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> Neutrino telescopes: why, how and where

* Limits on astrophysical and 6ZK neutrino fluxes
> Atmospheric neutrinos

> Atmospheric muons and link with cosmic rays



@ Long-range,weakly-interacting messengers:
- no interactions with ambient matter (ISM, molecular clouds,...)
hor radiation (CMB/IR/radio backgrounds),
- no deflection by magnetic fields
— neutrinos travel cosmological distances and point back to their source

@ Deep-source messengers:

- escape also from optically thick media

- provide complementary information o y/cosmic rays
— discovery potential for hidden sources

@ Smoking gun for hadronic acceleration in the sources:

p+p(y)—>m+X VeV, iV =1:2:0 oscillations .

L)|..|+Vu

at source
Ly e+ vy+ve

VeV, v, =111

at Earth




10% =
10%° = /\ cosmic v background
10° supernova v burst
10'° = solar v’s / (SN 1987A)
:Ln 10° = reactor anti-v‘s
':'E 1 = —— Ssupernova relic v
© 403 E background
> = geo anti-v’s
= 107°F
— = atmospheric v’s:
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= 102E (+ prompt compe
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10% =
10% é cosmic v background
105 E Neutrino
101 ; solar v's telescopes
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- 107 E .,
= = geo anti-v’s
2 10"°F _
< = \ atmospheric v’s:
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10% % Hl observed v’s from AGNS: !
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Neutrino astronomy: how ?

Detection principle

“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” M. Markov 1060

Signal = up-going muons Cherenkov

cone

WATER/ICE

ROCK p

V. Van Elewyck EDS Workshop, Quy Nhon, 20/12/2011

Detector:
3D array of
photomultipliers




Signal: cosmic 's
0-10/year

=m=mp detectors are buried deep

mmmdp detectors look downwards

- cut on zenith angle > 90°
- cut on track quality

AD/AQ (em™s™ sr)

Physical backgrounds:

® Atmospheric muons:

~ 10%/yr - 10"°/yr in detectors
mostly down-going BUT can be
misreconstructed as up-going

® 's from atmospheric neutrinos:

~10°/yr - 10°/yr in detectors
irreducible background

8
4

atmospheric muons |

e o

-
-
=

-
a

- muons induced
. by atmospheric

0z 04 a6 0K 1

Cos(9,)




How to identify cosmic neutrinos ?

® Excess at high energies (— diffuse flux analyses)

+~ concerns mainly extra-
4 EeV

log (dN/dE

galactic sources
(AGNs, GRBs)
vyeom o E2 ~ requires good charge

PeV

Energy cut calibration
~ the Earth becomes opaque
to neutrinos above PeV:

~ TeV Energy

® Anisotropies (clustering) on the sky (— point source searches)
“ requires good angular accuracy

@ Coincidence with other astrophysical signals (— multi-messenger studies)

* requires space & time consistency with other probes:
GRB alerts, optical follow-up, GW+HEN,...




in the Lake Baikal:

NT200+ since 2005
since 2008: 2 prototype strings
for a km3-scale detector

Center
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at the South Pole:
IceCube

InIce: 86 lines, completed end 2010
~ 1 km?3 instrumented volume
~ 1° angular resolution

in the Mediterranean Sea:
ANTARES

12 lines, completed May 2008
~ 0,015 km? instrumented volume
~ 0.5° angular resolution

DeepCore: denser infill, 8 strings

timised l hergies
project for a km3-scale detector: KM3NeT optimised for lower energie

IceTop: air shower detectors

12 detection lines lceCube Lab

25 STOF‘ZYS/ line %‘i PR i e ’Bﬁegu?tpmns each with
3x 10" PMTs / storey M gy, ~ e . 2 IceTop Cherenkov detector tanks

=iz 2 optical sansors per tank
. 324 oplical sensors

885 PMTs

lceCube Array

86 strings including 8 DeepCore strings
80 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

