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~ Brief history of neutrino astronomy

R 1960

Markov introduces the idea (Proc. of the 1960 Int. Conf. on HE Physics, Rochester)

First estimates on
-diffuse flux by cosmic rays in Galaxy (Greisen, Ann. Rev. Nucl. Science 10 (1960) 1)

-and of HE flux from Crab (Bahcall and Frautchi, PR 135 (1964) 7858)

21976

First Workshop on DUMAND, the first project of a giant underwater detector

1970 -1980
Operation of “first generation detectors™

1996
First neutrinos in the Baikal and AMANDA experiments. Work in progress and R&D
towards a km“* detector

1993
Start of the Italian R&D INFN project Neutrino Mediteranean Observatory

2000
Construction in the Mediterranean of the 0.1 km? ANTARES (with italian partecipation)

2008: ANTARES completed!
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Motivations

4+ vy are absorbed by the extragal. bgk. light (EBL) (horizon @ 100-200
Mpc);

4+ p are deflected and interact with cosmic microwave bgk. (CMB) at
ultra high energies (GZK cutoff);

+ v interact weakly with matter ==> extend the visible Universe at
very high energies.
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VHE underwater neutrino telescopes

Gﬂral observation of VHE neutrinos (E = 1TeV = 1000 PeV)
| from astrophysical sources

& :

| : Sea surface
— Detector: Iattme of large hemi-

% '.sphencal photo-multipliers (PMTs) "

- arranged in strings or towers >2km § _
placed at depth (>2 km) in water : Down-looking
or ice. Natural shield against W EBATs

: : Cherenkov
sunlight and atmospheric CRs. 4 photons é é
Looking for upward-going muons as ._.-" H "‘

signature of muon-neutrino interactions
(E,=1TeV > 6,,=1°)

CC weak interaction

v, BN => - (u)+X Cherenkov | " -
wavefront
— e {HH. . pa— -. r—.\
V. “from astrophysical source Sea bottom

L
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-Baikal
-AMANDA
-ICECUBE
-ANTARES
-NESTOR
-NEMO
-KM3NeT

Detection Principles

Fabrizio Lucarelli - La Sapienza & INFM Roma



Candidates VHE v-emitters

'_ Astrophysical beam dump

: E aonts D ambient
—  MAtLEr/ ——f Tt 70 ——
_ ﬂ;ce[}eratﬂr photons JU—,JU Y

Galactic
Micro-quasars
Plerions

Galactic center

Supernovae Remnants
(SNR) (shell-like type)

Extra-galactic
Blazars AGNs, GRBs....

Extra-terrestrial v’'s detected only at lower energies (Sun and SN1987)
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Source spectrum

p+NH)—= 7 + 74

Power law .spectrum 15 EHpEEtEF:l Diff. Spectrum of VHE y-rays from RX J1713

from cosmic accelerator (Fermi -

- x * « HES.S. dala
acceleration mechanisms): . i
10" M -

Tom Fiit 2004

dN/dE «ET

Spectral indexes I'=2+2.5

dN/dE (em ™ st TeV')

Detection of VHE neutrinos s
main signatures of hadronic ool oo RO, (2007)
1

processes at the source. Ensray { TaV)

10°
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“ . Main detection channel

v detected as upward-going muons through
Charged-Current (CC) weak interactions ", - F

- with rock or water surrounding the detector: J

e
-

Vo, VFN => w (W) + X N

shower

Probability that a v with energy E, crossing the detector
produces a p with E =E;:

b / e')'r.: " / ' .
P(E,, E*) = N / dE Z2Y(E E)R.;¢(E.. E*
Jo “dE," =
B \
vN cross section u effective range

Fabrizio Lucarelli - La Sapienza & INFM Roma 9



| N vN cross section
% -_ FurEv.; 1T*F-jv o,~E, and R ~E,

' For E>1 TeV: o, dumped by W propagator and R~ (n(E,)

o _ 26} ME, Mg, »
drdy Q* + My, ;

s
) (g (2, Q%) + 27 (2, Q%) (1 — )]

2M = Lo-3"

a(vN) [em®]
c
£

IR e Al 10
100 L3 x 107 L17x 10 10 1001000 10* 10® 10° 107 10® 10° 10'°1p'! 102
E, [GeV]
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. Propagation of neutrinos

