction to the analysis IceCube and Antares

Neutrino Telescopes in the World...

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

7

IceCube (South Pole)

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH 33 /52



HEN Telescopes
Detection Principles

From neutrino Interaction to the analysis

IceCube and Antares

Neutrino Telescopes in the World...

ANTARES

3> 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)
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HEN Telescopes
n Principl From neutrino Interaction to the analysis IceCube and Antares

lceCube

P

IceCube Lab

IceToy
/51 Stations, each with
2 lcaTop Charenkov detectar tanks
2 optical sensors per tank
324 optical sensors

e

‘ | 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 sansors : 2004-5
Eiffel Towar C
“Jsm‘ 1C9: 2005-6

2450m

220m 1C59:2008-9
1C79:2009-10

1C86:2010-11

Pradier (University of Strasbourg & IPHC) Joint Searches »V



HEN Telescopes

IceCube and Antares

lceCube

Amundsen-Scott South Pole Station

runway

South Pole AIVIANDA—H/

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF SCHOOL, APRIL 18TH 34 / 52



HEN Telescopes

Detection Principles From neutrino Interaction to the analysis IceCube and Antares

* 12 lines
« 25 storeys/line

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

* 885 PM b} " Aggepted in NIM-
= N
8

Instrumentsifor

* positions of PM_— O(j] Ocm)#
* orientation of PM

*Time caliration™~O(ns)

1
Junction Box

2500m below sea level

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH 35 /52




HEN Telescopes

Detection Principles From neutrino Interaction to the analysis IceCube and Antares

Antares

. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF SCHOOL, APRIL 18TH 35 / 52



HEN Telescopes

Detection Principles From neutrino Interaction to the analysis IceCube and Antares

Antares

Pradier iversity of Strasbourg & IPHC) EN Joint Searches »



HEN Telescopes

Principles From neutrino Interaction to the analysis IceCube and Antares

Antares

Th. Pradier ity of Strasbourg & IPHC)



Det

HEN Telescopes

From neutrino Interaction to the anal

The ANTARES Collaboration

Pradier

Texel .Groningen

Amsterdam
Brestg
: Bamberg
[
Sac,ﬂy'pa”s @Erlangen
CIen'nnnl—Ferrand. M ulhouse
Marseille
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Barcelonag 1oU1o" 2a
; @Roma
Valénciae  vjligfranche-sur-Mer oBari
5 Catania
@ Oujda .cum. LNS)

Moscow
® (iTer MSU)

@Bucharest

> ANTARES Site
» ANTARES Publications

IceCube and Antares



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

HEN Telescopes
Detection Principles From neutrino Interaction to the analysis IceCube and Antares

Time dependent searches : Flare of the Crab Nebula

X

=

=
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o

L L L L L B

Flux [ phs'cm?]
N @

IS

nN

o by by v b by w o by bvw v by by ay
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Time [MJD]

Th. Pradier (University of Strasbourg & IPHC)



HEN Telescopes

Detection Principl, From neutrino Interaction to the analysis IceCube and Antares

Time dependent searches : Flare of the Crab Nebula
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Detection Principles om 0 action to the analysis IceCube and Antares

Time independent Point Source Searches

10"

102

p-value

10°

@ ANTARES Skymap of HEN events )

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH
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HEN Telescopes

n Principles From neutrino Int n to the ana IceCube and Antares

independent Point Source Searches

: 10-4 - ® ANTARES (813 days) ANTARES sensitivity (813 days)
(/] = m] IceCube 40 (375.5 days) - - - - IceCube 40 sensitivity (375.5 days)
o - o MACRO (2300 days) A Super-K (2623 days)
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Detection Principles

HEN Telescopes

Correlations with other messengers...

From neutrino Interaction to the analysis

IceCube and Antares

GeV-T

Fermi / HESS...