DeepCore :
B strings-spacing optimized for lower energies
u 480 optical sensors

- i L Eiffel Tower
Junction R il _'*n._._ﬂwm
box > — HMY i g

? i - Ny

45 km
electro-
opTli;l:al
cable
readout cables




at the South Pole:
IceCube

in the Mediterranean Sea:
ANTARES

Visibility Mediterranean (Antares) \:5"‘1"[')'3%50”"“ Pole (lceCube)
B > 75% O 0%

01 25% — 75%

O < 25%

- 180° 180°

TeV gamma-ray sources
-90° @ Galactic
@ extragalactic

good complementarity in the fields of view




Limits for diffuse fluxes

Example: ANTARES
data 2007-2009 (335 active days)

—Data
---Atms v
— Signal v

—
=
|

T TTTTTI

events/0.02

Prompt v
(RQPM)

| r
-l R e
1
A
e Wy
i R
e -
2 e
e o .
i f s il
s i 1
‘ AN
e -
e "‘
"-1_;, ., E“%flux
-
- f-"
Lok

=]
13

B ?

tllmlt

4 s, R W
14 15 1.6 1.7

P /
1 LRy g |
F L]

R = energy estimator based on

the mean multiplicity of hits per PMT

R>1.31«< 90% of signal
9 events in sample

expected 8.7 atmospheric p (+ 2 prompt)

(20 TeV,2 PeV)

@ Extragalactic origin
(...otherwise not diffuse)
main candidate sources : AGNs, GRBs

@ Waxman-Bahcall benchmark flux:
derived from oberved UHE cosmic ray flux

-
. -
w —

P'UJ 103 1) AMANDA-Il Atmosphericy, 1367d === Bartol + NaumovROPM (8 —=5

o ' 2) W AMANDA-llv, unfolding (2000-2003) wasrasrer Honda + Enberg Min 9 I
E 104 L 3) AMANDA-Il v, 807 d = = = Waxman Bahcall Prompt GRB(10 —_
Q = =

> = 4) mmmm ANTARESv, 0709  cueas Blazars Stecker (11 o
8 10 5 é— 5) m— 1C40 Atmospheric v, = Waxman Bahcall 1998 x 1/2 (12_;I
. = 6) A  IC40 Atmo.v, Unfolding =sa= Becker AGN (13 3
% 10° ;_ NE 7 s 1G40 v, 3755 d = Mannheim AGNs (14_;I
> = \ 3
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T o7 %y AMANDA 13
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W E AN!ARE;,S 6709 =<3
10° 7 — }é —IC 40 ° =
E ) fﬁ" ‘._"l“ \‘~~. - . N 11\ E
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Limits for UHE fluxes (all flavours)

Targeted signal: cosmogenic neutrinos

GZK cut-off: 10*
p/A + m+ X —

CMB/IR L, IJ + Vu :}E 10—5
Le+tv+v 23

S ﬁ 107
@ focus on down-going tracks near £

the horizon > 107
® large energy deposit in the detector O

@ main background: Elﬂ's
down-going atmospheric p bundles =

‘= 10°

IC 40 sample (April '08 - May '09) 1010

< cut on total charge recorded in
PMTS (: Nphofoelecfrons)

+~ cuts on the inclination of the track

_'H"E-bound
e
| TC-40 (333.5 days) G,
vt rd
—a— IC-22 ﬂ!.i'f ,: ! ﬂﬂﬁurﬁ."h
—=— ANITA | e ,';:_.«
| —— PAO A
| ¢ RICE Lt
—— AMANDA rf:'
T T T ", erd-' | | | | | |
6 8 10
lugm(Energy;’GeV)




Limits for UHE fluxes (all flavours)

