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Ahbstract

Neuwtrino astrophysies offers new perspectives on Universe investigation: high en-
ergy neatrinos, produced by the most energetic phenomena in our Galaxy and in the
Universe, carry complementary (if not exclusive) information about the Cosmos with
respect to photons.

While the small interaction cross section of neutrines allows them to come from
the core of astrophysical objects, it is also a draw-back, as their detection requires a
large target mass. This 1s why it 1s convenient to place neutrino telescopes in natural lo-
cations, like deep underwater or under-ice sites. In order to supply for such extremely
hostile environmental conditions, new frontiers technologies are under development.

The mim of this work is 1o review the motivations for high energy neutrino astro-
physics, the physies and the technologies used in underwater/ice Cherenkov experi-
ments, with a special focus on the project of the construction of a km” scale detector
in the Mediterranean Sea.



9.1 Why Neutrino Astronomy?

Photon and proton mean free range path
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m Neutrino Astronomy is a quite recent I | T

and very promising experimental field.
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m Advantages:

m Photons: interact with CMB and matter (r~10 1:—
kpc @100 TeV) of
m Protons: interact with CMB (r~10 Mpc @10!! -

GeV) and undergo magnetic fields (AB>1°,
E<5-101 GeV) * 7
Co o b o T

m Neutrons: are not stable (r[110 kpc @10° GeV) 7 =2 5 1w o =

Log(E / eV)

— Photons —:

m Drawback: large detectors (~GTon) are




Production Mechanisms

m Neutrinos are expected to be produced in the interaction of high
energy nucleons with matter or radiation:

E directional
1 beam
]
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In these scenarios, high energy photons
would also be produced:
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Gamma ray astronomy
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Cosmic Rays 69 Neutrinos
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AGNs?

Energy (eV)

Cosmic rays follow a broken
power-law:

dN D E % y:i; ------ > the knee
- y=23.
dE y=27 " > the ankle

Beyond 6X10" eV, the flux
should vanish due to the
interaction of protons with the

CMB (GZK limit)

ngh energy neutrinos could
g1ve information about the
origin of cosmic rays.



High Energy Photons (see cap. 6)

m The observation of TeV photons can be explained by
-leptonic processes (inverse Compton, bremsstrahlung) or

-the decay of neutral pions produced in hadronic interactions (— neutrino).

TeV gamma-ray image of RX J1713.7-3946
(H.E.S.S.). The superimposed contours show the
X-ray surface brightness as seen by ASCA in the
1-3 keV range.
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SNR RX 1713.7-3946 emission better
explained by TP decay (still controversial)
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yand v In cosmic accelerators

Inverse Compton
(+Bremsstr.)

s and matter




9.2 Astrophysical Sources

R radio infrared optical soft-X hard-X gamma-ray [ =1
m Galactic sources: these are COMPANON
. CORONA T
near objects (few kpc) so the o - radio -2

luminosity requirements are 7
- Mass-flow
much lower. .

m Micro-quasars

Accretion

(optical -

Mass- - S—
soft X-rays)

donating companion
star (IR-optical)

Accreting ‘ ,
neutron star Corona

or black (hard X-rays)
hole

m  Micro-quasars: a compact object (BH or NS)
towards which a companion star is accreting
matter.

m  Neutrino beams could be produced in the
Micro-Qquasar jets.

m  Several neutrinos per year could be detected

by 1 km3 detector.



Astrophysical Sources

m Galactic sources: these are
near objects (few kpc) so the
luminosity requirements are
much lower.

m Micro-quasars

m Supernova remnants

Several scenarios (optimistic?):
m  Plerions (center-filled SNRs): 1-14 ev/km?- y.
m  Shell-type SNRs: 40-140 ev/km’: y.

m  SNRs with energetic pulsars: ~100 ev/km?- y.



Astrophysical Sources

m Galactic sources: these are
near objects (few kpc) so the
luminosity requirements are
much lower.

Magnetar burst sequence

c o PP P o

Micro-quasars
Supernova remnants

m
m
m Magnetars
m

m  Isolated neutron stars with surface dipole
magnetic fields ~10"> G, much larger than
ordinary pulsars.

m  Seismic activity in the surface could induce
particle acceleration in the magnetosphere.

m  Eventrate: ~1 (0.1/AQ) ev/km?: y.



