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Neutrino astronomy
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Third EGRET Catalog
E > 100 MeV

Crab Nebula

S

¢ Active Galactic Nuclei m Pulsars
@ Unidentified EGRET Sources LMC
@ Solar FlLare




PWNe

SNRs

Binary systems
No counterparts
Diffuse emissions

AGNs

T d - HAS

Crab Nebula




O Pulsar

QO lnassociated =< AGN

v Slobular cluster

+ X-ray binary




Potential sources
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Indirect dark matter signal
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Detection principle
ANTARES 12 lines MC

Angular resolution (°)
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The ANTARES detector
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The ANTARES site

Galactic Center
— visible 75% of the day

« 42°50’ latitude North
« 6°10’ longitude East

Galactic coordinates
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The ANTARES site
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The ANTARES detector
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A detector storey

LED

Beacon DAQ

_ Slow Control
~0.6 ns resolution

17" glass sphere
10" PMT

Titanium
Hydrophone frame

~10 cm resolution 18




2005 — 2008: detector deployment

The detector is fully
operational since
the 30th May 2008

19



2006 — 2008: deployments of the detector lines

~60 m
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Line 1: 03/ 2006
Line 2, 3, 4, 5: 01 / 2007

Line 6,7,8,9,10: 12 /2007
Line 11, 12: 05/ 2008




Detector layout
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Detector operation
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Signals and backgrounds

«  Muon (Cherenkov) vle E8 o :
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The on-shore filter

All data to shore, no off-shore hardware trigger

Front end chip digitizes charge and time of a light signal

All data transmitted through multiplexed Gigabit links
— the whole data flow can not be written to disk

Computer farm running a software trigger:
— look in all directions for light signals
compatible with a muon track
— when found, write a Physics Event

Other triggers exist: cluster of storeys,
GRBs, Galactic Center, ...




Track reconstruction

Run : 25929 Event : 6742 FrameTarget : 18 Framelndex : 61770
a: 37.1598 b: 22.0721 10: 164892932.2 0: 0.61779 ¢: -3.7146 fit: 1/4
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Muon triggers
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Data taking ongoing...

Muon triggers
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26



detector lines

3 % [
.-uhhﬁuﬂnﬂwﬂvnﬂmﬂn1v.ﬂq\“-\

R A E RS R R RN RN OSSR EE e
TY¥IFXTYTRFPTRNRRLD Y

...Mu\Lﬁﬂ“mnﬂﬁﬂﬂﬂﬁ.‘.{ﬂﬂmﬂ.n\wwﬂﬂ
IEEEEEEEEESESSSESSEENENE
=TI~ = - R - R R R
T RS R REEFEREEFPRNNRSREEEESR
= - B ERE SN EEENE RN
B

Example of a reconstructed g
candidate) detected in 5/12

up-going muon (i.e. a neutrino

l.ll-lh-hht!‘ﬂ!h‘tk_¥"tﬁ

L € 8 & f £ 88 85 8 ESE88L5286855u85
€& 68 £ 8 6538555438328 648iiaa

# & £ 2 & K £ 8 & 8 8 B8 3B ELEBEREESS

N
S =
naO
S 5
mm
=
S O
-
S S
S =
£ Z
< =

810 d R AEREEFARSARBABARRES

a E%'FE %L ISR % s an
taesaszazssssnsnns@uannas

A A ® £ E X £ K ¥ 3 4% K38 adyEssnss

P EEEE SRR R TSN
nullhllllﬂll!hlllﬂ..lh

lhlhnl-hlﬂnlllhﬁhlﬂiliﬂﬁﬁ

Example of a reconstructed
down-going muon, detected in
all 12 detector lines




Z (m)

r (m)

z (m)

=)