Targeted signal: cosmogenic neutrinos

GZK cut-off: 107 =
pIA + CMBIR e+ X ': 5 -
L op+wy #1071 ___
Le+vy+ve g [
ﬁ 107
@ focus on down-going tracks near E i
. T
the horizon - = 10 o
% large energy deposit in the detector <) g
@ main background: ~ 107 == 1C-40 3335 days) s
down-going atmospheric p bundles = v
= —=  aNITA | e e
=] 10°°]]—=— PAO " L
| ¢ RICE N e
o 1 ] i X ":"
IC 40 sample (April ‘08 - May '09) w_l.h“". =i : e é L
~ cut on total charge recorded in log (Energy/GeV)

PMTS (: Nphofoelecfrons)
+ cuts on the inclination of the track

model predictions vary substantially !
(depend on UHECR composition and
source distribution)




IC40: most precise and extended measurement to date

zenith-averaged flux 97° — 180°,

uses unfolding algorithm
to extract v energy
from p energy deposited
in detector

AMANDA Il Forward
s AMANDA 11 Unfolding
—a— G40 Unfolding

s 3 ;
|'||'I IIIIII|T‘ IIIIIﬂTl Illllm IIIIIﬂTl III\I|T|! ||||||I|._FFH1Tm
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)]

< )
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—

@ E? (GeVs'sriem?)

10
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IC40: most precise and extended measurement to date

| Spectrum of atmospheric neutrinos with Bartol+prompt and AMANDA-Il |

“prompt” neutrinos

10"

[GeV cnr? s+t
N

&

Naumov/RQPM
Naumov/QGSM
Martin/RMS
Martin/KMS
Martin/GBW

Costa/pQCD_opt
Costa/pQCD_pes
Costa/RQPM_pes
Costa/RQPM_apt
Costa/QGSM_pes
Cosla/QGSM_opt

from charm decay

1

3
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4 5 6
log,, [E (GeV)]

8 9
T. Montaruli

but systematics still too

high to disentangle the prompt
component:

10

& E? (GeV s sricm?)
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da 4 o én

-
=
i

L B e o e o o e e I e
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................ Honda + Martin{GBYY)
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(main sources of uncertainties:
optical module acceptance,
ice properties & data/MC mismatch)




Depth-intensity relation (ANTARES)

number of

tracks \

I{Hahﬂ} -

mean multiplicity

N(8, ho) - (8, o)
Aer(0)-T - AQH)

then convert to vertical intensity I(6=0)

BUT complicated to obtain the
energy spectrum:
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muons from air showers arrive in large-multiplicity bundles...not resolved

Ongoing studies in IceCube:

identification of single HE muons through

catastrophic energy losses
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Other CR-related studies

IceCube: 4 years of data, 1,5 Gevents
primary cosmic ray median energy ~20 TeV

@ Seasonal variation
of the muon rate:

highly correlated
with temperature,
+8% annual modulation

AR /<R,>, AT/ <Ty> [%]

Pressure [hPa]
I
v
<]

J&r Jul Oct Jan
2007 2007 2007 2008 2

critical energy for decay/interaction

A

r Jul
o8 2008

L
Qct
2008

of m, K depends on atmosphere density

= probe of Kaon/Pion ratio

B ET35(p+p)

A MINOS (p+A

@ NA4D (Pb+Ph)
¥ STAR [Aushu, Kt}
¥ STAR (Aushu. Kix)

||215||| 3||

L 1 L 1
Jan H}r Jul Oct Jan -H:rr Jul Oct Jan !apr
2009 2009 20089 2009 2000 2010 2010 2010 2011 2011

muon rate
temperature

& Procs. ICRC 2011,
arXiv:1111.2735




Combined IceCube-IceTop measurements

shower size = E, }

IceTop: lateral distribution of the shower /)
IceCube: muon bundle =

® CR composition studies
5(125): shower size parameter in IceTop
— primary CR energy proxy o= A ”
K(70): muon energy proxy ;h

i

' A

» Study of high p_muons

separate track coincident with a
low-p_ bundle (as reconstructed in IceTop)

Background: double-coincident CRs
Preliminary study with IC22 + IT26

Percent Protons

-
=]

