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Multi-Wavelengths Astronomy
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Interactions of cosmic Charged particles
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lent phenomena of the

ar explosions (Supernovae)

Massive stars explode

- X-ray pictures of supernova
« remnants from NASA's
Chandra Observatory
http:



The CR-Gamma-Neutrino Connection

(can also be from leptonic processes...)
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High-energy neutrino astronomy?

High-energy neutrino production processes

- Hadronuclear . A
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| 2PN, 2oV, v,
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- But y-rays also from leptonic processes

Inverse Compton Synchrotron
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Neutrinos and Multi-Messenger Astronomy

Cosmic Rays Photons
Sub!'ect t? d.eflection by magnetic fields leptonic and hadronic processes-> confusion
Horizon limited by GZK cutoff Absorbed at high energies and large distances

Large time delay w.r.t. optical signals

Neutrinos

Unambiguous signature of hadronic acceleration

Not deflected by magnetic fields or absorbed by dust

Horizon not limited by interaction with CMB/IR

Escape from region of high matter density -> identify the cosmic ray sources
Time correlated with EM signals

Large sky survey

24/24,7/7




Why looking for neutrinos ?

photons

. 2 2 v " " : . n‘ ' .j 3 . ‘ _ ‘.-‘.
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Pros for neutrino :

- Electricaly neutral, not deviated by magnetic fields =» astronomy

- No absorption =» observation over cosmological distances

- Interacts VERY weakly =» cscapes from dense regions of the Universe

cons:

Over 10 billions of neutrinos coming from the Sun and crossing the Earth,
ONLY 1 will interact !!!

=>» Necessity of a HUGE detection volume



A new window over the Universe

. Hig energy neutrinos
emitted by cosmic
accelerators
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Neutrino Astronomy
skymap of the most catastrophic
events of the Universe




Detection Principe of Neutrino Telescopes

3D array of
photomultipliers

Y

Cherenkov light
Induced by the muon ! H




Existing Neutrino Telescopes

ANTARES/KM3NeT

BAIKAL
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Region of Sky Observable

by Neutrino Telescopes

lesCuos (Salin Paols) ANTARES (45° Neorif))
(ice: ~0.6°) Angular resolution  (water: ~0.3°)

. GXx339-4 VELA"

Gafactic

Centre



Neutrino spectrum

Flux (em s ' sr' MeV"')
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Map Of The SiTe q‘J\LI:wrlﬁmLm

The ANTARES Detector
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The eyes of ANTARES : large photomultipliers

~ —a
1.9 B o)

Photocathode

Focusing electrode  Photomultiplier Tube (PMT)

4

Connector

Primary Secondary Dynode  Anode pins

electron electrons




Basic neutrino detector element :-Storey

Titanium frame: support structure

Optical Beacon

with blue LEDs:

timing calibration |
/a

NIM A578 (2007) 498

Local Control Module (Ti):
Front-end ASIC, DAQ/SC,
DWDM,

Clock, tilt/compass, power

distribution...

NIMA 622 (2010) 59-73

Optical Module:

10” Hamamatsu PMT in
177 glass sphere
photon detection

NIM A484 (2002) 369

NIM A555 (2005) 132

Hydrophone:
acoustic positioning
JINST 7 T08002




Photomultipler: 10” Hamamatsu R7081-20
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Data acquisition architecture

DWDM : 8 colours / fibre

LCM
M 100 Mb/s link
gQ o ,/_‘ S j—{ 1 Gb/s link SEM e
| M \\L"/?e \ || //
%V\Q LCM |« MLCM 1 X N 1:8\
<>F LM MLCM 2 . |= =
<O>"F"<>t LCM X
‘ h'ro
snore
20 pis
Demux/
. Mux
ANTARES: a large undersea LAN... e

La Seyne-sur-mer Computer
farm



On-shore Station

START STOP @

Junction Box
1-16 passive splitter

— 1534 NM$S1549 nm .

Link Cables
200-500 m fibre

/

S

Main Electro-Optical Cable

from shore to Junction Box
Single bidirectional fibre
(1534 nm / 1549 nm)

String Control Module
BIDI modules
O/E and E/O converters
by sectors (5 storeys)

1534 nm$S1549 nm

Sy

- S S

Jé\
[{& 1310 nm51550 nm
(l)

Local Control Modules
LCM clock boards



Line deployment operations

L)

L0

» DP Ship Castor02

» Precision of ~1m on the line position
at sea bottom.

s ~7 hours operation

>

L)
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Undersea connection of lines with ROV

* Deep Sea ROV VICTOR of IFREMER

* ODI wate-metable connectors with:
4 optical fibres
2 electrical contacts

a\ % ,




Why in the deep sea/ice ?

