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Array of optical sensors to detect neutrinos of extraterrestrial
origin
Detection of the Cerenkov light produced by the particles

The faint expected fluxes and the low neutrino detection probability

Detector with large volume (km3) installed in deep water or ice

Idea suggested by Markov in the ‘60

(to use the “beam” of atmospheric neutrinos)

High energy means -> from 102 GeV to 108 GeV



L pl"obons E>10%° eV (100 Mpc)

-VHE y* horizon about 10 Mpc -

protons E<10'? eV

1 parsec (pc) = 3.26 light years (ly)

VHE y: absorbed on dust and radiation
and do not disentagle between lepton and hadron mechanisms
Protons/nuclei: deviated by magnetic fields, interact with radiation (CMB)

The neutrino observation can give information on:

v’ Origin of Cosmic Rays of high energies (astrophysics, cosmology and particle physics)
v'Production mechanism of high energy gammas (hadronic e/o leptonic mechanisms)
v'Properties and production mechanism in the core of sources

The observation of neutrinos is connected with the already observed gamma-ray fluxes in near
low density sources and high not known high density sources.



The Astrophysical Beam Dump

Fermi acceleration of protons and-electrons in astrophysical sources

Particle accelerator
Accelerator

proton
‘beam

beam dump
an target

Spectrum dN, /dE o« E
Leptonic HE y production

synchrotron radiation followed by IC

e+ YSynchrotron ~>e'+t Y HE

Hadronic HE v and y production
p + p (SNR,X-Ray Binaries)> X,x
p +y (AGN, GRB, uQSO) ->Nmw

Decay of pions and muon

neutral pions -> HE gammas

charged pions > HE v, v,

r 2014

Fiiierging neutron stars, .. 9

Astrophysical jet

P black hole, N8




Why underwater/ice
6

The requirement of large neutrino interaction target

induced Markov and Zheleznykh to propose the use of natural
targets.

Deep seawater and polar ice offers:
« huge (and inexpensive) target for neutrino interaction;
« shielding from cosmic background;

« good characteristics as optical and radio Cherenkov radiators;



High Energy neutrinos detection techniques
1000 ZeV

Optical Detection Radio Detection Acoustic Detection

(ICECUBE-KM3NeT) (RICE, ANITA, SALSA...) | | (Rretotyr-
em cascade

hadron
\Y% cascade (= \
n LY,
Medium: Seawater, Polar Ice Mediufm: Salt domes, Medium: eégav(\:/gtse%alg&ar
Polar Ice lce, Salt Domes
v, (throughgoing and containec

Ve (COntained cascades) v(cascades) v (cascades)

C.a.rrler: Cherenkov Light (UV- Carrier- Cherenkov Radio Carrier: Sound waves (tens
visible) Att tion | 1 K kHZz)
Attenuation length: 100 m enuation fength. m Attenuation length: ~ 10 km

Sensor: PMTs Sensors: Antennas Hydro(glacio)-phones
Instrumented Volume: 1 km3 Instrumented Volume: >10 | | Instrumented Volume: >100




» The neutrinos interact in the water/ice or rocks around the detector and produce
secondary particles that emit Cerenkov light in a cone at 42° w.r.t the particle direction.

» Light detected by means of optical sensors (photomultipliers)

» From the arriving time of photons and from the positions of the photomultipliers is
possible to determine the direction of the secondary particles. If muons, generated by v,
the precision in the reconstruction of the direction is very high (0.1°-0.2°). High energy
neutrinos are collinear with muons

Neutrino . \ J
cross section (7 =

neutrino muon | {2 /3 4”' \ N
""" S T T " 100 m
‘.‘I. "'.. “\. q / ".' 1,

interaction

R
energy loss
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The Cerenkov radiation
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» Electromagnetic radiation emitted when a charged
particle traverses a medium with a velocity higher
than the phase velocity of the light in the medium




The number of Cherenkov photons N emitted by a charged particle of
charge ze per unit wavelength interval dA and unit distance travelled dx