—— On-Time Events

@
L ———

Ij:’reliminar;r

1 n- q-lﬁl |. L1 | [ | L1 | 1
|| 05 1 15 u
|GQ1D{S125) T

-—-- Ofi-Tims Eventz (Scaled)

Number in 114 days

=]
| I I

UL s,

950506550 500 So0 526500
Perp Sep Between Tracks [ml




Cosmic ray large-scale anisotropy

- remove non-physical effects (downtime of detector,...)
- estimate a reference map by scrambling real data in fime (8,9 kept unchanged)
- construct relative intensity map AN/N__

matc hes anisotr opy equatorial coordinates

observed by Tibet ﬁ :N
experiment Tibetl .~~~ / /L aakal \\\ \}}\

5TeV /. /0L /[

/////
(((l

median primary \ \

energy

a |
IC59 360

gyroradius < 1 pc N
in 6 galactic magnetic field 20 Tev
closest sources ~100 pc

1.002

...CRs should not point back !




.different features at higher energies

preliminary
relative intensity equatorial coordinates Ll i G
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®* ANTARES and IceCube completed & operating:
- demonstrated the feasibility of large-scale neutrino telescopes

- full-sky coverage now achieved (but with different sensitivities)
.. a (few-)km3 instrument in the Northern Hemisphere is desirable: KM3NeT

® Analysis results so far:
~ Searches for cosmic & GZK neutrinos with negative results

=~ Many astrophysics topics being investigated:
point and extended sources

multimessenger programs to enhance the sensitivity of the detector
(optical & X-ray follow-up, coincidences with GRBs & AGN flares, ...)

~ A lot of particle physics to be done with neutrino telescopes |
Interesting prospects for cosmic ray physics:

- study of prompt component in atmospheric muon/neutrino spectra
- CR composition studies up to the knee
- muon distribution profile

...systematics to be fought !

- intriguing 0,1% anisotropy signal at primary CR energy ~ 20 TeV
compatible with Tibet observations - no astrophysical explanation ?
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at the South Pole:
IceCube

in the Mediterranean Sea:
ANTARES

InIce: 86 lines, completed end 2010

12 lines, completed May 2008
~ 1 km?* instrumented volume

~ 0,015 km?3 instrumented volume

= : — 5 = +60°
A S50 dlscovery po’ren‘nal =
£ 10 ;
E * . . :
. ?
ANTARES especially E
. -8
suited for g1
galactic sources 5
at 8<0 and E ~TeV-PeV W
10-10
—— ANTARES source for IC:
-=== lceCubd0 i arXiv:1003.2590
10.1] |||||||||||| IIIIIIIIIIIIIIIIIIIII
2 3 4 5 6 7
IongIGeV’







Indirect searches for DM:
from the annihilation of WIMPs (m~ 10 GeV - few TeV)

trapped in the Sun (or in our/a galaxy)

look for an excess of

Most popular candidates:
- in MSSM:
lightest neutralino

« hard » (W+W-,T+71-) or « soft » (bb)

decay channels

- in universal extra-dimension models:
lightest Kaluza-Klein particle (LKP)

velocity
distribution

v interactions

0.05 = (uh' 020 MESM modal scan

< 10" I o= ol COMS{Z01 0 LENCH 100(2040) —— - DM (2010) 3

& il — CourFpons)

=|W‘_|_mu W T tor my = m,, = BO.8GAN) --- K 3
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Indi

look

rect searches for DM:

for an excess of  from the annihilation of WIMPs (m~ 10 GeV - few TeV)
trapped in the Sun (or in our/a galaxy) y
veloci
distrib?:tion

Most popular candidates:

-in MSSM P v interactions

lightest neutralino
« hard » (W+W-,T+71-) or « soft » (bb)