The 2000 m of water are used as shielding against
downgoing muons produced by cosmic rays

<7
<7
<7
)

AMANDA-II (thas work)
» Monte Carlo (CORSIKA)

~ Vavilov et al [12]

, Fyodorovetal |7]
DUMAND 2]

s BAIKAL NT.36 (3]
AMANDA-B4 [1]
Bugaev et al [4] €, 220GV
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Sea salt radioactivity (4°K)
+ bioluminescent bacterias
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Synergies with deep-sea science

ANTARES awarded "La Recherche Prize” category "Coup de Coeur”

C. Tamburini, S. Escoffier et al., PLoS ONE 8(7) 2013
Deep-sea bioluminescence blooms after dense water formation at the ocean surface

TELESCOPE
ANTARES
2000 m

Organismes
bioluminescents

2500 m

=
=¥
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Example of a muon event

Few muons per second are detected

Example of a
Run 34497 Frame 40352 7
MonJun 2 03:30:15 2008 ’ detected Over the 12

Trigger bits 30002020

Line 1-12 Physics Trigger | detector ||neS

Zenith: 144.3
Fit on 11 line(s)

123458 phoons
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Example of a neutrino event

Few neutrinos per day are detected

Example of an

Run 34927 Frame 7155

W Jun 18 00:08:10 2008 (i.e. a neutrino event)

Trigger bits 80002020

Zenith: 34.8 Line 1-12 Physics Trigger (th] detected by 6/12 detector ||neS

Fit on 5 line(s)

123456 photons
- -

Time [ns]: -460.00

1500 2000
time (nsée)

- F u "
o om om
M ue ks
a, ® “
P w
“ 8w PR
. e um B w x
-
1 SOONN20 u W @ a ?
time (nsec) “ o & P
w g wm @ P
voL Rewsowolad
vo e »
PR T L
Yo wom gl
$ u Yvee o o Tew
o tvew g I
P 4
"R aler 4 g0
T o tYet w eve
6 w? 6® o vax
M w e a9
w e el »
N P
LR AT S e
« o Tlew 7 L0
M v »?y,
MRS S I
¢ 2T e ey,
MBAEEE P IS
MR O I
ME TR MRS
'SP o P




Event selection : background rejection

» Track reconstruction mainly based on minimization of hit
time residuals using Chi2 or Likelihood method with PDF

» Selection of neutrinos and rejection of atmospheric muons
by selecting up-going tracks and cutting on track fit quality
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Angular resolution better than 0.3° above a few TeV, limited by:
» Light scattering + chromatic dispersion in sea water: ¢ ~ 1.0 ns
» TTS in photomultipliers: ¢ ~ 1.3 ns
> Electronics + time calibration: ¢ < 0.5 ns

» OM position reconstruction: ¢ < 10 cm (« ¢ < 0.5 ns)




Time Calibration

£ oo RMS
3 0.74ns
8oL g
50 £
On shore - -
40— E
laser o E
system N3 E
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i . fibres 0: . | N
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Cherenkov

e
(B decay)

Cross check of time calibration

Line 1 Floor 1 OM0-OM1 I

1800F

At,ns

Peak time offset :

ﬁ

Line 1-12 K-40 peak offset offset_all
? - 96008 Entries 738
S 60— Mean -0.01699
RMS  0.6638
501
40—
30
20—
10F-
B 4 6

time offset, ns

Integral under peak
= rate of correlated
coincidences

MC prediction =13 + 4 Hz

L

High precision (~5%)
monitoring of OM efficiencies

Line 1-12 K-40 coincidence rate rate_all

S om0 Entries 738
HE Mean 13.82
30 RMS 2917
zsi—

zui—

152—

m;—

i L

30
coincidence rate, Hz



Measure every 2 min:
Distance line bases
to 5 storeys/line

@@ and also storey
NN S S headings and tilts

| . Storey 1
£ o Storey 8
S o Storey 14

= Storey 20
- Storey 25
o
of {7 A
DIEIE I M e - e R
A b e O A, |
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Radial dlsplacement Xrel (m)



Check of Detector Absolute Pomtmg

.. Atmospheric shower F = 88

< ;:/
A 3 0 —
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e ’ 0.8 m? ea
Moon-shadow , '
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: «—
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Atmospheric