. vN cross section increases with energy

& e i .I'

~prob. of absorption crossing Earth increases

E'aN/ 4 (ortstrory units)

E'sal/9E (oroitrory units)

=
e
Veorsomae | § Vnorizontal
v, b E V, Ly
ol
O = 1 BO* ?':“IU .r' O = 100"
......... A Y a bl s s a o il i s a i & . | on = g & M & & i M Y
12 13 14 15 18 L ia 19 20 W 12 13 14 18 18 17 18 T 20
LOG{E[+v)) LOG{C{av)Y)
— V hgeizomton
" ™ My
B = 1 40"
P | i i o i il s i b s a a i B & & & i i - | o
12 13 14 15 16 17 18 12 20
LOG(E{ev))

Earth becomes opaque to vs with E >100 TeV.
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Muon range

R E:;, deP (E,E™ X)

Jurv
g - | = = bremsstmhiung
== T I pair production
3% i e y
u energy losses: S E [~ muclear interactions /
f_E 2 === IR0 7
wi0 = 4
dE = E | e— O ELDDT /
_H={I(E )+ﬁ(E )E = | e 08N 1O 4
dX ! S 10 /.
E _;’IH
= ionization losses: . 4
~ 2 MeV g'1cm2 E et
B = bremsst., pair prod., | 10"
nucl. i
. -6 g-1 -2 1uq WETITT e T eimd
4x10°g'cm = s e e
E, (GeV)
12
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o Eﬁ?issfon of Cherenkov radiation

g + Cherenkov photons emitted along the ultra-
- relatmstlc muon track.

©_.= 42" in sea water

Cherenkov photons
between 300 and 600 nm.
Around 300 ph/cm in this
band.
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| Baé’kground photons: cosmic rays (1)

from Antares webpage

Cnsrh.ic_'-_r'éy background:
+A_tm'ﬂspheric muons from
“CRs = muons tracks

coming from above (down-
going tracks)

+Atmospheric neutrinos from
CRs =» up-going muons
tracks

Both induce Cherenkov | f ]
photons emission along ccelerator
their track.
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log Fv (a.u.)

Background photons: cosmic rays (I}

+ VS speqtrum from interactions of CRs with atm. nuclei

v N B0 £ E, <100 GeV (E > 100 GeV)

Z -+ Expected muons flux @ -2km
-.'I.r*"l'-ﬂ:“;—rt-r'r'r—ih'f"‘f""‘l""'"[*"'"”""'“"—""'-"' "
=§ 1 Ta P
‘ 1) Atm. v spectrum | s -
“F 1 2) Astr. v spectrum - —¢"|
; y — : TN
L 1 B¢ b e
" t,.'.'T'j f .rrff;nslr.i-' ray muons
- — .l penatrating
. " | lj to 2000m
i w Muors from neutring
S o 13 ImtEracians
- v 0k In atmosphere
J g i n|1IJ]-|ILIn"'L"1L._.
— -\..--_d"-l-ﬂ_' I
(ol ! ) e AN gL TRy LA
log Ev(GeV) o
=18 ~ 'LI]' m~ I n
B il il
—17 '-'!-l
10 e | .I..I...I..I. NN SR W IR W G
-1 -08 —u0f -04 -n2 o 02 04 0.5 DB
cos(0)
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B_Ei’k;_kground photons: natural activity

| Bioluminescence

40K decay

uncorrelated photon counting rate
(20-50kHz) on PMTs

e (P decay)
Y

40
. (Cherenkov)

WK
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| _""ﬁ'f'i.;-_.Muon track reconstruction

gy Arrival times of the Cherenkov photons
g on the PMT depend of the track direction
; and the muon position at t,:

‘ti:tﬂ.'l'(l_i +di'tanec)1’{: \

U PMTi (xy,2): t 2

(A

muon

Geometrical track parameters (x,,v,,20.9,9)

from minimization of chi®*2 or maximum
ty (Xo:Yo:2Z0) likelyhood estimation.