- in universal extra-dimension models:

decay channels

lightest Kaluza-Klein particle (LKP)

rmeapcom pre—
LBy, | B
im_r:g: ERDC ISR, e trm, <m, 00— SO
5::?‘*& P Indirect searches better than direct ones!!
Ew'u_r“*—-—~-" (especially in models with spin-dependent o)
il . -
fovf Importance of DeepCore infill:
i:: g - improves sensitivity to low-mass WIMPS
e - allows to look downwards: increases
ws observation time tfowards the Sun




Constrain

ing neutrino velocity

neutrino

_ air shower
air shower velocity:

GeV neutrino arrives
- 2 ns early

to from IceTop

vertical showers:
baseline ~ 20 km u

Vv

~""inclined showers:
baseline up to 100 km

o

#
#
#
#

IceCube cannot reach the (v-c)/c of 2x10~
measured by OPERA

Neutrino energies in IceCube are >100 GeV

If (v-c)/c is increasing with energy IceCube
could identify too early neutrino induced
muons










The fireball model

Short-Hard GRBs: \

coalescing binaries involving
BH and/or neutron stars.

— GW associated to
coalescence process (inspiral)

chirp

Time

Long-Soft GRBs: /

associated to core-collapse
supernovae (collapsars)

— GW burst during collapse
( faint ?, unmodelled)

At ~ few minutes ?

X-RAYS,

NEUTRON STARS VISIBLE

LIGHT,
JET COLLIDES WITH RADIO

AMBIENT MEDIUM

GAMMA RAYS
BLOBS COLLIDE

SLOWER (internal shock
ave)

1 FASTER BLOB hov
BLACK HOLE BLI:IB—I
> '

CENTRAL
ENGINE

5

PREBURST

GAMMA-RAY EMISSION

AFTERGLOW

HYPERNOVA SCENARIO

HEN emitted during GRB prompt (p) & afterglow (pp)
phases from interaction of accelerated protons with
ambient matter/radiation

(fainter signal expected for long GRBs as a result of
the cosmological distribution)




> LIGO Hanford: 4 km (+ 2 km) arms
& > LIGO Livingston: 4 km arms
» VIRGO (Pisa, Ttaly): 3 km arms

Michelson interferometers:
suspended mirrors act as free test masses

tesl

[ HER BEE—

-5

VIRGO + LIGO + ANTARES [iver l
instantaneous sky coverage ~ 30% | test

3 3

—

, Declination (degrees)
%]

current sensitivity to GW amplitude

oL —21
h=— ~10
L

1l
200 250 300 350
Right Ascension (degrees)

0 50 100 150

(equatorial coordinates)




More (speculative) suspects among GRBs

N . . . SN Failed" GRB GRB

% y-ray luminosity few orders of magnitude smaller

— smaller Lorentz factor, smaller optical depth ? 5| erg 5l erg
% Observational evidence for IIGRB/SN connection

— produced by a particularly energetic population 107y

of core-collapse SNe ?

. i T . , ~3-100 ~100-10?
% larger event rate predicted in local universe -_-

* BUT mechanism debated, presence of jets Rarion ich, aryon poor
iS uncertain (Bromberg, Nakar & Piran, 2011) Nonrelaty ﬁ 2"“”" St jets
Frequent are
Failed GRBs: Similar kinetic energy
. takn from Amco (20020
from mildly relativistic, baryon-rich and optically

thick jets ? missing link between (long) GRBs and SNe ?
(Ando & Beacom, 2005)

Choked GRBs:
successfull jets unable to break through

the stellar envelope ?
(Eichler & Levinson, 1999; Mészaros & Waxman, 2001)

(— potentially strong HEN/GW emitters; h

— not observable in photons
— models poorly constrained and still debated




Periods of concomitant data taking:

2007 | 2008 | 2009 | 2010 | 2011 2015 | 2016
T{TﬂgiRéE'? 5L 10L KM3NeT
I
VIRGO VSR1 Advanced VIRGO
LIGO S5 Advanced LIGO

B

et | Advancéd

‘& .Advanced VIRGQ-

-~ L e
'~ - __‘—a

LIGOT .

