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Outline

*Physics with deep under-water/ice Neutrino Telescopes

*The ANTARES Neutrino Telescope in Mediterranean Sea

— the detector
— physics goals
— data and first results

Les Rencontres de Physique de la Vallée d'Aoste - La Thuile - February 27-March 5,2011 - Antonio Capone 2



Point-like cosmic Neutrino Sources

Extragalactic

Core of Galaxy NGC4261

Hubble Space Telescope
Wide Field/Planetary Camera

'P_:l!lsar Win Neb '

HST Image of a Gas and Dust Disk

Galactic

Microquasars

Their identification requires a detector with

accurate angular reconstruction For transici®ources ti,e time meas.
G(Lg) <05°forE >1TeV '~ improves the signal detection .= - -
Experimental signal : statistical evidence of an excess
of events coming from the same direction -

SAPIENZA
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Diffuse Cosmic Neutrino Sources

* Unresolved AGN

* Neutrinos from "Z-bursts"

* Neutrinos from "GZK like" proton-CMB interactions
» Neutrinos foreseen by Top-Down models

Their identification out of the more intense background of
atmospheric neutrinos (and muons) is possible at very high
energies (E, > TeV) and implies energy reconstruction.
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... hot only neutrino astrophysics...

... also open problems in particle physics ...
X

— Dark Matter searches:

» Neutralino annihilation in Sun, Earth,
Center

— Monopoles
— Acceleration mechanisms

— Neutrino interaction Cross sections _
Neutralino search: yy — v+...
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Detection principle

Search for neutrino induced events,
mainly v, N — u X, deep underwater

Down-going p from atm. showers
Hupgoing ! Hatm ~ 10 at 3500m w.e. depth

p, nuclei

f

o

A . .
Neutrinos from cosmic sources
induce 1-100 muon evts/y

loi in a km3 Neutrino Telescope
p, nuclel

Up-going p from neutrinos ?;'

generated in atm. showers -,

SIN ~ Vastro / Vatm ~ 104

vl
Rk
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- Atmospheric neutrino flux ~ E 3
- Neutrino flux from cosmic sources ~ E, 2
= Search for neutrinos with E,>1+10 TeV

- ~TeV muons propagate in water for several km
before being stopped
* go deep to reduce down-going atmospheric p backg.
* long u tracks allow good angular reconstruction

For E, >1TeV 6, ~ EO.[7F V]
e

12

J direction reconstructed from the arrival time
of Cherenkov photons on the Optical Modules:
needed good measurement of PMT hits,
o(ty~1ns, and good knowledge of PMT

Cherenkov
Neutrino
Telescope

positions (¢ ~10cm)

8 3 .
+ X
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Cherenkov cone
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up-going neutrino

® SAPIENZA
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Observed sky, in galactic coordinates, by a
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maNE The ANTARES experiment

NTARES ryrmmn\-\
Sea ¥ lonian
{

« String*based detector;
L Opes . » Underwater connections by d
M . oy N -
—_— - Dowgward-looking PMTs, axi
+ 2475 M deep.

N amaka

L i

25 storeys, ™
348 m

e

ki

*40 km

erahla tn
wvAaviv Vv

*shore

1
Junction Box

+ 12 detection lines
25 storeys / line

* 3 PMTs / storey

» 885 PMTs

DHPARTIME Frangais Montanet
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Deployment

Data taking periods:

Mar 05 — Mar ‘06
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(multi-) muon Event

Example of a reconstructed down-going
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Up-going track: a neutrino candidate

Line 1

Example of a reconstructed up-going muon

Run 34927 Frame 7155 (i.e. a neutrino candidate) detected in 6/12
Wed Jun 18 00:08:10 2008 detector Iines:

Time [ns]: -460.00
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-
-
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Accumulated data