Astrophysical Sources

m Galactic sources: these are
near objects (few kpc) so the

. . . N Li
luminosity requirements are N Rogion
much lower. Broad Line
- Regicn
Micro-quasars Shecurs 4
Supernova remnants e

Digk

m
m
m Magnetars
m

m Extra-galactic sources: most

p Oowcer ﬁll sources in thG m  Active Galactic Nuclei includes Seyferts,
Universe quasars, radio galaxies and blazars.

m  Standard model: a super-massive (10°-103 M)
m AGNs black hole towards which large amounts of

matter are accreted.

m  Detectable neutrino rates (~1-10

ev/year/km?) could be produced.



Astrophysical Sources

m Galactic sources: these are
near objects (few kpc) so the
luminosity requirements are
much lower.

Micro-quasars
Supernova remnants

m
m
m Magnetars
m

m Extra-galactic sources: most
powerful sources in the
Universe

m AGNs
m GRBs

GRB FIREBALL MODEL"

., b3
Afterglow 2
- 18]
Burst .- =
Pre-Burst—{{- :
E ~1051-1054 - Y g
Tt~ € Bhoc S
~" Formation [§ """
——— &

L3

T=13 T~12s v
R=106cm R~3x1012cm T~3:-:1123 s +-~1 Pk
L R~3J¢iu‘rﬁcm

r_f"= 1 em-3

GRBs are brief explosions of Y rays

(often + X-ray, optical and radio).

In the fireball model, matter moving at
relativistic velocities collides with the
surrounding material. The progenitor could be a
collapsing super-massive star.

Time correlation enhances the neutrino

detection efficiency.



9.3 Recipes for a Neutrino

M. Markov:

“We propose to install detectors
deep in a lake or in the sea and ta
determine the direction of the
charged particles with the help of
" Cherenkov radiation”

1960, Rochester Conference

WA
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Deep in a transparent medium

e Water or |ce:

e large (and
Inexpensive ) target
for v interaction

e transparent radiator
for Cherenkov light;

o large deep:
protection against the
cosmic-ray muon

V)
=1 - -
Flux (cm s 'sr 1)

background
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VT: a detector looking to the bottom

* Atmospheric muons dominate by many order of magnitude the
neutrino-induced muons.

* Only upward-going particles are candidate for extraterresirial

Proton Proton

Atmospheric neutrinos
represent the irreducible
background for NT

Upwar d-going muons (or
horizontal muons) ARE
neutrino-induced!
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Figure 9: Vertical muon intensity vs. depth (1 km.w.e.= 10° gem™? of standard rock). Fig.

from [30)]. The experimental data are from: the compilations of Crouch ¢ [6l)], Baksan
[62], LVD o [63], MACRO e [64], Frejus [65], and SNO 2\ [66]. The shaded area at large

depths represents neutrino-induced muons of energy above 2 GeV. The upper line is for

horizontal neutrino-induced muons, the lower one for vertically upward muons.

Atmospheric
muon flux

Muons cannot cross
more thar= 15 km.w.e.



Neutrino b

Istrumented detector

telescope= o<

A- Source neutrino energy spectrum

Event
number /
(area x time)

B- v-induced muon detection probability

C- Earth absorption probabillity far

Astrofisica con ne




A) Example of a Galactic source
of neutrinos.

~"  TeVy-rays and neutrinos can be produced from
T e, NAdronic processes:
Py AT O+
Pp+y o> AT—>at+n

Neutral mesons decay photons:
mo— Y
charged mesons decayneutrinos:
m— v, + ut

L 2 v tv.t+ €

e Nnulinuud" primaing

4 M O S A Fo _ B
s el

IﬁGNEuEdIusj n — Vu I II

N évu+ve+e‘




A source candidate: RX J1713.7-3946

RX J1713.7-3946 seen by
HESS (gamma rays)
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B) U production probability

!

D

Neutrino cross

section
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Muon range
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Neutrino cross section
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Problem: estimate the energy of the neutrino for which the Earth
IS not anymore transparent <




Muon Range
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Figure 12: Effective muon range as a function of the initial energy E,. Curves correspond
(from top to bottom) to different threshold energies Eyy,, of the muon arriving at the detector.

Eipr = 1,107,10%,10%,10%, 10° GeV. From [69].




- Detector size

Instrumentation to ke Installed 2007

lzeTop Locations

Strings Already Installed (x)
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Cherenkov light emission

» Cherenkov light emitted by
reletivistic particles in a trasparent
medium, with n(A) > 1

 Dominant photon emission in the
blue-UV band (see cap. 7).