- Neutrinos
150000 per an.k

-

""Rayons
.. Cosmiques
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Cosmic Signal vs atmospheric background

Poac \(%rounck

Background suppression :
- atmospheric muons : use reconstruction quality

- atmospheric neutrinos : isotrope + lower energy spectrum

Signal:
- distribution concentrated for point source + harder energy spectrum




ANTARES in numbers

ANTARES in numbers: g 18-
« 12-line data taking since 2008 g b
+ 0(11000) detected neutrinos 8 12
- Angular resolution: 0.3-0.4° (median) & 1
. Effective area: ~1m2 @ 30 TeV g osf-
- Visibility: %4 of the sky, most of the S osf-
galactic plane g 04f-
- Real-time data processing B T T S T SR W TN
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Neutrino event topologies

angular resolution (°)

‘ot ... -——aeeaan s Rk PP |

10’

10*

10*

Tracks:

Angular resol: ~0.3°
Energy resol: factor 3
Large detection volume
=> |deal for astronomy
=> but large atm bkg
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Not to scale
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Cascades:

Angular resol: ~3°
Energy resol: 5-10%
Contained event

=> Almost no atm bkg



All flavor pomt source search with ANTARES

2007-2015 (2424 days):
7629 tracks, 180 cascades

Unbinned all-sky search
103 Candidate sources

including 13 IceCube HESE tracks
and HAWC sources

No significant excess

Best limits for part of Southern
Hemisphere

Excellent sensitivity for E, <100 TeV

Results to be combined with latest
IC search

+30°/ .

24h [

Candldate

_ | Tracks
d: Cascades

o

......

Sources
~._ IC HESE tracks

-30° Wy

GC region

-
c
'

K

-

ANTARES 2007-15 sensitivity

ANTARES 2007-15 sensitivity {E <100 TeV)

ANTARES 2007-15 limits {candldate list)

ANTARES 2007-15 limits (candidate list for HESE events)
ANTARES 2007-15 limits (1° declination bands)

lceCube 7 years sensitivity [arXiv:1609.049811

lceCube 3 years MESE sensitivity {E <100 TeV) [ApJ 824(2016)2 L2861

lceCube 7 years limits [arXiv:1609. 049811
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Towards a multi-messager astronomy...

- Search for signals of transient catastrophic astrophysical events
(Gamma Ray Bursts, SuperNovae, flares of Active Galactic Nuclei,...)

with High Energy Neutrinos, Radio/Optical/X/y Photons, Cosmic Rays,
Gravitational Waves,...

GeV-TeV vy-rays
Fermi / HESS...

EQ JCAP 03(2013) 006

2 A&A 559 (2013) A9

EQ JCAP 05 (2014) 001
QAP 12(2015)014

CQ APJ 774 (2013) 19

Optic / X-ray
TAROT,
ROTSE / Swift,
ZADKO

0 APP 36 (2012) 204 L JCAP 06 (2013) 008
0 A&A 559 (2013) A9 Radio U PRD 93 (2016) 122010
U JCAP 02(2016)062A MWA

U APJ 820 (2016) L24

Gravitational

Waves

Virgo / Ligo

M




- The multi-messenger program =

15T APPROACH:

GRB

Microquasar
Gamma-ray binaries
Blazars

Supernovae Ib,c
Fast Radio Bursts



e Search for transient sources (GRBs, pQuasars, AGN flares...) :

= Search for time coincidences with y or X observations

Microquasar

V Microblazar

V Blazar

Flux (E > 100 MeV) (Photons s cmr?)

-

-
~

.]TTIIITTITTTTTII]TTTE

l 2010

2013 (a)

Modified Julian Date

Discovery potential

IIIlIIIl

1

Average number of ANTARES events for a 50

discovery (50% probability) in ~3°
Dec = -40° and E-2 energy spectrum

Adridn-Martinez et al., JCAP12(2015)014
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o
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10

107 10°
Flare length (days)



‘Gammas-ray bursts

» Search for muon neutrinos for 4
bright GRB observed between
2008 and 2013

« Two scenarios are investigated:

 internal shocks

« photospheric models
- use of unfiltered data + special algorithm

arXiv:1612.08589, MNRAS in press

« Stacked search for time shifted
neutrinos (during 5 years of
ANTARES data): probes wider
time windows up to 40 days: no
significant detection

Eur.Phys.J. C77 (2017)
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Search for Coincidences with Gravitational Waves

Mostly for BH/NS or NS/NS systems :