250
200
150
100
50
E o
N
-50
-100
-150

-200

-250
-3000 -2000 -1000 0 1000 2000 3000

ANTARES preliminary 2006

IIlJlIlIIllIlIlIlIIIIIIlllIII

time (ns)

t (ns)
28

28



Time-Height representation

Intersection cone - plane = hyperbola
Form depends on zenith angle and point of closest approach

between line and track .
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e.m. showers from HE p’s
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Multi-muons
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Expected performances
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Angular resolution (degrees)
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« All angles

= 0°<®< 30°

+ 30° < d <60°
60° < ¢ < 90°
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Instrumented volume : 20 Mton (1/50 km?3)
Muon effective area = 20000 m? (E > 1 TeV)
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The first physics analyses
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1 flux study
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Line 1
Depth-intensity relation
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Simple depth-intensity relation

delay between adjacent storeys, ns
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Attenuation
(absorption ® diffusion)
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Atmospheric v’s

Depth : 2400 m
T E>1TeV
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A neutrino event on 12 lines
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| Elevation |

Number of events
=
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o
3

Feb - Dec 2007
140 active days

Atmospheric neutrinos

with 5 lines detector
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Reconstructed track rate [Hz]
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2 independent analyses

— data
@ 401 — MC atm. i
§ C — MC atm.v
= — MC total

109 08 07 06 -05 -04 03 02 -04 0

Observed : 168
MC : 164
— 13 (stat)
— £ 33(théor)
— 116 (syst)

06 04
sin(0)

Observed : 185

MC : 218
— 4 (stat)
— 41(théor)
— "% 4 (syst)
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First search for point-like v sources

« Definition of a potential source list

 Analysis optimization by MC, for E- flux
2 methods: - unbinned EM [1] (main result)
BIC[2]
- binned, MRF [3] (as a check)

« No discovery 90% CL flux limit

1. Dempster et al, Maximul Likelihood for incomplete data via
the EM algorithm, J.R.Stat Soc Series B,38 (1977) 1.
Aguilar, Hernandez-Rey,
The EM algorithm applied to the search of point sources,
Astrop. Phys. 29 2 (2008), 117

2. Haughton, On the choice of a model to fit from an
exponential family, Ann Stat 16 (1988), 342

3. Hill, Rawlins, Astrop Phys 19 3 (2003)
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Unbinned: EM algorithm

e EM: a general approach to maximum likelihood estimation for finite mixture models.
e Mixture models: different groups of data are described by different density components.

g = number of mixture models

q
p(x) =Y mp(x; 0;) | |
=1 m; = mixture proportions, where

{X} Xi:(aira95i) -{J/} yi:(aira95i9zi)




Signal & background

e A simple pre-clustering selects a set of candidates by using a cone of 1.25° around
each event of the sample.

Background
from real RA- pdf model
Background Slgnal Sample scrambled data 2D-Gaussian
|
p(X)=7TB+7T5Ps(X;H,Z) [J _ ‘ﬁ
g
Background like Signal like

Samples simulation:

. g oo Background 1 1
= 104 samples simulated. £ o Fg::m:::gm: E
= Each sample corresponds to the % oo =i
lifetime of 2007 data period. 005 10* samples
0.04
0.03

e The Bayesian Information Criterion (BIC) is
chosen as the test statistic of the method.

_ 9“2 o0 20 % 6 80 100



Binned: Cone method
Cone size optimization
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Point source search (2007)

Blind analysis
— Strict cuts

— Study on scrambled data

— Final result on real data

94 candidate events

Research applied to 25 sources
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Flux limits
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Microquasars

Potential sources

Relic WIMPs captured in celestial bodies
vy self-annihilations into
c,b,t quarks, t leptons or W,Z,H bosons
(prompt)
— significant
high-energy v flux

Potential yx—v sources :
Sun, Earth, Galactic Centre




mMSUGRA

Minimal Supergravity:5 free parameters. mSUGRA is a GUT including gravity,
pharameters defined at the GUT scale (10'¢ eV). All couplings converge at
this scale,

free parameters:

- common masses for scalars (m,)
and gauginos (m,,)

- common trilinear coupling constant A,

- ratio of vev’s of the 2 Higgs fields tan(p)
= Vtop/ Vbottom .