Photons from the optical background arrive at random times.
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Angular resolution

—
[=r]

—k
=

—
=

L& = ]

v 1 averaged angle [deg]
a

Deep inelastic scattering :
L

=™
-'III|III||II|I|I||I||III

/
6 (02 Ny [ —
xflill ':1' j'—'"' } \.lll t.“
UMES e E, > 10 TeV
¢ VR (B, [T eV )05 v -
| £ A T B
' Z 3 4

5 7
log, (E /GeV)
For E, <10 TeV is dominated by the v-p physical angle.
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= Expected # of events in the detector

feiicio fnk Probability to produce a detectable Earth transparency
muon(E, =E_. )

Rate of events from a neutrino source

B N (B O0) Ay (), F,)

Effective area of the telescope
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'I-\.

E ; E:C‘[IVE_: area The detector capability to reconstruct muon tracks

g 1t depends on:.

./ * muon range {Rp ==> Ep); s

' l WH.'I'JE{I' ﬁﬂﬂﬁ{]ﬂi’ﬁﬁﬂ}r, ."_;,,::" : i .
-« distance and PMT quantum efficiency; T ™

T\ triggﬁr ihresj:mld EH-""'J Detector Volumey
- » reconstruction algorithms; G / //*

* + cus for background rejection. .~ T b ot 1
= ‘;‘ - Ii" T, = !E

e Effective Volume ;| / L = ;

st T 1 - —| |=

- i % i | - rll

# Effective area much larger than
the geometrical dimension of
the detector.



: '\-\.\,

| Eﬁﬁ%cted events from candidate VHE v -emitters

Expected
events 1n an
underwater
Cherenkov

Neutrino

Telescope

with an
Aeff"“' 1 kﬂlg

Diffuse fluxes

GZK neutrinos

GRB (Waxman)

AGN (thin) (Mannheim)
(thick)

Point-like sources

GRB (030329) (Waaman)

AGN (3C279) (Dermer)

Galactic SNR (Crab) (Protheroe)
Galactic MicroQuasar (Distefano)

0.5 / year
50 / year
few / year
>100 / year

1-10 / burst
few / year

few / year
1-100 / year
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!TABLE IIl. 90% C.L. upper limits on candidate sources.

. AMANDA Il ULs on Blazars

(Y

S Ay Physical Review D71 (2005) 077102

/""Results from the present analysis are reported for a Lumpd_naun
with the limits from [2]. Limits are for the assumed E_ - spectral
Al *-.hdpe mmtegrated above E, = 10 GeV., and in units of
= 10~ % em—*s—* {db ™).
From [2] This work
Candidate 3M(°) alh) ng,, n;, DP"™ p,. n, Dhm
TeV Blazars
Markarian 421 38.2 1107 3 1.50 335 0 1.35 0.34
Markarian 501 39.8 1690 1 1.57 1.8 3 1.31 1.49
'1ES 1426+428 427 1448 1 162 1.7 2 1.13 1.16]
1ES 2344+514 51.7 23.78 1 1.23 20 1 1.25 082
1ES 1959+650 65.1 2000 O 093 1.3 0 1.59 (0.38
GeV Blazars
QSO 0528+134 134 552 1 1.09 2.0 1 1.88 0.57
QS0 0235+164 166 262 1 1.49 1.7 3 215 1.12
QSO 1611+343 344 1624 0 1.29 08 0 1.66 0.31
QSO 1633+382 38.2 1659 1 1.50 1.7 1 1.33 0.75
QSO 0219+428 429 23R 1 1.63 1.6 0 1.15 O.37
QS0 0954+556 55.0 987 1 1.66 1.7 2 1.04 1.50
QSO 0716+714 71.3 736 2 074 44 3 0.93 1.91
i = -
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_\ R IR N T
N
f LA x

o a Other detection channels
x .. CC "v N events v,

Cointained events: better energy Visible by pile-up of events
res. but worse ang. res. near 100 TeV
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More physics ...

+ Atmospheric neutrinos and muons studies

= + Diffuse flux of VHE neutrinos

4+ Neutrino oscillations

+ Search for Dark Matter (neutrinos from
neutralinos annihilation)

+ Exotic physics (monopoles, nuclearites, ...)