7z z,vnationa'
Gravitational waves i W
+ electromagnetic / SR
+ neutrino emission (if baryonic ejecta)

merger,

graw'tationa/

No counterpart observed so far waves

Limits from ANTARES dominate Ev < 100 TeV wrt IC % /

Limit on total energy radiated in neutrinos: <10% GW

accretion disk

tidal dlsrupnon

neutron star

/ gravltatronﬂ'

waves

GW150914

4

black hole

LVT151012

60 90° 120" 150" 180" 210" 244

GW151226
PRD 93, 2016 -

Now real time follow-up
of ongoing science run



The multi-messenger program: TATOO

Telescope-Antares Target of Opportunity

2ND APPROACH:

|

- Time to send an alert: ~5 s

- First optical image <20 s

- Median angular resolution: ~0.3°

- Triggers: single HE, preferred direction,
multiplets




Radio

MWA
(12/yr)

« 93 alerts with early (<24h) follow-up

_TATOO and the GRBs -

Optical X-ray
TAROT Swift
ZADKO (6/yr)
MASTER
(GWAC)

(30/yr)

(01/2010- 01/2015)

« 13 follow-ups with delay < 1min (best 175s)
« 13 X-ray Swift follow-up (5-6hr delay)

 No transient candidate associated to

neutrinos

GRB origin unlikely

JCAP 02:062, 2016

GeV y-rays

Fermi
(offline)

Corrected R magnitude

TeV y-rays
HESS
(2/yr)
HAWC
(offline)
. - ¥ TAROT
e ROTSE
g c8 MASTER
10—
12— 2
14— : '.
?
16_w v » Wi ?;
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20—
22|
24—
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- Indirect Search for Dark Matter

Relic WIMPs gravitationally bound / elastic collisions
(Sun, Earth, Galactic Center)

Phys.Lett. B759 (2016) 69-74

— =420
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© - K .2.10-21
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Phys. Let. B 769 (2017) 249
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Also DM from the Center of the Earth : Physics of the Dark Universe, 16 (2017) 41-48



v can propagate with a minimum
of astrophysical uncertainties Earth

Galactic Centre

WIMPs self-annihilate according to <o,v> (halo model-dependent)
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Neutrino spectrum

Flux (em s ' sr' MeV"')
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Tracks (v,)

The IceCube Signal :
Birth of high-energy neutrino astronomy

28 events (after 2 years)

Deposited energy from 30 TeV to 1 PeV

103 £ +++ Data
B Astrophysical v
i B Atmospheric v
102 F— |
- - l—\_—|— IceCube preliminary
= i
S a0l
a 10"
ﬂ L e _:t_
=
o
u>J 100 ¢ —I_\_\:_
- - | —>
. Atmospheric|Astronomi¢al
10~ V's V's
10-2 P . PR | " PR M
104 10° 106 107
E, (GeV)

Halzen (2016) and refs. therein



The IceCube Signal :
Arrival direction

ICECUBE PRELIMINARY __——

x Tracks
+ Cascades

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

Galactic

0 TS=2log(L/LO) 13.1

= Compatible with isotropy
= No source identified yet — Source identification?
= Subdominant Galactic component possible



Diffuse flux (all flavors) PRELIMINARY"

Tracks
Data: 2007-2015 (2451 livedays)
Above E

Observed: 19 evts

cut*

Cascades
Data: 2007-2013 (1405 livedays)

Bkg: 13.5 & 3 evts, IC-like signal: 3 evts Above E_ . Bkg: 5 = 2 evts, IC-like signal: 1.5 evts

Observed: 7 evts
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The future of Neutrino Astronomy in the Mediterranean Sea

ANTARES = KM3NeT

12 Lines, 885 OM 3 Building Blocks on 2 Sites




KM3NeT

KM3NeT is a distributed research infrastructure with 3 main science topics:
- The origin of cosmic neutrinos (high energy)
- Measurement of fundamental neutrino properties (low energy)
- Deep Sea Observatory - Oceanography, bioacoustics, bioluminescence, seismology

& KM3NeT:-HQ

‘ The KM3NeT Research Infrastructure
3 Installation Sites in the Mediterranean

. ) d KM3NeT-DataiCentre
Single Collaboration

Single Technology Low-Energy | g “M3NeT-FR
(ORCA)

KMBI\’J'eT-Gr
& KM3NeT:It

. High-Energy
« 1% (ARCA)