High numbers of photons at
d’N 2‘7[0{ 1 - 1 V> £ low wavelength (blue)
didx 2 B'n’

n

The number of photons in the wavelength between 300 and 600 nm and
distance unit:

dN
= 76500 sin’ 6, ~ 34500 fotoni/m | Hu9eamountof
a’x photons

e Photons emitted at 6, w.r.t the track
direction

n water/ice refractive index

n=135 0, = 42 2° emission angle

]
cost), =—
n defined




e Neutrino interaction

Muon Neutrino interaction

Charged Current v, N -> u + hadrons
Neutral Current v, N ->v, + hadrons

Inelasticity plot

o= { BB

v

0.6

CC (solid)
NC (dash) |

_________

0.4

<y>

0.2

TV ST U TTTT T RTIT MTErR VOV WS W OuyTTr MW N UVTY METRITHT MITY |
10 1001000 10* 10° 10% 107 10® 10% 10'%10'" 102

E, [GeV]

Gandhi et al. Astr.Phys. 5 (1996) 81-110

For neutrino energies >TeV
neutrino and muon collinear




Muon track reconstruction
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Based on the relation between the track direction and photon emission angle

resent in the Cerenkov emission .
P All the reconstruction codes are based on

the same space-time relation

1 k 1 k
tteorico = tO +— l _ + .
C tanf@.) v, \sin0,

Muon Track

e Optical Module Atr es tteor ico texp
Track direction reconstructed with a
0,=42° precision of 0.1°-0.3°
Required resolution:

~1ns PMT TTS
~ 10 cm in position of the PMT (good
positioning system needed)



Measurement of the PMT positions in water
telescope: the acoustic

Acoustic
transceiver

positioning system

-----
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Water/ice optical properties
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¢ The water/ice “transparency” is measured by the absorption length L, . and the
scattering length L,

The attenuation length is : Measured L, as a function of the
—— — wavelength
I """ Cat'te'nng E_| — Smith and Bak
L(lﬂ ()\') \ abs()\’) Lsca ()\') CoeﬁICIent %70 i ﬁ\‘\x B Capo:Passerp 2850-3250 m
\l § i I @ Toulon 1850-2250 m
Attenuation 4 Absorption g i Eilfr
coefficient coefficient <%0 / * o et
Scattering on molecules (Rayleigh scattering) or =~ 4! Z P e
on particles (Mie scattering) | ¢
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20 - ;'—\
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Water vs ice

» Water -> homogeneous medium:

o Baikal water: L; .=22-24m, L__,,=30-50m, low background
o Sea water: L; ,=50-70m, L..,,=55m

¢ Ice ->not homogeneous medium :

Scattering coefficient
e very different (up to a

'7; 8.23‘, ~IE S : e factor 7)

g o £ Lcar> = 30 M

g 02 g

gowi /

%0 0.1 e 003 B .

£ 005 02| agme—"/ /| 'F | Absorption

2 oo . ' #F .  coefficient differs of
| L T R a factor 3

400 end 5 4 g
Catania SNRI - 10-14 November 2014



Light propagation and detector granularity
()

Spacing of optical sensors inside the instrumented volume must be of the
order of the light absorption lenght in seawater (=70 m for blue light)

----------------------------------------------------------------------------------------------

B e TR B e e R T EET EER R

sea water !

L, (blue )= 70m

...................................................................................................................................... pure watef
10 G T T T

10 210 10 M0 ™107° 10 10 '7\310 w0 1000710t 1 10 10 10°

wavelength (m)
Blu 450-495 nm
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In sea water telescope photons due to the beta decay of 4°K are present:
» beta decay of 4°K presents in the salt.

\ Cherenkov
e light Rate of about 360 s cm™

OK 5 | ota deca Baseline of about 60 kHz in 10” PMT (0.3 p.e.)
~ Y And 5 kHz in 3” PMTs
\ 2
Bioluminescence from micro-organisms (bacteria) | baseline + bursts
Light from macro-organisms #=)> bursts of MHz |

‘\

The bioluminescence if present is strongly correlated with the sea current.



Background Light in water

40K and bioluminescence not present in polar ice

ANTARES site
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Background: atmospheric neutrinos and muons

» Cosmic rays (mainly
protons) interact
with atmosphere and
produces shower

.

Muons and neutrinos




Background of atmospheric muons and

atmospheric¢ neutrinos

From the interaction of Cosmic Ray with the atmosphere:
« Atmospheric muons only down-going (2 ) .... but ....