+ Interdisciplinary deep sea studies:
+o0ceanography, sea biology, seismology...
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e e ———

=

-

ANTARES
(French, Nederland, Germany,
Ttaly, Spain, Russia, Swi’rze.r'lmd)

BAIKAL
(Russia, Germany)
8 strings - 192 PMTs

(Greece, Russian)

%“‘ 12 lines - 900 PMTs tie Circle _Jﬁ:__} S npitad 11 N \}_ W 1o
yw;’——!—v ; ™ (;5.-’;;‘,};;11 ; ASI -~ 11::__,,.-‘
ol L | . ‘:‘ "\-!-"I —?r:‘ W_‘En-!’ . :F _...'. | !:'T JH_J' <
| ||l"d 1 L) "y i M
40° | NORTH | s s Rl > e
ey Torr o A =r =R
AMERICA P ArLaANTIC. R ¢ Dt
Tropic of Cancer | 5y " ‘ - PACIFIC:
. A LT o A 1'.
NESTOR

A

":,Jh{ﬂ.rl_il =
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Phase I: 4 floors, 16 PMTs _OCHAN Nk, |
Phase IT: 1 tower-16 floors : \ . )
—F AMANDA-ICECUBE T b :}’
w (USA, Germany, Russian, ) s
. - AMANDA: 19 lines, 677 PMTs
ICECUBE: 80 5‘I-T'1r1g5 ~4800 PMTs
r ' "ﬂ 'AJ“ { T v e ———— e
1% % r P :
S i £ | - .
- ST CTICA &
N ) 7 e ', s P 20F  Erg oot
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= The ANTARES 12 strings detector

25 storeys/line
3 PMTs/storey
900 PMTs

\

40'km to
shore

1 8
Junction
Box

Anchorfline socket ) Interlink cables
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ANTARES Location

Latitude: 43" North
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Basrc detector element: the storey

Titanium frame: support structure

Optical Beacon
with blue LEDs:
timing calibration \
Optical Module;
10" Hamamatsu PMT in
17" glass sphere
photon detection
1] NIM A484 (2002) 369
{11 NIM ABBb6 (20056) 132

L] astro-ph/0T03365

Front-end ASIC, DAQ/SC,
DWDM,
Clock, tilt/compass, power
distribution...

Local Control Module (Ti): #

Hydrophone:
acoustic positioning
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Lines deployment
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- Submarine connections of cables

Remote operated vehicle
(ROV)

Jiz

Manned submersible
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Present status

String 12 deployed two day ago.

ANTARES is completed!

An additional instrumented
string (IL) for enviroment studies
has been deployed in 2007.

. Submarine
cable

aLg

oL

aLs

S
o wi

\{n shore > :;::_;.11'1

.
S
- £

] 4 5

‘f 1|' b

'I iy .
Junction box L7 —

aL1o
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‘Rate (kHz)

600

Counting rate in PMT

20
8

800 -

I

|

& ™ =

« OM 1
+ OM 2
« OM3

"baseline” rate
40K and bioluminescence|

\




Median rate vs time

Median Rate i_'llH:]. E

100

1000 = T P — y ] I J ' I 1
900 |— e
= — Line 1 Floor 25 : Depth = -2037m =
laumvE . — Line 1 Floor 1 : Depth = -2386m =
700 | fi .
600 [+ £ | E
500 .':._‘_ i _—' 1
s00 - | =
300 EL- =
200 f— 5
r -
F-'_ | dq

U-JJ deU !
E 4 i i i 5
Q20306 Q2T0E Q1R06 O MG J1MI0E Qzmrmr T1oenT L alagl 1 [=RE-pht ] Q20 RTE ﬂ‘lm

03/2006 : » 05/2008
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Detector positioning

Important to know the alignment of the

» Hydrophone
detector components to get the best

Line shape YZ .
= = angular resolution and track reconst.
i
: -
.ﬁ,ﬁi—
-—-'-? .
m: hydrophones A
i SN
250 A
[ storey positions .
- fit '
2958 \ :
:M;F »
158 .
; : ' = T
- ks PGSI’[IGI“IIHQ
) resolution
&L L T A T { 10 Cm
Autonomous C e
M5 a0 § 0 5 W 5o
Transponder Y

A
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: '\-\.\,

' _'5'I5pa¢é?;puint5 from hydrophones;