ARCA - Astroparticle Research with Cosmics in the Abyss

ORCA - Oscillation Research with Cosmics in the Abyss -



KM3NeT Objectives

Astroparticle Research with
Cosmics in the Abyss (ARCA):

Sparse telescope optimised
for TeV-PeV cosmic neutrinos

KM3NeT

Significance [o]

tracks
cascades
combined

Vaim Prompt uncertainty

V.m CONVentional uncertainty]

flux per: flavour 1.2 10 (E/1 GeV)? exp(-E/3 PeV) GeV ' st's cm? ]

Observation time [years]

Discover/observe high-energy
astrophysical neutrino sources

0 05 1 1.5 2 25 3 356

Oscillation Research with

Cosmics in the Abyss (ORCA):

Dense detector optimised

for GeV atmospheric neutrinos

?

| —
solar~7x 1073 V2
m 2L IEE—

m?
- v,
-V,
-V,
m32—— I -1y
| solar~7x 1073 V2 .
atmospheric T
~2x107%eV? )
atmospheric
mf__ ~2x103eV?

?

Determine the
Neutrino Mass Hierarchy

o4



KM3eT - Collaboration

Cities and Sites 2
of KM3NeT

Amsterda : A.”OSCOW
Delft
Groningen //
Leiden

Dublin Texel y _ﬁg S
3 S.heme’d Utrecht A~
Bamberg
Erlangen
_®  Tibingen
MGIALeL Wirzbur
Paris
® ‘ '
Srrasbogrg ' ‘ 4
g Thilisi
Haites Mulhous. : ' i
Genova Bolostia >
& ®
(ETE ~
o Pisa P~
® .Rome .
[ ]
Barcelona N:pies.Barl
Valencia ®
o Salerrio
1
Granada
L J

@ e
Catania @ ® Nicosia

Johannesburg

@

Rabat

* 240 people
» 45 institutes or universities
13 different countries

®
Oujda

® Marrakesh




KM3NeT Building Blocks

ORCA

RCA

Location Italy — Capo Passero  France - Toulon
Detector Lines distance 20m 20m
DOM spacing 36m 2m

Instfrumented mass 500Mton 5,7 Miton



KM3NeT Neutrino Telescope science scopes

Transition probability

Composite View of the Crab Nebula

Low Energy Medium Energy High Energy
MeV <E ,<100Gev MeV<E,<100GeV E,>1TeV
- Neutrino Oscillations - Dark Matter search - Neutrinos from extra-
- Neut. Mass Hierarchy - Monopoles terrestrial sources
- Sterile neutrinos - Nuclearites - Origin and production
- Neut. From Supernovae mechanism of HE CR
<KM3NeT-ORCA ANTARES KM3NeT-ARCA >

... and synergies with Sea-Sciences: oceanography, biology, seismology, ...



ORCA

Event Topologies

Track-like (v,

v,+ N = had + p

B had

IN00ns

2700ns

2400ns

21 00n=

1200ns

1500ns

1200ns

900N

GO0ns

200n=

Or=

shower-like (VN¢, v €)

A =T
e ]].El d €111

1200ns

L 1080ns

950N

ARCA simulation, TeV neutrino energies

Bdins

F20ns

E00ns

480N

260ns

2d0ns

120n=

Or=
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KM3NET: Diffuse Flux

IceCube: 4 year HESE analysis (ICRC 2015)
53 events (5.7 sigma), Ethreshold: 60 TeV

ER Background Atmospheric Muon Flux

EE Bkg. Atmospheric Neutrinos (=/K)

[0 Background Uncertainties.

= Atmospheric Neutrinos (90% CL Charm Limit)

——  Bkg.+Signal Best-Fit Astrophysical (best-fit slope £ 27)
=+ Bkg.+Signal Best-Fit Astrophysical (fixed slope £°7)
w*e Data

T

—

10% ¢

10t |

10°

s

Events per 1347 Days

10"

10° 10°
Deposited EM-Equivalent Energy in Detector (TeV)

104

p=2.5% in gal. plane scan
within + 7.5° gal. latitude

Only highest energy events are shown.