* In the range in which water/ice are
most transparent:

25




Water properties/ optlcal module

Water absorption length measured in
the Toulon (blue) and Capo Passero
(red). Left: Laf) with A =440 nm as
function of the depth. Right: various
measurement of the absorption length
in the two sites as function of the
wavelength, compared to the
behaviour of pure seawater (solid
line).
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How many light sensors 2 € ?

Problem: Let assume a muon track of+1 km. Howmany PMTs
Npy7 are needed in 1 kidetector volume in order to detect ~100
photoelectrons 7

10" PMT =0.05 m

N,= L, x300y/cm= 3x10 y

— Npe= Ny x €9 X Npyr* (Vpyr/1 k)
=100

N oy 7=5000

Astrofisica con neutrini
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Track reconstruction

28

* Cherenkov photons emitted by a
L crossing the detector are
correlated in space and time

* U can be reconstructed looking
for time-space correlation
between fired PMTs (hits).



Detecting V

* Neutrino detection through CC interaction with production
of a charged lepton

* Neutrino astronomy requires the reconstruction of the
neutrino direction and an estimate of the energy

For Ev >TeV, p e v are almost collinear. §*°7 —
In water: I R RN R ) B
------------------ <t L. :
= ;HH++ =

. _%m— i

1 reconstruction allows the N U D DA i vt
2 3 4 5 6 7 8

measurement of the v direction log,[E, (GeV)]



MACRO o
(A=1000 m?,
T=3Y)
results: no
evidence!
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9.5 Upper Bounds on Neutrino

mUpp

Diffuse Fluxes

er bounds from UHE cosmic rays and ~ #°

Yy diffuse flux can be established.

mThe first limit comes from the isotropic
gamma ray background:

D, < D (MeV-GeV) O,
E2d®P/dE < 10° GeV cm? s sr!

mConcerning cosmic rays, it can be

established the following relationship:
D, < D (Ex=f'E,) KO,P

Waxman-Bahcall

eSource fransparent to HE neutrons
(E,~10" eV)

e Spectral shape up to GZK cut-off is
dN/dEDE?

hidden sources
10

o g
cm s sr)

-2
-
':‘l

~

extra-Galactic cosmic ray sources -

E’®, /(GeV
-
%

@ 100 1 1 10 10 16 10° 10"

E,/GeV

Mannheim-Protheroe-Rachen

*There is no assumption about the
opacity and the spectral indexes of
the sources.

E2 dd/dE < 4.5x108 GeV cm2s! sr

E2 d®/dE < 2x10¢ -

4.5x10® GeV cm2s! g

Oscillations reduce these limits in a factor two: 1:2:0 - 1:1:1
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! MACRO
10° - :
l\‘
N\ (MPR)/2
\
= = Fg \n.

10_7 ! Ba \1-2{]0 (vjvﬁ(vr]fi” Amanda-I1 UHE.
\_ , -
Amanda-II v ~ (v v +v)/3 ]
'~ ]
o S L --.-
----- (ﬁ &-'BFZ- - E . .

10"B 1 Lol 1 SN 1 Ll L1 1 a3l 1 L 3ol

10° 10* 10° 10° 10’ 10°



9.6 The neutrino
telescope projects

* |ceCube (South Pole)
e Km3 (Mediterranean Sea)
- ANTARES (subproject)

-NEMO (subproject)
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Neutrino-induced muons form
cosmic sources in a km?3 detector

Diffuse Flux
“UHE” (GZK): few /year ?
Diffuse, from GRB: (Waxman) 20 / year
Diffuse, from AGN (thin): (Mannheim) few/year
(thick): >100 / year

Point sources
GRB (030329): (Waxman) 1+10 / burst
AGN (3C279): (Dermer) few / year
galactic SNR (Crab-like): (Protheroe ) few / year?
Galactic Microquasars :(Distefano ) 1+ 100 / year




Neutrino telescopes Q
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Difference between 1ce. ..







i) Sky View

Mediterranean Sea
43° North
2/3 of time: Galactic Centre

0.5 1tsr instantaneous common view B
1.5 tsr common view per day AMANDA/IceCube

South Pole



i1) Logistics




Il mezzoassor be e diffonde i fotoni. Cio diminuisce |l
volume sensibile e la precisione nella ricostruzione

-

» Ghiaccio: maggiore lunghezza di
assor bimento - miglior Vg1

median angle (deg)
-t -
I - -

-t
—

e Acqua: minore lunghezza di
diffusione - migliore ricostruzione

ol
()