Credit: R. Powell

T

First-generation detectors VIRGO/LIGO 2007
detection horizon for standard binary sources:
~ 15 Mpc (~1 binary merger/ 100 years...)

Recent upgrades (VIRGO+/eLIGO) 2009-2010:
sensitivity x 2 (expected) — probed volume x 8

Advanced detectors ~2015:
sensitivity x 10 — probed volume x 1000
(~ 1 Gpc? for BH mergers, ~ 40 mergers/yr)




Periods of concomitant data taking:

2012 | 2013 | 2014

KM3NeT
I B

Advanced VIRGO

Advanced LIGO

" t Period covered by current
ANTARES/LIGO/VIRGO Mol

+ GW/HEN common challenge: faint & rare signals on top of abundant noise
or background events.

mmmm) search methodology: combination of GW/HEN event lists
+ search for coincidences in predefined time windows

( independant detectors — low combined False Alarm Rate )




A case study: long GRBs B. Baret et al., AstroPart. Phys. 35 (2011), 1-7

OI

Observational benchmarks:
® y-ray emission: t ~150 s
based on the oo distribution
in BATSE bursts

(Fermi HE -ray emission

’

central engme active _E 54 centrciﬂ engine active 4 ClISO wiThin 150 S)
| GRB . 910-20% of GRBs have
(c) 250s e 150s s precursors:

, | Ig'laEmma | tprecursor ~250 s from
/7//////////// A GW G"///f//////// ///////////////////ﬂ BATSE GRBs

\ RN
(a) 100s (b) (a) 100s “(b) (d)gamma > 100 MeV/
% HEN emission from internal shocks in relativistic outflow
(also BEFORE it emerges from the stellar envelope: At ~100 s) conhected to
* GW emission associated to the activity of central engine y-ray emission

(BH ringdown + gravitational instabilities in accretion disk + ... )




A case study: long GRBs B. Baret et al., AstroPart. Phys. 35 (2011), 1-7

» @

At ~+500s

» !

Observational benchmarks:
® y-ray emission: t ~150 s
based on the oo distribution
in BATSE bursts

(Fermi HE -ray emission

central engme active _E i“' centnla'i engine active > also within 150 S)

| 50f . : . #10-20% of GRBs have
L Arecur> | 'GRB |
Pr . () 250s | _LGR 150s » precursors:

, | |g'|aEnN1ma | tprecursor ~250 s from

F’V////f/////// v GW G"///f//////// /////////f/////////ﬂ BATSE GRBs

b R { AAEEEEHEE RN

i(a) 100s (b) (a) 100s “(b) (d)gamma > 100 MeV/

% HEN emission from internal shocks in relativistic outflow

(also BEFORE it emerges from the stellar envelope, At ~100 s) connected to

* GW emission associated o the activity of central engine y-ray emission

(BH ringdown + gravitational instabilities in accretion disk + ... )




@ ANTARES 5L /LIGO S5/VIRGO VSR1 (2007) data analysis
* « HEN-triggered » search: HEN event list

as an external input for GW burst search HEN list time
(obtained with direction

*uses specific analysis chain looking predefined angular accuracy

for unmodelled GW bursts from external quality criteria) = energy estimator (N, )

triggers (e.g. GRB alerts): X-pipeline

P. Sutton et al., New J. Phys. 12 (2010) *

(a variant with inspiral templates also GW combined data streams

being developed: STAMP)

¥+ on-source time window: + 500 s

around HEN arrival time off-source  on- off-source
l source l

* GW spatial search box defined by \J

(event-by-event) HEN angular accuracy (l' ime shiﬁ;s>

¥ Closed-box analysis: parameters

tuned on off-source, time-shifted GW data

* high computational cost:
O(100) neutrinos  O(month)

processing with X-pipeline ‘ Background estimation

* Analysis nearly completed

Analysis
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