Cable repair

w 20 10° g w ’5106
‘% 18 :_ _ ::::if active channals _ ...................... _ ..................... ................... % 60 :_
E 13;— burstfraction=20%: ~ ---------------------- . -------------------- --------------------- § 50;
T U TS I P G L e = |
= 1ep 5 Ilnes (2007) -
12 19)(106 .......................................... .......................... 40;
s R SO USRSt JOROUURUUI USROS SRRSO S I I ccooacasscassasscad B
- 30|
] R T P -
N S — o — 20
A R W/ /G — A - .
R R et 7 Total: 245 days=79% of calendar . o Totai 243 days=83% of calen
; Sele?cted :168d = 69% q)f total I/ Selepted 173d =71% of total

1 1 1 1 1
o2/03/07 020507 o207 /07 CH!I]BFI]? O1.f1 1 !O? o o1/01 HJB 02-'03108 01/05/08 01/07/08 31 J‘DBIDB 31;‘1 0/og 311 2!03

2007: 5 lines 2008: 9 lines

245 days of data taking (79% of calendar) 173 days of data taking (83% of calendar)
selected 168 days (69% of total) selected 173 days (71% of total)

detected 168 upgoing neutrino events detected 800 upgoing neutrino events
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Accumulated data since 01/01/2009

Up-going tracks: “neutrinos”, reconstructed with multi-line or single-line fit
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> 1800 neutrino candidate events (3 v, per day)
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Positions of reconstructed tracks of atmospheric muons at time of first triggered hit
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Expected Performances (full detector)
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10°
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10°®
10°

* For E <10 PeV, A+ grows with energy due

Neutrino effective area

mmmmmmmm
————————
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_____

« All angles

= 0°<d<30°
-z- 4 30° <« d = BO"

. + 60° < < 90"

Z%Z

3 4 5 6

7

log, [E, (GeV)]

to the increase of the interaction cross
section and the muon range.

* For E,>10 PeV the Earth becomes opaque

to neutrinos.
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 For E <10 TeV, the angular resolution is

dominated by the v-u angle.

* For E >10 TeV, the resolution is limited by
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Reconstructing the muon track direction: a y? strategy

Y Track reconstruction based on 2 fit of the photon arrival times on fired PMTs

Su | —r) Afe)Did,)
%10‘ i?_z - --_-IF}:I + I::;I-,‘_ - } " L:'IDEE_
g ] L (il A
5 Multi-line track fit of = St
-Ema tracks reconstructed = s F
3 as upward-going = Z10°F
2008 data -l g
102 ' “downward-going MC 10 E
atmospheric muons 3
10°
10 up-going MC
atmospheric 10 down l
neutrinos -
[ S T - - r T TR T [N T T T T 1l P T I T BT A B R P T N T U TN N N T N A MY
0 0.5 1 1.5 2 25 3 1 08 06 -04 -02 0 02 04 06 08

Zenlth : 27.2
Fit on 8 line{s)

sing

Reco

Track Fit Quality

Elevation angle distribution for events with Q<1.4
Data points are compared with the MonteCarlo

predictions for atmospheric down-going muons
and up-going neutrinos

aESEZEEEEE

A Fast Algorithm for Muon Track Reconstruction and its Application to the ANTARES
Neutrino Telescope, Astroparticle Physics 34, Issue 9, (2011) 652-662

GHEBEEEEEE L oBEMUEEERY . LBRBEEEEEY

!
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Downgoing muon analysis, 5-lines detector (2007) data sample

e

‘5 i - :: w:’ atmospheric muons
§ 0'0225 —————  CORSIKA+NSU : = E “
I 0.02? r - i.-. % 10
~ - T CORSIKA+Poly-gonato i i A0
£ 0.018 i g i 2 .
e - —.—.  MUPAGE d e el ! muons induced
% 0.016 - ] b= W7} by alnighats
£ooap °* T °
E 0_012; Systematic uncertainty : ::.
% 0'01:_ m.‘.l 08 06 04 02 @ 02 ~04 ~06 -08 -1
c C Cos(0)
S 0.008—
© 0.006 « Track reconstruction based on y? fit

0.004 — * Main contributions to systematics:

0.002— Ay Agps ~ £20% Total

P =Y e N RN NN ERR RN B OM acceptance (High angle) ~ =359
% 60 80 100 120 140 160 180 P (High angle) +45%

zenith (degree) PMT eff Area ~ =20%

" *Monte Carlo: two approaches
up hor. _ down - _
zenith 1st approach:
/ CORSIKA 6.2 +QGSJET 01
Primally CR models used:

- Polygonato (Hoérandel)
- NSU (Bugaev)
2nd approach:

- MUPAGE (parameterization)
NPARTIMENTO D1 FISICA /j
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S - Zenith angle distribution of B
=,  muon flux at 2000m depth |
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E 3 1(0=0,h)=1(6,h,)-|cosG ¢, (O)
- N(Haho)':u(gaho) .
10" = I(gﬂh()) — — "T:: 107 — O AMANDA [25]
= Aeff (0, hO) * T ° AQ 3 ‘_m ; BAIKAL [26]
_ ] 'm - \ [0 ~ DUMAND [27]
10-12 | 11 I 1 1 | | 11 1 1 I 11 1 1 J L1 1 1 l 11 1 1 J 1 1 1 | | 11 1 1 I 11 1 1 | q — A Nmp"
1 09 -08 0.7 -06 -05 -04 -03 0.2 -01 € B 3 & NEMO[9]
cost L 't‘ """ DR param. [13]
'a., 10'5:— g ¥  ANTARES 1 Bne [2]

_ — — | ANTARES 5 Enes-low energy [3]
h—hO/COS 9 SIant depth g — ﬂ?ﬁ ®  ANTARES 5 Enss-this analysis
N(6,h,) # of muons in angular bin - i
1(6h,) mean bundle multiplicity T ool ﬁ%— _
C.orr (@) Earth curvature correction 5 F '% =

> B ‘i ]
Reconstructed track rate=1.52Hz 107 | | | T .
2000 4000 6000 8000 10000
D.I.R. parametrization from: Depth (m water equivalent)
E.V. Bugaev et al., Phys. Rev. D 58 (1998) 05401. “Zenith distribution and flux of atmospheric muons measured with
the 5-line ANTARES detector”, Astroparticle Physics 34 (2010) 179-184
CHPARTIMENTO D1 FISICA ’N:Nj
§f‘5’.‘k.ﬂzﬁ Les Rencontres de Physique de la Vallée d'Aoste - La Thuile - February 27-March 5,2011 - Antonio Capone 18 (L s




oincidences between adjacent storeys (low E atmospheric muons)

Analysis performed on 5-line detector data

% u'“E;_ |:| Data
& [ ----- Monte Carlo
= 0.05—
£ Dela
Energy threshold = o.0aF- Y
5 00 between
CY) ~ 4 GeV L
O £ 0.03 storeys
At 1 I
O

=
=
-

P T T T T [ T T T O O SO BB
=300

| ] |
=200 =100 0 100 200 300
Delay between adjacent starey

optical noise from 4°K decay

So0-

Data/MC ratio = 1.1

e Data: low-background (<100 kHz) 4°K runs with 5-line and 10-line detector.
Effective live time = 4.1 hours with 5 lines + 3.2 hours with 10 lines (52.5 line-hours)

e Monte Carlo: MUPAGE, Geant4 angular acceptance. Resulting curve is rescaled to
account for low-efficiency & dead OMs in real data
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Event rate as a function of floor depth

By repeating the anaiysis for every detector storey the effect of muon fiux
reduction with depth is directly measured

E n.ns;— * Data
& 0.08= —_—
g "'"“g B it of data After corrections for the presence
= 0.07— Monte Carlo
g "k of dead channels and uneven
2 0.065 efficiencies of the OMs, as
® o5 measured with 4°K, the fluctuations
n of data points are compatible with
0.041= statistical errors
n.nagq)(h) — p pMo—M/4
0.02 Y _ Systematic errors mainly in
- Line 1-5 + Line 1-10 data set normalization (+50/-35%),
001 otherwise ~3%
O 5050700 FS0 5200 9260 2300 2350
Depth [m]

“Measurement of the atmospheric muon flux with a 4 GeV @, =1.18 £ 0.01(stat)

Threshold in the ANTARES neutrino telescope”
Astroparticle Physics 33 (2010) 86-90
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2007 and 2008 data analysis: v, from point sources

10

10"

horizqn

« data
— total MC

—v MC
—uMC

zenith

ﬂl I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| T TTTTT

» Reconstruction algorithm (max. Likelihood

05 1
cos(zenith angle)

strategy) optimized to reach angular

resolution <0.2°
reduce the atmospheric muon background

for EH> TeV and to

* Blinding policy followed
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Look for
neutrinos
into the
"up-going
tracks”.