: : N cosmic
« Atmospheric neutrinos from all the directions (4 ) rays
background
cosmic
atmosphere

Vi

Even if the detectors are shielded by the
water/ice the atmospheric muon flux is high
Search for extraterrestrial up-going neutrinos
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Background of atmospheric muons and
atmospheric neutrinos
‘ MC at cion lovel ‘ After the reconstruction and the
at generation leve :
S cuts of the analysis
B , -
; - Profondeur 2400 m AUT HUORS ,, § —— data
oA E“ > 1 TeV o~ % v MC
METS | T4 1%
5 # 1
G 104§ [ : ‘!
o 10°%] 7
% Muons from l 1
10% :' atm neutnnos IIJ i
3 ugymt A i L VB - !
" s AL, " ™A 3
105 12 E, T
‘i R ey - - :
' it sl gtis 3 1 -08 -06 -04 02 0 02 04 06 08 |
10371903 0% 04 02 0 82 04 06 05 1 cos(zenith angle)
-' cos 8,

The search of the small number of events of cosmic origin is based in statistical methods |




The international context

| S——

-> failed project

Hirst attempt the Dumand project — Detector located in Hawaii in the ‘90

ANTARES, NEMO,
NESTOR

Baikal

5
Medit‘e*nean
km?

AMANDA
* |[ceCube




Baikal telescope - lake Baikal

¢/ NT200 working since 1998

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

* GVT detector planned - Actually prototyping phase
GVT = NT200+ and 27 clusters of 8 strings
Total volume 1.5km3 e
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IceCube — South Pole

86 strings 60 PMTs each at the South Pole. Volume about 1km3. Depth 2500m

[ Detector Completion Dec 2010

ummmoaonmmm
20 optical sensors on exch
&180 optical sensors

December, 2010 Profect completad, 88 strings

(450 m
9 strings (2006)
22 strings (2007)
40 strings (2008)
R 59 strings (2009)
79 strings (2010)
86 strings (2011)




The IceCube Site: the Geographic South Pole

Only few weeks per year for the string deployment

CI}TCHING
o 2AH 5 % Cosmic Clues
Catania SNRI - 10-14 November 2014




IceCube Deployment
drilling and deployment

2 days per hole
= 3.5 cm/second




First astrophysical flux from IceCube

Events per 988 Days

 Flux of astrophysical origin detected at 5.7 s.

102

10" frees

107

Not known the origin

best-fit per-flavor astrophysical(E?) flux
_ in the energy range of 60 TeV — 3 PeV
E2$(E) =0.95 + 0.3 x 10-8GeV cm2s 1 sr!

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

T Ll L L T T T TT L ;
! | Background Atmospheric Muon Flux 4 |
| == Bkg. Atmospheric Neutrinos (n/K) E 1 i
Background Stat, and Syst. Uncertainties
= Atmospheric Neutrinos (90% CL Charm Limit)
i | = Signal+Bkg, Best-Fit Astrophysical 5~* Spectrum E
eee Data - i,czdr’isis,tenti With ETZ :

' * indication of a cutoff

around 2 PeV above

: Ll AP which 4.1 events would
e | o | e

atour best-fit level
* The range of best fit
slopes of -2.0to-2.3.

mn

77
10? 10°

Deposited EM-Equivalent Energy in Detector (TeV)

19

Science nov 2013

Scien

Whyrenter V3 110

|
|




ANTARES — Toulon (France)

£} Frangois Mortenet

Takes data in the
complete
configuration
since 2008.

At the moment
is the largest
telescope in the
Mediterranean
sea



Line 1 deployment:
February 2006

Time consuming and risky sea operation:
“Open” structure deployed from surface




Antares connection

Line connection

Non-proprietary ROV ... Not always available




The KM3NeT detector

#» Building block concept: the full detector is made of several blocks of
Detection Units (DU).

A single block has 115 DU 90-120 m
distant (0.5 - 0.8 km3).

Full volume ~ 3 - 5 km3

A DU is a vertical string equipped
with 18 Optical Modules

An Optical Module contains 31 3”
PMTs

The building block concept allows
for a distributed detector




Why one more large detector in the Northern Hemisphere

32

Galactic coordinates

ANTARES and KM3NeT

00° ® PWNe

7 ! * SNRs

o 4 No counterparts

S5 s7] * Molecular clouds
2 Others

| [ Binary Systems

S
4

SESS IS NS
........