25 gradients (data from tiltmeters and compass on each storey).
¥ ':-l:
L Line shape under moderate sea current
= 500 - T 500y
N - Z vs. X N Z vs.Y
as0 'b asoy :-.
: : : °
400 — 008 -
- b4 ' ::_
350 ¥ 350] :
-_ i | s
00 [ 00 -
b i
230 2 280 ::
g ?l -
200 - t. 200 ",.".'.
‘lm: .t 150 E
3 g
100 - 2'_ 1004 'E,
%0~ sof-
0 | I||| I|.I|I!| I 21 1.1 nll- ll||!II| L1 | 1
=13 =10 =3 Q a 10 13 =13 10 -3 ] 109 13
X [m] ¥ [m]

® Alignment from Tiltmeters % Hydrophone position
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K40 decay

Cherenkov
light

1 Dpical Mo

s :':-'f. 40 “

€ (B decay)

M

L

-u:lcﬂ'

LED
Beacon

Timing resolution of

electronics better
than 0.6ns.

Lirvi 1-5 OM offsats (LOB)
E |
E‘IN

Tfmfng Ca!fbra tfon Time difference by

pairs in the same

storey

RMS: 0.7 na

i

LED beacons

E{ANHRLY
s ® ® 4 =2 @& I 4

-] B 10
b cffaats jna)

n Lime 1-5 OM offsats (K40}

Mean: 0.2 ns

RMS: 0.7 ns

ao

it
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= ANTARES effective area for v’s

- O=75°

el AMANDA 9 =90°- ’nmth
: .__...EPITEEEEH-:MHIJ

6 - ]
L_:L Ef(GeV)
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S Expected angular resolution for v,

2

-
&
13

s eeescangle poooovo o

— ANgle Breo Puue

-
-

median angle {dag}
i

o -
0 . N
1]

e O
h o

&
ha

,l"lTIr'erT

o |
=
| .
L
| .

| i _..JJ.I..L.IJ.I_I._ J.-..-.-J‘]]_L..n_l.l-ul

Fy 3 1 a &

10 10 10 10 10

£ @ev)”
+ <0.3° for E >10 TeV: dominated by detector resolution
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Event displays

I-__Iit-*:;_'a::i‘e plotted for each line: height (z) versus time (t)
= Characteristic pattern depending on zenith angle and

S ’di’Staince of closest approach.
- Several reconstruction strategies available: 1D, 3D, »?,ML

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

downward \
\\§

- il = M e e B fuail
um g 1800 o e 2 =on

Time (nsec)
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. Atmospheric muon track

__Reéanstructian with 1 line (poor sensitivity to azimut )

<

£ 250
200

150

100f

n
=]

N &,
& 8 &8

-

=

= Run 21240 /
Event 12505

—= nadir b =101°
= P(x%ndf) = 0.88

Hit height (w.r.t. to mid detector)
=

gﬁs

-2000

nadir angle=180° - zenith angle

1000

T
ABE [fE !
® Tnggered hits
0  Hits used in fit
[ + snapshot hils _
1000 2000 3000

Hit time [ns]
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=150
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5 lines events: downward muon
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Upward muon: v candidate

A
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<& Nadir angle distribution

10"

number of events
o = 2,

| —_—
= TTTI

5 lines data 2007

Down-going muons

o

ANTARES preliminary 2007

Upward-going muons
==> neutrinos candidates!

0.8 -0.6

I | L1 1 Ll
04 02 0 02 04 06 08 1
cos 6
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5 Lines: data vs MC

| rec_nnstructéd track rate as a function of the nadir and azimuth angles

LN + ratio data/MC ~ 1.1
i goote
e *— MonteCarlo = * MonteCarlo
" 20.014 t
- 4 E i i !
E EIEI4_— — E-lines data En_u.-lz__ -.. — &-lines data
% E u_n1: i
% 0,03 E B |
e [ @ 0.008 X | .
i , |
: 0.021 En_nnn : 1 . .
®
3 E 3 % ra ¢ 1 1r + ¥ +
I 0.004 o«
0.01 S A L
f n_ﬂnzz—
PR ---l--||||-|--|1 M L1 0 L VR T e i e ) I ) e ] el LS 8 e i |
% 20 40 60 80 100 120 140 160 180 O 50 100 150 200 250 300 350
nadir [degree) azimuth (degrea)

MC simulations: CORSIKA+ QGSJET as hadronic model+ Hoerandel
primary CR flux (Astrop. Phys., 19 (2003))
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S The ANTARES sky for upward us

SHNRs
® PWHNe

% XRBs
-“""-1.