Select
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riom Mic. C]IIUUIGI Cl1 Ul

cumulative events
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o o o o
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2

-
o

—

—
<
-

ed up-going reconstructed tracks

=Y aVall I'\V‘ f\v‘ 'aY ol

Antares 2007+2008 preliminary

E. A>-5.4: selected * data
- 2040 events — total MC
: —v MC
L > —pMC
IR INUNTE AU N FURRRTI N M B
7 -6 -5 -4 -3

reconstruction quality A

The selected sample of tracks dominated by

up-going atmospheric v, and mis-reconstructed

down-going muons.

The A quality cut enhances the v, component

in the up-going reconstructed tracks sample.
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ANTARES: search for point like sources

b=+90

Search for point-like sources at their
known location
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o ANTARES: search for a flux of “diffuse v,”

3 I i I N 5[

Selection criteria S 10° — Monte Carlo
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search for a flux of “diffuse v ": results

MACRO .
E°®D(E)gqe,= 5.31110% GeV cm2 s71 sr
20 TeV<E<2.5 PeV

. 1 90% C.L. upper
A .
-({IPR)"Z ] limit assuming E-
'\ 1 2flux spectrum

Amanda-II UHE]
- (v+v +v)/3 ]
~ ¢ il '

.

L] - -
\.-l"- —-_.-.

ANTARES- 2007-09 v,

N\ T T Twemyz T
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E (GeV)

“Search for a diffuse flux of high-energy v, with the ANTARES neutrino telescope”
Physics Letters B696 (2011) 16-22.
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ANTARES: indirect search for Dark Matter

ark matter annihilations in

g8
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A multi-messenger approach: “GRB trigger”

— redshift ~1---------- GRB

TimeSlices

=-250 s B i 7 GCN=Gamma Ray Burst
4 Coordination Network

t= Os 5 ﬁ --------------- e, |
satellite : T

E 2
Data tdking triggered by a satellité (FERMESSWIET: INTEGRAL)
[ ceny “”3; :
| IBAS 0%\\ 1
t=20s bl R— R — alert message =@+>
- 18RS’ is written to disk

|
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“GRB triggered” data analysis
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Cumulative numberb of alerts

flaring activity of
SGR 1550-5418

A
most of GRB alerts
by the Swift satellite

GRB alerts also from
the Fermi satellite

black:
GRB alerts received

red:
the ones Antares
triggered on
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12/2006 07/2007 01/2008 07/2008 12/2008 07/2009 12/2009 07/2010 12/2010

date  Time (date)

> 1300 alerts from GCN have been recorded
(Jan 2011)
The analysis of Lines 1-5 data is going on:
the time period contains 37 GRB alerts.

The total prompt emission duration of the 37
GRBs is 1882 s
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ANTARES time response to a satellite alert message
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Multi-messenger approach

Trigger: multiple / HE single
Feconstruction “on-line™
Alert message

.

Neutrino telescope

Feeal time

Agreement with TAROT

Telescopes a Action Rapide pour I’Observation de Transients)

* TAROT: two 25 cm telescopes at Calern
(France) and La Silla (Chile)
* FOV 1.86° x 1.86°

* ~10 s repositioning after alert reception

ANTARES SWIFT
Alert Alert

SWIFT ANTARES Start of the follow-
Alert Alert up of ANTARES

~L
ny

~ 10th min Time Time

Priority
Priority

Priorities (decreasing with time) are set to alerts.
SWIFT has the highest priority

[HPARTIMENTO DI Fisica

O

Les Rencontres de Physique de la Vallée d'Aoste -

La Thuile -

ANTARES alert

* Two events with
AQ < 3% 3°
At < 15 min

Rate(atm) = 0.05 yr
1

* High Energy v event

Rate™~2per
*Operational sincertr)\eog?r!:rbmg of 2009: > 20 alerts
have been sent to the robotic telescopes.
*MoU has been signed with Tarot, a second MoU is
in discussion with ROTSE, whose 4 telescopes
receive the Antares alerts since 1 year.