180° {----O--

MGRO J#019437 HESS J1825-137 ESS J 13034 3%
]__ MGRO J1908+05 I RXJ17137-3946  MSH 1552 | 0852.0-46Y |
j . Y. ) Y y Y R ¥ : ] .
r ....... ; 7/1,&...@@%..,,-@ ..... il
: | : | : ;@
& i | [ | I i
60° 30° [ -30° -60° -90°

e IceCube

v

Complementary detectors

Northern hemisphere

N
Southern hemisphere



KM3NeT Installation in the Mediterranean

¢ KM3NeT-France: Toulon (~2500m)
KM3NeT-Italy: Capo Passero
(~3400m)

KM3NeT-Greece: Pylos (~4500m)

¢ Long-term site characterisation
measurements performed

¢ Shore distances: 15km-100km

¢ Power via Main Electro-Optical

Cable MEOC

= Short distances: (AC), long distances:
(DC)

= Transmission on optical fibers (24-36
optical fibres)

= Common hardware, software and data

handling " > = 3500m
L Capo Passero Pylos
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KM3NeT: a phased project

\
s
Ty
Mﬁ‘
\ 2

0-170

)* depending on funding
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KM3NeT- Italia

Detector layout

i

m

Phase 1 in KM3NeT-Italia:

24 strings + 8 towers

Catania SNRI - 10-14 November 2014



Shore station in Capo Passero

Shore Laboratory in Capo Passero harbour

Shore Laboratory:

Electronics Labs, Data Acquisition Room,
Control Room, Guest House, Power
Feeding Equipment (UPS protected)

Up to 10 Gbps direct Optical-fibre link ‘

GARR-X

Submarine cable and infrastructure
(now):

96 km - 20 fibres ITU655-NZDSF

Single conductor with DC-sea return
Phase 1: Cable Termination Frame
Medium Voltage Converter: 10kV to 375V

Catania SNRI - 10-14 November 2014
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The KM3NeT-Italia towers