- Higgsino mixing parameter J is fixed
except for its sign (5th parameter).

800 | 2 5
Ry,

& ™
0o e
1 NS
:

sa3 (GeV)

200 F s

Running Ma

Log,,(Q/CeV)

From these parameters at the GUT scale, masses and couplings at the EW
scale can be calculated using renormalization group equations (RGE), with
ISASUGRA or SuSpect [2].. Depending on the parameters chosen, the
LSP, stable from R-parity conservation, (-1 for superpartners and 1 for

standard particles), could be the lightest of four neutralinos
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Neutralino annihilations in the Sun in mSUGRA

Study of neutralino Dark Matter sensitivity within SUSY mSUGRA framework

Random walk scan within Integrated neutrino flux for Ev > 10 GeV

MSUGRA parameter space :

E 145 Relic density of mSugra models
0< m, < 2000 GeV 'FE 13 ® WMAP favoured (2 sigma)
0 < mjy < 8000 GeV 5 2F 8 o Higher than WIAP
0 < tanf < 60 e
-3 Mg <Ay <3mg g “F

g

© of
Calculated with DarkSUSY 7E
and ISASUGRA (RGE code) o
with m,,; = 172.5 GeV 5E

- cao v v v b Sl e by e b e
4 100 200 300 400 500 600 700

m, [GeV]
Includes v oscillation effects

inside and outside the Sun 53



Low-energy performance

ANTARES Low-Energy Effective Area

Assume 60 kHz of optical background mean rate

ANTARES Neutrino Effective Area in the low-energy regime |

— 102
E E
| <& 100
1041
10°L-
Trigger : Events with hits on at  4ge[2 & . . T T S T
' = F
least 5 storeys in whole detector sy To9eID 60 K 7 XOFFS
10 ‘E:_ir .................... .................... ................... Trggerlevel |7
Detection : Selected after 3D Fi | : —«— Detection level
. . . 2008 —
reconstruction with quality cuts 1{
10'9_ Ll | | | | | I | I | | | | | | I | Ll Ll | | |

50 100 150 200 250 300 350 400
E, [GeV]



dN/dE,, (normalised to one)

dN/dE, (normalised to one)

Neutrino spectra from neutralino annihilations
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Neutralino annihilations in the Sun in mSUGRA

s Detection rate with ANTARES and KM3NeT detectors
Sensitivity calculated for

= 2r
. - I
3 years of data taking & f
8 -
Background from atmospheric @ oF
neutrinos and misreconstructed E _15_
. - < -
atmospheric muons within 3° £ LF
: B -
radius search cone around the 2 -
Sun E °F
u -
% -4
I
'h—rE _5__
on -
= - | | .o | |
% 100 200 300 400 500 600 700
m, [GeV]
mSugra models favoured by WMAP
@ 90% CL excudable by ANTARES
@ 90% CL excludable by KM3NeT
: ® not excludable
o BN % mSugra models disfavoured by WMAP
WL ® 90% CL excludable by ANTARES
KM3N€T detector @ 890% CL excludable by KM3NeT 56

not excludable



log, (v, +7,-flux from the Sun km2yr)

Neutralino annihilations in the Sun in mSUGRA

mSugra Parameter Space

“ Focus Point Region
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o o ~

Low v b v v L v ay

100 200 300 400 500 600 700
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&III

mSugra models favoured by WMAP
@ 90% CL excudable by ANTARES
@ 90% CL excludable by KM3NeT
® not excludable
mSugra models disfavoured by WMAP
@ 90% CL excludable by ANTARES
@ 90% CL excludable by KM3NeT
not excludable
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Exclusion capabilities of ANTARES for the
mSUGRA parameter space