Gravitational

Th. Pradier (University of Strasbourg & IPHC)
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GW-HEN Joint Searches :

The GWHEN Analyses




The GWHEN Analysis
Strategy All Sky/HEN Triggered GV arch 2007 An

1*GWHEN search : Analysis Strategy

l ANTARES ‘ | LIGO and VIRGO |

- - ya
THager L

Coincidence Time Window.

|

Analysis, e.g., time-frequency | CLOSED BOX Analysis:

tune search parameters
on off-source.

ch
v

OPEN BOX:
Search for GW in on-source
with optimal parameters.

UPPER LIMITS < "° |Candidate Events? 50 significance?| *°> » DETECTION

@ Sub-optimal detectors : no optimization
e Time provided by HEN candidate
@ Position by HEN direction + Error Box

on and Densities

Th. Pradier (University of Strasbourg & IPHC)



The GWHEN Analysis

Strategy All Sky/HEN Triggered GW Search 2007 Analysis GWHEN Horizon and Densities

1*GWHEN search : Analysis Strategy

HEN Time
-1.5hrs +1.5hrs

off-Source Off-Source
Background  OM:-Source | packground
estimates GW search | estimates

Time

X-Pipeline GW Search

@ On-source : Search for GW events +500s around each HEN event,
within HEN box (see later)

@ Off-source : all other data within £=1.5hr of the HEN, divided into
blocks of the same length as the on-source period - same IFO state ?

e Background estimates (~ 2000 before follow-up)
o Significance of on-source compared to off-source
o Closed box analysis : tuning of search parameters off-source

a. IFO = interferometer

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH



The GWHEN Analysis
Strategy All Sky/HEN Triggered GW Search 2007 Analysis GWHEN Horizon and Densities

Advantages of a triggered search

Triggered g ot
o3 (time o) /

ation)

Efficiency

o
b

[——Gw-HEN analysis

o
T—

0.2
‘—'— un-triggered search
/]
0
23 -2z 21 -20 -19 -1
10 10 10 10 10 10

hrss amplitude [Hz(-0.5)]
@ Smallest detectable signals
e Factor 2.5 (4) improvement at the 50% (90%) level

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VES



The GWHEN Analysis
Strategy All Sky/HEN Triggered GW Search 2007 Analysis GWHEN Horizon and Densities

GWHEN with 2007 data [5 line detector]

ANTARES-5 Lines + VSR1-S5 - End Sept. 2007

@ 104 days of concomittant data taking
= Point Sources Analysis selection cuts

@ 144 events reconstructed with 2 Lines
@ 14 events with 3 Lines or more

= 73% of the original HEN list have analyzable GW counterpart (more
than 1 IFO)

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH



The GWHEN Analysis
Strategy All Sky/HEN Triggered G! arc 2007 Analysis GWHEN Horizon and Densities

GWHEN with 2007 data [5 line detector]

Sky Map

o 2lines
= 3lines

DEC (deg)
o

A
o

m]

L)
I
il
it
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The GWHEN Analysis
Strategy All Sky/HEN Triggered GW Search 2007 Analysis GWHEN Horizon and Densities

GWHEN with 2007 data [5 line detecto

HEN er oX

@ Angular accuracy depends on direction/declination and
energy /number of hits

@ Parametrization (log-normal) of 832 " for each (dec, mpits)
Ml
o 1 e 252
g9 = Vor (x=0)o
@ Error Box for GW Search = 90% quantile of histogram
8 F
§ om;}
©0.0351
]|
'%0025
£ 002
o
Z0.015
0.01
0.005
0 VERTRAY
2 4 6 8 ‘

10 2 14
Space Angle (degree)
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duction Neutrino A: m HEN The GWHEN Analysis A RES-12 Lines, d
Strategy All Sky/HEN Triggered GW Search 2007 Analysis GWHEN Horizon and Densities

GWHEN with 2007 data [5 line detector]

HEN error box used in GW search

@ Error box divided in a grid of ~ 100 pixels

@ Assume known direction of signals = known delays between IFOs

@ Hanford +Livingstone +Virgo data streams coherently combined

Signals coherently summed up
signals in 2 IFOs for assumed direction

@ High Cut-off Frequency = 500Hz for all events

= Additional search up to 2kHz for higher energy 3 Line events
= Also, lesser muon contamination