Most of these events are of astrophysical origin.
90® http://icecube.wisc.edu/news fview/348

393 A 3

4 5] @
17 i (@ OXS
E) £ | g5y Bp : : T
aily Py | 40 Voo DB : 1S Pt : isstire 13
360 10NN SO, Y ® e ‘ 156 gt o Nohem ere 179 |0
I, e A : I :Jle/ &m0 Southern Hemisphere
. ¥ . W1 : I [:H B : :
\ A 5 H ; L ; B
....... Tepesencby e e KR RN e i@y et AR

Equatorial
# gvent appears in both samples

| 9t v+ (2yrs) & HESE track (3yrs) 0 : HESE cascade (3yrs) |

KM3NeT/ARCA Preliminary
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Significance [o]

tracks
— cascades

KM3NeT:

— combined
Vo CONVENtional uncertainty;
Vgm PIOMpt uncerainty

5 sigmain 1/2 year

flux per flavour 1;2 108 (E/

GeV)2 exp(-E/3 PaV) GeV'ar!sem?

n - 4
U U.o 1

1.5 2 25 3 3.5
Observation time [years]
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KM3NET: Point Sources

e Significant discovery potential
for extragalactic sources

e Galactic sources in reach

KM3NeT preliminary - detector W|th 2 bulldlng blocks

Discovery potential (50):
= 10 = KM3NeT/ARCA (2 building blocks), 3 observation years
Nw E IceCube (IC86+ICT79+IC59+IC40), 4 observation years
g B Astrophysical Journal 796 (2014) 109
% B B Antares upper limits (1338 days)
g 107 — Apj L5 (2014) 786
W E ]
& T - " .
[ - mfa 8
i j [~ . m ] mm - B
m_B:_ =
—~— o ]
-III|III|III|III|III|I |II|II|III|III ?
T R P R S - B
sin(d) o
g
8
[=}]
o o o o m 3
Angular 0.1° (0.5°) 2° (15°)
resolution 5
Energy 300% 5%
resolution

(IceCube performance)
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Vam €ONVentional uncertainty |:
RXJ1713.7-3946

Vam SONVentional uncertainty
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Observation time [years]



) Determlnatlon Of the 2015 NOBEL PRIZE
\V Neutrino Mass Hierarchy
. using atmospheric neutrino oscillations

Fundamental parameter
of the neutrino particles
still unknown !!

atmospheric

~3x1073eV2 -
atmospheric |

~3x10-3eV2 /:“.“”_2,"\", N\ KA \ ¥ (R o) I\ /Y b"\ '
o : 290 A/ '\.\:)/i / \ ‘h.e/.,ﬂ_"\/"*.,\\/ | \\/

P(vu — vy) for 8=130°

[
-6000 -4000

Precise study of the flux of atmospheric neutrinos of few GeV interacting in the Earth



Measuring the neutrino mass hierarchy with atmospheric neutrinos

a « free beam » of known composition (v,, v )

wide range of baselines (50 = 12800 km) and
energies (GeV = PeV)

oscillation pattern distorted by Earth matter effects
(hierarchy-dependent):

maximum difference IH €< NH at
0=130° (7645 km) and E, = 7 GeV

opposite effect on anti-neutrinos: IH(v)=NH(anti-v)
BUT differences in flux and cross-section: —~
@, (v) = 1.3 x O, _(anti-v) A
o(v) = 2o(anti-v) at low energies i,

measure zenith angle and energy of upgoing
atmospheric GeV-scale neutrinos,

. . 0
identify and count muon and electron channel events 1

feasible now that 6,5 is measured to be large

Earth Model

6000

4000:
20007
0
20007

4000

60007 , , , | [
-6000 -4000 -2000 G 2000 4000 6000

P(Vp — Vp,) fOI’ e=1 300

w

Akmedov, Razzaque & Smirnov, JHEP
02 (2013) 082



Fw Effective Mass of ORCA

After triggering, atmospheric muon rejection and containment cuts:

=

M., [Mton]
I_‘IIIPIIIIQ,IIIPIIIP.‘IIIF,IIIIFQI o o IP

................
-
]

- - P e g e

-
-----
=%

2 3 4 567890 20 30 40 100
E, [GeV]

=]
TT

* Energy threshold determined by DOM spacing
* 6 Mton@10 GeV
 50% Efficiency at 5 GeV

Events/yr:
v,CC: 17,300
v,CC: 24,300
v.CC: 3,100
NC: 5,300
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Median zenith-angle resolution [deg]

@ Zenith Angular Resolutions of ORCA

Shower Track
15 —
:.. KM3NeT protiminan: ® Un reco g 16 SN'E vertical spacing: B
_+ ne and ﬁe CC ’ qe,reco —— Em
» + Une g B
i ]
101 & " i
49 ; —a— 12m
B -I-:. —— 15m B
L o+ :
- L J
S —\ . f
L ’Q‘ ' '
te ]
e ¢ ¢ * -
I B --"E- .
» 4 P - == el >
0 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | B 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L L L L L
5 10 15 20 25 30 il 10 15 20 25 an
Neutrino energy [GeV] Meatring Energy (G2V)

e 7°(5°) for 5(10) GeV for both channels
 Dominated by kinematic smearing
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@ Energy Resolutions of ORCA