Figura: ANTARES MC
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i11) Medium optical properties
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m Coefficiente di diffusione (1/L«) per il ghiaccio. Occorre
andare oltre 1400 m per evitare le bolle d’aria. Diversi picchi a
~diverse profondita dovuti a diversi tipi di polveri
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iv) Background (water)

March 2006 — May 2008 1
5 1000 — T T T T T T T
L
%' ::2 — Line 1 Floor 25 ; \
3 IR -
8 00w
'E ram'y III
= 600 /
500 - il
ol N
: Hi : | : | .
= ANt bt
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Date
Bioluminescence =
40K decays (rate ~50 kHz) Bursts from macroorganismes
(strongly affected by current velocity)
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Life in the deep sea (ANTARES)

« Commercial IR Video Camera in “self triggering mode”

Run 31290 Biocam DAQ SCAN Line 14 Floor 1 Mon Jan 14 08:14:54 2008 I

Rate (kHz)

4500 =

4000
3500
3000
2500
2000
1500
1000

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

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

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

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

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

14m40 14m435 14m50 14m55 15m00
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v) OM positioning

(water)
\ ®* Hydrophones + sensors
® tiltmeter/compass s | 4
E 450 .y
% L
o 00 - P
i

50 - zenith angle@i

.
N,
‘e
Y
e
b

300 -
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- 3 — |
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45 Maurizio Spurio - IFAE '09

Autonomous
Transponder




IceCube at the South Pole

m Rivelatore in fase di costruzione
in Antartide:

- 80 stringhe (60 PMT/stringa)
- 4800 10” PMT (verso il basso)
- 125 m distanza tra stringhe

- 16 m distanza tra PMT sulla

stringa 1400 m
- Volume istrumentato: 1 km3
- Completed (2012)

2400 m
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The AN%ARESVOHaboration
—

« ITEP,Moscow
» Moscow Sttt Liinv

400

-

«» NIKHEF,

« Amsterdam

« Utrecht

<« KVI Gramimgem
«» NIOZ Texel

« |[FIC, Valencia
« UPV, Valencia
«» UPC, Barcelona

+ CPPM, Masssilie
+ DSM/IRFU/CEA, Sadiay

7 countries
29 Institutes

+ APC, Paris <« University/INFFN| off Bzarii _ . . .
+ LPC, ClermontFeersaid  * University/INFFNI @ff Bologna 150 SCIentls_ti+ven S
» IPHC (IReS), Steatimuey University/lINFFN| off Caitzmim P, _ e Y o

» Univ. de H.44, Mulhouse  * LNS —Cattama
+ IFREMER, TaulmiBest  + University/INFN of Pisz

+ C.O.M. Mearsaile <« University/INFFAN aff Rame
+ LAM, Marseille + University/lINFFANl af Genova
«» GeoAzur\ilfeanadiee
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The site
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Deployment of a line

* DP boat « Castor 02 »
% Line positioning on sea bed within 1m
% 7 hours of operations



Line connection by ROV

| * ROV «VICTOR 6000» from IFREMER
| « ODI link equipped with

wet mateable connector (4 optical, 2
electrical contacts)

2 CAP =260.3

10



ANTARES milestones

% 1996: hirth of Antares

Autonomous line

s 1996-2000: R&D W \\\ommnet - =
> Site measurements (optical background, foulin SeRaa==" s g
absorption length, sea current,...)with autonomo
» Demonstrator line in 2000

s 2001-2003: Prototype lines e
» Main Electro-optical cable in 2001
» Junction Box in 2002
» Prototype Sector Line (PSL) &
Mini Instrumentation Line (MIL) in 2003

Cable installation

«» 2004-2008: construction of the 12 lines detector

Junction Box

s 2007- 2013...: detector operation



Optical background

Run 27812 Line 1-5 Physics Trigger (thr=tuned, allsamp=1, HRY=500kHz) Line 4 Floor 13 Mon May 21 17:39:37 IIHJTI
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. Event Display: Atmospheric Muons

height s g— Example of a reconstructed down-going
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Event Display: Neutrino-induced
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Downgoing Muons (5-lines)
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Muon intensity [cm? s sr]™
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5 lines (2007) Depth vs. Intensity
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Vertical intensity [cm? s sr]™
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5 line data (2007): NEUTRINOS
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Napoli, Pisa, Roma

Universita

Bari, Bologna, Catania, Genova, Napoli,
Pisa, Roma “La Sapienza”

@) CNR

Istituto di Oceanografia Fisica, La Spezia
Istituto di Biologia del Mare, Venezia
Istituto Sperimentale Talassografico, Messina

£

: '“\”: i
MILA

PADOVA JJ]F‘E
NO LNL o ESTE

BRESCIA FERRARA -
“Torng  PAVIA w ‘

- ALESSANDRIA

ﬂj \\5\ Fl

CNA F
REHZE \,_\\

"""""

PERUGIA
LNGS™.