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH



The GWHEN Analysis
Strategy All Sky/HEN Triggered GW Search 2007 Analysis GWHEN Horizon and Densities

GW Exclusion distances and Binomial Tests

Final result : GW Exclusion Distances

@ Injected Waveform to obtain amplitude upper limits = exclusion
distances
@ Binary Mergers : NS+NS, NS+BH =- Dggo, ~ 10 Mpc
o Collapse : Sine-Gaussian
= LF : Dgge, ~ 10 Mpc
= HF : Dggy, ~ 1 Mpc

Merger m . .
Ringdown __ | [l

041 Inspiral

s
1
|
|
|
|

50 100 150 200 250 300 . . U

o o0 o o005 oo oo

" o
time tme (arbiary unt)
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The GWHEN Analysis
Strategy All Sky/HEN Triggered GW Searc 2007 Analysis GWHEN Horizon and Densities

GW Exclusion distances and Binomial Tests

@ Binomial test : Py, = Wp” (1—p)"

Probability for getting n or more events at least as significant as p,

pn probabilities ordered in increasing values (p; is the loudest event)
Test association of 5% of the highest GW p-values with HEN

e 8 over 158 HEN (2L+3L) in Low Frequency Search
o 1 over 14 HEN (3L) in High Frequency Search

[} = =

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH



The GWHEN Analysis

Strategy All Sky/HEN Tr W € 2007 Analysis and Densities

GW Exclusion distances and Binomial Tests

- - —null hypothesis
1o¢ [ nihypotnesis 10' || —e—5-sigma excursion
——meastred | —e— measured
_._5'S|gmﬁ excursion
12}
2 i
o u i
2 = I
S ° '
- o !
5] [
5 10' € '
E-3 E 1
£ 3 )
g c
0
R 10 .
10 I -8 -6 4 2 °
10 10° 10° 10* 10 10 10 10 10

local probability p probability p

@ Test association of 5% of the highest GW p-values with HEN

o No significant association : post-trial significance of largest
deviations ~ 66%
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The GWHEN Analysis
Strategy All Sky/HEN Triggered GW Search 2007 Analysis GWHEN Horizon and Densities

Derivation of the Horizons

No coincident detection

o NewneN = pcWHEN VGWHEN Tobs, With Tops ~ 104 days
2.8
VewHEN Tobs
@ powuEeN : density of objects with collapse/coalescence (GW)
followed by jet (HEN) within £500s in local universe

= Test of non-constrained gravitational origin of jet formation

= PGWHEN <

o Vownen effective volume of the search, which depends on Horizon
@ GWHEN Horizon dyorizon = min (dHEN dGW)

max ’ Ymax

= dIEYN typical distance for e.g. short GRB (SGRB)/long GRB (LGRB)
= dSW typical distance for e.g. NS-NS or NS-BH coalescence

o

e dSW ~ 14 Mpc for SGRB (mergers), 22 Mpc for LGRB (collapse)

max
@ HEN Horizon distances :
= dBN ~ 4 Mpc for SGRB, dEEN ~ 12 Mpc for LGRB

e Pownen(r) = Paw(r) x Purn(r) detection efficiency

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH



The GWHEN Analysis
Strategy All Sky/HEN Triggered GW Search 2007 Analysis GWHEN Horizon and Densities