Shower Track
g o i
(o) © B
0.5%\ : 0.5[-
0.4:"‘.\ Vp 0.4} V'l
03} \\ 0.3:\~.._ [ I N
- e TTT——— S
) R ST z 0.2}
i 015 Solid : nu
- KM3NeT 't KM3NeT Dashed: anti-nu
° '5'”'10'”'15””20””25;5v'[(;e'\,3i° N TR 2I5|I5vl[c;.elv?io
* Energy resolution better |
. 2008 8.0<E,/GeV<10.0
than 30% in relevant range

Mean = -0.32
RMS =2.3
v, CC

Mean = 0.3
RMS = 2.07

* (Close to Gaussian
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Experimental signature

Both muon- and electron-channels contribute to net hierarchy asymmetry
electron channel more robust against detector resolution effects:

(NIH- NNH) / (NNH)1/2 o (NH- NNH) / (NNH)122 .

s &

¢ - Muon channel (~10 M.yr) S b Muuon channel (~10 M.yr) —os
- Perfect detector s - 25% E,.6:0.5Vm/E, s
“;_ —1 a0} —04
122— o E —0.2
10:— 15_—

- |, F e
-0 C
‘ﬁ 5 —-0.4
2 '.'a.”'lol.i"lul.::"lul.c'."lul.i”:nl.i":nl.i"-'ol.i":ol.i;;: " E, © smearing .I"':&;";;,;";,'_;";,u;'"4,',:;";u';";u'.s";u'é"lu'.i;;: —oe
(kinematics
IH_ \JNH NHY1/2
. (NIH- NINH) / (NINH) 122 + detector s o (NTH- NNH) 7 (NNH)

s m) &

8 L . G [ _

« "t Electron channel (~10 M.yr) s resolution) il Elenctron channel (~10 M.yr) _:2
" Perfect detector i L 29%E,6:05 Vm/E N
121 e f —

_, bl

v Tvwwe by b by by vy bvwn by v b a by
08 .08 07 -0& 05 04 02 02 01 0 4 09 4& 07 06 05 04 03 02 01 0
cosh cosh
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w Sensitivity to Mass Hierarchy of ORCA

e After 3 years 3o for most of the parameter space
* NH and 2" Octant of 8,, much better

SiN“(6,5)
04 0.45 0.5 0.55 0.6 KM3NeT
i | J : g : [ ’ : . ) ; : ’
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C ] T T
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@ Measurement of Am?,, and sin?0,,

* Achieve 2-3% precision in Am?,, and 4-10% in sin%6,,

* Competitive with NOVA and T2K projected sensitivity in 2020

uIs

Normal Hierarchy Inverted Hierarchy
DM3,| (10°° eV IDMZ,] (L0 eVv?)
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@ Additional ORCA Physics Topics

e Unitarity of PMNS matrix
e Exotic physics
— sterile neutrino, Non-standard interactions

 Earth tomography

* Low energy neutrino astronomy
— Transient phenomena

e Dark Matter indirect searches

* Supernovae monitoring
e Neutrino beam from Protvino
e Earth and Sea Science



P20: Protvino to ORCA

-U70 proton accelerator in Protvino
E=70GeV
-Proposed intensity upgrade
P =450 kW
> Up to 4.10%° POT / year

-v, appearance at L = 2600 km
-Target energy range : 3-8 GeV
-Optimal baseline for separating NMH from 6,

- 12 - 6CP
s . F 3years . — 270

eutrino beam

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

Oscillation Probability
[=] [=] =] =]

O 4 o 4 o ©

- 3+ ] I [=2] (=] 1]
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Indirect Detection of Dark Matter

Relic WIMPs gravitationally trapped via elastic collisions
(Sun, Earth, Galactic Center)

= = 102 g [~
e} S ]
& E = /(/Wg
DE:g - sl l r
- 1077 - + g
} O Elorcars TGRSR IUI‘@/',m‘r
10 O N R "Mary |
E § \\ ‘ dceCube b _: .
- na .
10_25_ 10 i ~ . s # f00CuUD
% weh
3 , - -
10 = " 107?E_
o< ' ot
- 107 -
— 1 1 Jl\llt‘ 1 L ||\||1| 1 1 L\\Ill‘ Il L1111 ’|07 L Ll L Ll L Lol
10°° 10
1 10 10° 10° 10* 1 10 10° 10° 1
Myme [GeV] Mue [GEV]