Catania SNRI - 10-14 November 2014



The tower: the innovative mechanical structure

6 OM/floor
2 hydrophones

-
-
-
-
-
-
-
-
-
-

made of |
14 floors (bar 8 m long) A |
84 10” PMTs (6 each bar) /\ /
~~~~~~ «Distance between bars 20m /o

—
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First prototype

First prototype in Catania test site:
» Deployed December 2006
* Operational for about 5 months i

375
* Muon tracks reconstructed (S. Aiello et
al. Astrop. Phys. 33 (2010) 23)

2900
®NEMO Tas! Sile
2600

4 floors
4 OM/floor
15 m bar length

Catania SNRI - 10-14 November 2014

25 km est off-shor
Catania test site

2000 depth

e



Second prototype of the tower

» A second prototype of the towers was deployed 23/3/2013
at 3500 m and in data taking up to august 2014. More than
one year of data taking

The deepest structure ever installed and operational
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“ The “Nautical Tide? ROV
- and its.launching system

|




WET § MW

W 7Tm

On board the “Nautical Tide”: the ROV is checking the
buoy system after the unfurling




The Optical Module

The OM: 10” Hamamatsu R7081, Front Hydrophones: acoustic positioning and
End Module, Time Calibration, LED bloacustics

beacons

-

;v\ 3

Integration at Catania test site (Catania harbour)




Signal digitization

PMT signal is compressed with a quasi-log law to increase the ADC
input “dynamics”

Low voltage signals (up to fes s.p.e.) sampled with high accuracy
High voltage signals sampled with lower accuracy

Compressed wave form Decompressed wave form
S =, A
1
§ o0 0%, 01 p.e. E 35 ot O1pe
= 140 Es ° o 8.
2] ° 920 ps: g 4 . ®20pe.
S 120 L4 0
8 100 + 32F .
8 80 + 2 ¢
< sf . 1.5 s
45 ®eece i B e
20 ® .... 0.5 ........
0 USI?DDDEDDDQDG R I -, .?...' 0 A e P T l-.,”ll.l
0 20 40 60 80 100 120 140 160 T 40 B W e R A 40

Time (ns) Time (as)



Floor Control

l‘%} Module

Ethernet FCM

Optical

*  Module
L Ethernet
/5 | to TriDAS
T Anchor

 — | Mux

gf ‘— E.O.Cable
off-shore

on-shore

Hit samples Vs. pulse time
on a 10” PMT with 0.5 p.e. thr. (NEMO Ph.1 data)

40000

S.P.E. waveform 35000

140
- 30000
" 16 samples = 16 Bytes)
25000
100

20000

ADC sample (arbitrary units)

— (15000

10000

5000

= ) T W L | oy e S R [
100 120 140 160 180 200 220 240
pulse time (ns)

S.P.E. HIT SIZE

Hit PMT Info
+
Hit Time
+
Hit Charge
+

Hit Waveform (samples)

28 Bytes




Triggers

FC (maj=2)

threshold
(SCin 20 ns + PMT in Qhresho

(Q first10 samples > 1000 adc)

Random
(1ms @ 1Hz)

i 10‘ lconnesnioni E I.(f connessioni
Not scaled i 4t Scaled oo
—plg2
¢ — plgl
1
10’
1
A" of e A Lo
1 e G000 DUAT0 U506 DOAU D000 STIDE TR 16"

: L1RTrate: 1.00 Hz
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Background rates

A typical snapshot of background rates from DAQ

[
(-}
")

ra 120 —
x = connassioni
= —rt_6 0
110 | —— pmi_& 1
= P62
100 — —pmt e
00 |-
80 | — l
70— l
60 |— E l
50—
= { 1
40 D2:00

i i 1 i | " 1 1 I 2 I " L i
18:48:00 18:50:00 18:52 00 185400 185600 18:58:00 1900:00
5.0

19
:53.29»0-7

pmt_|

gmmm—

15 minutes

Dead time = o0 for rates < 100kHz -- saturation effects above 120 kHz
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Long term measurement

100

100 ¢

3

rat:(kHz)
g 8

100

:

100 ¢

100 F

40K rate

Down-looking PMTs

100 T

F6

-

(3

F4

b.1.> 100KH2(X)

F3

g 8

F2

SR ' YV T ve'

. skl

! P ARt ,
ll - ¥ | | L |

F1

8 8
\RARD |

27/04/13  05/08/13  13/11/13  21/02/14  01/06/14

- One year measurement
- Median (kHz) over 15 min

time

bioluminescence

P e

13/11/13

JEIWR DRV UR, AP T
27/04/13  00/08/43

21/02/14

Last HV setting

b -A_LI . M‘-‘L—L,A-

01/08/14




The depth intensity relation
(52)

Live time= 411.1 days

Vertical Muon Intensity as a i
function of Depth ! 3 e

% ANTARES

Intensity (em? s sr)

=
' .
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o
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First tower of KM3NeT-Italia

(o)

| To first tower of KM3NeT-Italia will be deployed this week |

The tower assembledsats
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The KM3NeT-Italia strings
This afternoon 1n Capo Passero



Per concludere

99

Non solo “underwater detector”... ma grandi infrastrutture in
fondo al mare che offrono grandi opportunita per la ricerca in
altre discipline ed il monitoraggio del mare e dei fenomeni
legati alla scienza della terra
(SEAAND EARTH SCIENCE)

The neutrino and the whale

N. Nosengo, G. Pavan, G. Riccobene
NATURE Vol 462 - 3 December 2009




KM3NeT and EMSO

Common effort with the Earth
and Sea Science Community

Arctic

Norwegian
Margin

e

Nordic Sea s
Lo - / -
T EL STR |‘;:.~,‘ Qf SR ) -
= AIMSO Rt £ SFRI
Porcupine - e
. Abyssal =" g Ly
Real Time R RN
Environmental Monitoring Test

Azores \yl‘ ) | Marmaram
Islands Iberian Western Sea %
Margin . |onian Sea

Toulon, Sicily and Hellenic:

sites of common interest for ‘
KM3NeT and EMSO

PLOCAN , 8

Oceanography (water circulation, climate change):
Current intensity and direction, Water temperature, Water salinity ,...

Geophysics (geohazard):
Seismic phenomena, low frequency passive acoustics, magnetic field variations,...

Biology (micro-biology, cetaceans,...):
Passive acoustic monitoring, Biofouling, Bioluminescence, Water samples analysis,...