Effective volume of the search

HEN
0 2
o VGWHEN =27 fO PGWHEN( dr x f 7'r/2 (S) cosddd
SGRB 2 8] LGRB & 3
o Viawnen ~ 1.34 x 107 Mpc®, Viwrnn ~ 8.42 x 10° Mpc
1
= ——r ——r ——r ——rr —r—r r 0.9] \‘ &
g T 1 08 \~~\NS-NS;Binary
RN ] \ detection probability
oal Short GRB 7 07
[ \ ] Foo ~
O.u: : % 05 Step-like approximation
d~4Mpc 1 Tor
0": : 5 0.3
: : 0.2
0.2
C \ ] 0.1
L ~—__ :
‘% 10 15 20 25 10° 10! 10° 10°
d(HEN) Distance [Mpc]
HEN Detection Prob. GW Detection Prob. )
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The GWHEN Analysis
Strategy All Sky/HEN Triggered GW Search 2007 Analysis GWHEN Horizon and Densities

Density limits for SGRB and LGRB

PGWHEN for SGRB and LGRB

° p&witen = 1.1 x 1072/Mpc? /yr
= to be compared with typical merger rates...
° p&Wien = 1.0 X 107°/Mpc? /yr
= to be compared with typical star collapse rates...

= First limits on density of Mergers/Collapses (GW) followed by
jet pointing towards Earth (HEN)

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH



The GWHEN Analysis
Strategy All Sky/HEN Triggered GW Search 2007 Analysis GWHEN Horizon and Densities

Limits vs estimated rates

Results of the first GWHEN Search : 2007 data
VSR1-S5 Virgo/LIGO + Antares 5 Lines

GWHEN Limit (2007) b
GWHEN Limit (2007)

-2

Prediction
1 1+ Y mmmmm—
KM3NeT

-4

-6

Log(Population Density) (Mpc™ yr)

B "Observed —
Local Rate
Observed

10 Local Rate

Short GRBs Long GRBs
(Mergers) (Collapses)

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VES CHOOL, APRIL 18TH



Strateg

All Sky

1st GWHEN Paper

The GWHEN Analysis

2007 Analysis

GWHEN Horizon and Densities

ArXiV :1205.3018

A First Search for coincident Gravitational Waves and High Energy Neutrinos
using LIGO, Virco and ANTARES data from 2007
The ANTARES Collaboration, the LIGO Scientific Collaboration and the Virco Collaboration

@ Public page with tables of HEN candidate events, figures, outreach
p1200006

= https://dcc.ligo.org/cgi-bin/DocDB/ShowDocument?docid=

Th. Pradier (University of Strasbourg & IPHC)

« GWHEN Joint Searches » VES
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Ongoing Analyses

ANTARES 12 lines + VIRGO/LIGO

ANTARES-12 Lines, 1C22

G

12 Line+VSR2/S6 - Jul. 2009, Oct. 2010

@ 84/45 days with 2/3 interferometers

o New GW Software (suitable for joint simulations)

o New HEN reconstruction strategy (smaller error boxes)

Th. Pradier (University of Strasbourg & IPHC)

« GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH




Neutrino A y N Tele e GV Ana ANTARES-12 Lines, 1C22 and Beyond

Ongoing Analyses Conclusions

ANTARES 12 lines + VIRGO/LIGO

weakest experiment
= Equalization/optimization of Horizons necessary...
= Depends on considered Model : GW frequency, HEN spectral index...

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF SCHOOL, APRIL 18TH



5-12 Lines, 1C22 and Beyond

Ongoing Analyses Conclusi

ANTARES 12 lines + VIRGO/LIGO

Lo With mask Without mask
b 08 ]
2 £
Q0 07
/ 06

BRNRRRR RN RRRN R

0 5 w1 20 20 W00 380
oh, deg.

Th. Pradier i ity of Strasbourg & IPHC) EN Joint Sear



2 Lines, 1C22 and Beyond
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IcECUBE-VIRGO/LIGO

IC22 + VSR1/S5 in 20

@ ~ 100 days of concomittant data, 1200 HEN candidates
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Ongoing Analyses Conclusions

Future analyses

Other possible analyses ?

@ Joint VIRGO-GEO run in 2011 - AstroWatch (GEO) after that

@ ...and prepare for Advanced Interferometers

Th. Pradier (University of Strasbourg & IPHC) « GWHEN Joint Searches » VESF ScHOOL, APRIL 18TH
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