ORCA 3 years - tracks+showers



KM3Ne'l technologies

DOM & String LOM
A

\I, Rapid / safe deployment

= Multiple strings / campaign
-31 x 3" PMTs o Auto/ROV unfurling
Transmission Gbit/s on optical fibre S Re-useable
Synchro with Hybrid White Rabbit =
Calib LED flasher & acoustic piezo =
Position Tiltmeter/compass
= Uniform angular coverage
= Directional information
= Digital photon counting - 2 Dyneema ropes
= Background rejection v - Lowdrag

- Low cost

= All data to shore




KM3NeT Collaboration

The KM3NeT/ORCA in Provence

INSTITUT
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KM3NeT Collaboration

CPPM is an integration site for the |
KM3NeT- ORCA detector lines. 4
Line calibration in a dedicated Dark =
- Room prior to deployment

Management of the Sea Operation
for the detector installation on the
Toulon site

etector Unit : vertical lines equiped with 18 DOMs spaced by 9m

A T
S ID

[— [

Autonomous
unfurling

®




KM3NeT Collaboration

. | Construction of KM3NeT ORCA

KM3NeT

« Configuration ORCA line defined (9m between DOMS)
« Deployment with LOM validated by shallow water tests

Preparation of 2 first ORCA lines under progress i »
- Deep sea installation after Summer -4



KM3NeT Collaboration

' Construction of KM3NeT ORCA

KM3NeT

Deployment with LOM validated by shallow water tests

50
80
30.03.16
120733 it
A " 1 MEUST — ORCA — Test gualification mer :




-ARCA detector lines

KM3NeT

-2000 -1500 -1000 -500 0 500
t/ [ns]

First line in operation since December 2015, 2" since May 2016



KM3NeT Collaboration

Construction of the Submarine 54
Infrastructure for KM3NeT-ORCA
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A

@Y A Multidisciplinary Observatory
| in the Deep Sea

» Astronomy

» Neutrino physical properties
» Physico-chemical oceanography
» Marine Biology

» Bioacoustic

» Bioluminescence

» Microbiology

» Ecology, biogeochimie

» Sismology

» Environnement

» Renewable energies

R e » Underwater acoustic
Dolphins (Pilot Whales) » R&D marine technologies

observed\on ANTARES site S
‘ e A Deep.sea sismometer

- Benthic robot WALLY



9ANTARES/ORCA: Earth and Sea Sciences

- Real-time

- Continuous

- High frequency
- High power

- Multiple sensors

Crawler

MIO, IPGP, GeoAzur,
DT-INSU, Univ. Toulon

Seismograph

Japan earthquake 2011 March 11

at Antares site Evolution trend ofin it dissolved oxygen : -5 imol 0, dma"

3
E bt vertical 10, (ol dm) o
- e Lefewreetdl
— |
5 Horizontal NS
g I b
] '
= :
o, lIunzuntal EW h
2] NP«%M&MWNMWWW v A n LA $ i .
[

Raw Data

800 1200
Tlme in minutes (from 00:00)

S N S SN W ! SN U S S 0 8
AT 020400 VAN 1600 ZOS (OM8 150008 2108 030 time (s)
Owta
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Bioacoustic studies of Whales and Dolphins

Dense series of ultrasonic clicks (biosonar)

from beaked whales or dolphins

.| Biosonar clicks [

frequency (Hz)

time (s)

Dolphin whistle

Detection and localisation of bioacoustic sources (cetaceans)
using hydrophones integrated on ANTARES and KM3NeT detectors



Summary & Perspectives

After decades of dream and intensive R&D, Neutrino Astronomy is
finally opening a new window over the Universe

ANTARES is recording new neutrino events every days

- >10 000 neutrinos detected so far !

—> analyses are under progress looking for the origine of HE Cosmic
and discovering the nature of the mysterious Dark Matter

The building of the new generation neutrino telescope KM3NeT,
based on an improved technology, has started !
—> it should lead to fondamental results during the next decade on :

* Neutrino Astronomy (ARCA)
 Fundamental properties of neutrinos (ORCA)

The submarine infrastructure offers an unique potentiel of very rich
multidisciplinary researchs in the deep sea

Lots of New, Rich and Great Physics !
= Join us on this Adventure !!