ROMAZ-_

SANITA =

)
INFN

L/.

<

r , "~
= :5-.51’"

R :L1:i e S
-y ECCE-.
) .
‘-\-._,-\_7 hg}'
L
k]

Istituto Nazionale di Geofisica e Vulcanologia (ING V)

. Istituto Nazionale di Oceanografia e Geofisica Sper imentale (OGS)

%ﬁgw Istituto Super_iore delle Comunicazioni e delle Tecn
dell’Informazione (ISCTI)

7 4
a8

ologie

More than 70 researchers from INFN and other italian institutes




The NEMO Site

*Depths of 3500 m reached at
00 km from the shore
*\Optimal water optical properties

currents (3 &

peak)

SICILY

selected a deep sea sit€ re Capo Passero (Sicily) with

optimal oceanographycal and environ roperties

* The site has been proposed in january 2003 to ApPEC
as a candidate for the km3 intallation &
L




The NEMO “tower”

e Mechanical structures for the km? studied in order to optimize the
detector performance

*Modular structure composed by a sequence of 15 m long storeys
interconnected by tensioning cables. Full height 750 m.

*Power and data cables are kept separated from the tensioning ones




The NEMO Phase 2 project

A deep sea station on the Capo Passero site

40 OBJECTIVES
T;”ggfz L~ A - Realization of an underwater infrastructure at 3500 m
= NN on the CP site
Y NN o
) N \ \-\:SZ - Test of the detector structure installation procedures at
il Me TN 3500 m
jmj k .
385 5 fj} B - Installation of a 16 storey tower
L : : {}fb 3 - Long term monitoring of the site
3 38 =
'LE' ,;”Gf INFRASTRUCTURE UNDER CONSTRUCTION
37.5 5] - Shore station in Portopalo di Capo Passero
37 y - 100 km electro optical cable
T - Underwater infrastructures
36.5 ;“ P it )
s H 5
S Site >~
| ? I@Tfm L | STATUS
! “\“W\E{Q = 3800 - Purchase of the electro-optical cable (>50 kW) under
355 7 / 6%%%’\ e\}"‘f—— ! 1 Way
15 16 Lonai 1d7 18 - A building (1000 m?) located inside the harbour area of
ongitude Portopalo has been acquired. It will be renovated to

host the shore station

- Project completion planned in 2008



View of the cable landing area

Scalp Mandrie




Icecube/
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KM3NeT

Consortium between the Institutes that developed and

support the pilot projects in the Mediterranean

— 40 lIinstitutes from 10 EU CoumntniéS/prus, France, Germany;,
Greece, Ireland, Italy, The Netherlands, Rumanmairy U.K.)

Large European Research Infrastructure, included in the
ESFRI roadmap

Design Study project (under the 6th FP)
— 3 year project started in 2006 funded by the EC for€d M
— Conceptual Design Report Pulblished im 2008, TDR im 2009

Preparatory Phase project (under the 7th FP)
— 3 year project started im 2008 funded by the EC oS M
— Coordinated vy INFN

Astrofisica con neutrini 65



KM3neT reference detector

Factor ~3 more
sensitive than
lceCube

— lager photo-

cathode area

§
;
S

resolution

m Study still needs

refilnements

Astrofisica con neutrini

E? dN/JE [GeV cm? s

v, E? flux limits (90% c.1.)
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Summary

= All calculations show that we need km3scale detectors
for neutrino astronomy

» Compelling scientific arguments for neutrino astronomy
and the construction of large neutrino telescopes

" It is essential to complement IceCube (South Pole) with a
km3 scale neutrino telescope in Northern Hemisphere

" Joint effort of ANTARES, NEMO and NESTOR to
realize such a detector in the Mediterranean Sea

" U funded KM3NeT Design Study (2006—2009) is well

on its way

® Cost: order of 100-200 M€