*A paper on the performances of the alert system
soon submitted ASAP to Astroparticle Phys.

February 27- March 5, 2011
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Virgo \Virgo+ Advanged \irgo
e EEEE— e » ® 4 o}

GEO _ A — -lG-EE)H-F- -......!
LIGO Hanford : _ ; o9 00
Livingston SIS S Ad an 1 XK

ISA Launch [Transfer {ata

=

| |
E.T. DS PCP Cpnstruction Commissjoning dafa
sesosae sconaspone

1.4 120

* Possible common sources Im Imo
' 1.0 | 80

(GRB-core collapse into BH; SGR — powerful 08 o
magnetars; hidden sources) - w
0.2 20

 Sky regions in common
(a) (b)

Figure 2. Examples of spatial probability distribution functions (SPDFs). (a)

* Expected low signals, coincidences increase
. SPDF of a LIGO event with 7 = 4msec and d7 = 440 pusec. (b) SPDF of an
Cha nces Of dete Ctlon leeCube event with o,, = 29, The plots are shown in Earth based coordinates

with the z-axis pointing along the north pole. Both SPDFs are normalized to 1
* GW & HEN is a must

for integration over the sphere.
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Acoustic detection in ANTARES

Amplitude [V]

Acoustic Storey
(Pointing Down)

\ -0.01
Acoustic Storey -

(Standard)
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Anchor

3

* AMADEUS comprises a series of hydrophones in IL and >

Line 12 2

* This is a test bench to study the feasibility of a large El

acoustic UHE neutrino detector

* Study of acoustic environment and backgrounds

* Methods to reconstruct direction (beamforming, time R B e

H -150 -100 -50 50 100 150
differences) Phi []
: : -90°
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AMANDA, L IceCube
South Pole

ANTARES + NEMO + NESTOR joined their efforts to prepare a km3-scale
Cherenkov neutrino telescope in the Mediterranean >KM3NeT Consortium
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Locations for Neutrino Astronomy

Antartlca Mediterranean Sea

+Mkn 421 .
: kn 501
MKk 501 feon

-1 ‘__4 _.|.,_-|. L r'-... e
SS433': 3 GX339:4  VELA

Galactic
Centre

Mediterranean location provides a 3x sr sky coverage, 0.5z sr instantaneous common view with IceCube,
and about 1.57 sr common view per day. The Galactic centre is visible 2/3 of the time.
A Km?3 Neutrino Telescope in Mediterranean Sea will be complementary to
IceCube and ... will search for neutrino sources in the Galactic centre

: |)II‘.—\RIIF.|IN'I‘?I\I'I-I\If.’- /j
¥ SAPIENZA _ o _ _ INFN
P Guivinsita o Roma Les Rencontres de Physique de la Vallée d'Aoste - La Thuile - February 27-March 5,2011 - Antonio Capone 32 (L e




Summary

ANTARES is the largest neutrino telescope in the Northern hemisphere
the first one undersea
 Full volume (12-detection lines) reached in May 2008
 Detector is well working, within design specifications
- Technical challenge successfully realized
- Maintenance in deep sea is possible !
- Data collection ongoing
- Long-term investment in software framework and procedures
- Data analysis ongoing, first results published

» Multidisciplinary platform for associated sea sciences (secondary junction
box and associated equipment deployed November 2010)

« Milestone towards a km?3 underwater detector (special links with NEMO &

KM3NeT)
W@“’ ‘19&
& &
Design Stud- KM3N
- = eT
Preparato
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