~. @ Dittuse Sources
@ unidentitied

"

-

HESS sky coverage fully coincident with the ANTARES search
for upward muon neutrinos.
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Expected sensitivity for point-like sources

> I or muy | [ e AMANDA-I! 20004 (1001 d) aver. limit
v]-'- E™ flux limits {Bﬂ ."{ﬂ El} - AMANDA-I Source List 2000-4
| 0-4 30 I R I O O L ANTARES sensitivity 365 d
n = MACRO Source List 2044 d
n,-;E — | sreessesen IceCube sensitivity 365 d
(%) 5 E 5 =
310 E
Q = =
L B B
> 4 b
S10°E P i =
o e S =
L fe ]
10-T E_ -|-|.'I-|.'|.'|.l-ll.l'l'l"l.""'. 'il‘l;l .- ' R _E
— ._._l_“‘..-.'l"'.ll """""""""" i L T A R =]
SEmiEELIRLALAL ALY 4 # a =
— & L | a2 a2 =
B b a a 98 =
10° = =
W N A O P L I O O O O I L O I
10" "8 60 40 20 0 20 40 60 80

Declination (in degrees)
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. Sensitivity to diffuse flux

90% c.l. limits and sensitivities on v, E* diffuse fluxes

E? dN/dE [GeV ecm? s sr°7]
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Conclusions

+ i._Z-"l'i:hes detector completed!

~ 4Already largest detector in Northern

Hemisphere;
+ First upward-neutrinos candidates;

4+ Milestone towards a KM3 underwater
detector
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Towards km’ detectors

+ VHE v-"_t'élescopes in operation (AMANDA-II, Baikal,
- ANTARES) have A< 0.1 km?

"+ Very few events per year are expected in a < 1 km?
detector!

+ Amanda-Il already sets ULs on emission from several
candidate sources.

Very large detector volumes are needed!

J

km3 detectors: ICECUBE (ice) and KM3NET (water)

Fabrizio Lucarelli - La Sapienza & INFM Roma 2
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i By .-.\\'

The design study KM3NET

CDR aqulable (http://www.km3net.org/)

From KM3NET CDR

v, E* flux limits (30% c.L)

|
—10

cnded v oseond v spd el
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ANTARES Collaboration




The end
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Optional slides
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Ry 273 OMs in a same storey in 20 ns i

o S tandard ANTARES trigger

o Trlgger Level 1 (L1):

d,
ﬂ.frjﬂ — +20ns

== Charge > 2.5 p.e. in a single OM

Trigger Logic: H

N local coincidences (L1) in a 2.2 ms time gate
+ causality relation between each pair of hits v

N local coincidences (L1) in a 2.2 us time gate
+ causality relation between each pair of hits
+ directional scan
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: 5[mes data vs MC (muons and atm. vs)

= 5 lines data (2007)
— MC atm. Muons
— MC atm. neutrinos

= :
Recnn' rESUltS .m.ué_ .............. i Ty - i fuenen I'L
" MC'trUth mqé_ .............. IR T it I S

L L. L |_ PR I L bkl
20 40 B0 BO 100 120 140 160 180
Zenith angle (degres)
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Cdi{?cfdence rates from 4°K decays

40K coincidence rate from Gaussian fit

| [Snow] 13|'J£IEH:: e L,J 13.0£0.5 Hz
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Expected sensitivity for DM search

EE X : i 'I___:.':j',,-._ﬂ;_,?'f_.r.-'_'"-‘I mSugra models favoured by WMAP
RN S N @ 90% CL excudable by ANTARES

® 90% CL excludable by KM3NeT

@ not excludable

P— 2 mSugra models disfavoured by WMAP
A ® 90% CL excludable by ANTARES
1 @ 00% CL exciudable by KM3NeT
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