0<tanp<10 10<tanp<20 20<tanp<30
-

nl] 2000 4000 6000 8000 u() 2000 4000 6000 8000 Oﬂ 2000 4000 6000 8000
m, [GeV] m, [GeV] m, [GeV]

40<tanfi<50 50<tanfj<60
= 2000 2000
A ﬁ > F
S, 1800 S1800F
2 s o F
g 1600F . " E1600F
1400 1400
1200 1200

1000F
anuf
soof
4005

200f

% 2000 4000 6000 8000 0 2000 4000 6000 8000 % 2000 4000 6000 8000
m, [GeV] m, [GeV] m, [GeV]

Excludable in 3 years at 90% CL.: none
(A, varied between -3m, and +3m, and tan(3) within indicated slice)
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Exclusion capabilities of km3 for the mSUGRA
parameter space

0<tanp<10 10<tanp<20 20<tanp<30
-

u() 2000 4000 6000 8000 Oﬂ 2000 4000 6000 8000
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> £ 3 3
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g 1600F .. ' E1600F
1400F 1400F
1200 1200
1000 1000F
800 800F
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400 400f
200 200F
SEETETEEN | TR Lasssasaas | TR RTE
% 2000 4000 6000 8000 O 2000 4000 6000 8000 % 2000 4000 6000 8000
m, [GeV] m, [GeV] m, [GeV]

Excludable in 3 years at 90% CL.: none
(A, varied between -3m, and +3m, and tan(3) within indicated slice)




Muon flux from neutralino annihilations in the Sun

Used for comparison to
other neutrino experiments

Site dependent quantity
(v propagation through Earth,
target density at detector...)

Derived from neutrino flux
through v = u conversion
rate extracted from

DarkSUSY for different m,

Ingm[Munn flux from the Sun km™? yr-)

Muon flux from the Sun in mSUGRA

Te— AMANDA-IT 2001

1 1 1 1 | 1 1 1 1 | L L 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | L L 1 1
'50 100 200 300 400 500 600 700

m, [GeV]
mSugra models favoured by WMAP
@ 90% CL excudable by ANTARES
@ 90% CL excludable by KM3NeT
® not excludable
mSugra models disfavoured by WMAP
@ 90% CL excludable by ANTARES
@ 90% CL excludable by KM3NeT 60
not excludable



Comparison to Direct Detection sensitivity

Comparison to direct
detection experiments
sensitive to spin independent
WIMP-nucleon cross section

Spin dependent scattering
limits (direct search) not yet
low enough to put constraints
on mSUGRA Dark Matter

CDMS: arXiv:0802.3530
XENON: arXiv:0706.0039

log_(s.i. WIMP-proton cross-section [ecm?] )

-45

-45.5

X

_-'-""_'
W %
| N, Pyt
| I L1 1 p

-46,

m, [GeV]

100 200 300 400 Eﬂﬁ 700

mSugra models favoured by WMAP

@ 90% CL excudable by ANTARES

@ 90% CL excludable by KM3NeT

® not excludable

mSugra models disfavoured by WMAP

@ 90% CL excludable by ANTARES

@ 90% CL excludable by KM3NeT 61
not excludable



Search for neutrino events coming from the Sun

Expected sensitivity and background in a cone around the Sun
for the ANTARES 5-line upgoing neutrino sample

Good agreement
for background
estimation from MC
and full sky data set

Size of search cone
optimized on MC as
a function of My and
hard/soft spectrum

# of events

# of observed events

# of background events

# of MC background events

signal upper limit

signal sensitivity

14

16 18 20

half cone angle [deg]
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B

+v (above 10 GeV) from the Sun [ km?Zy1]
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=

v

First ANTARES limit

on v/u flux from the Sun

——— Antares 5-lines (68.4 days) "hard’
---------- Antares 5dines (68.4 days) "soft’
——— Amanda-ll 2001 (143.7 days) 'hard'
---------- Amanda-ll 2001 (143.7 days) 'soft’
———— Super-K 2004 (4.6 years)

———— Macro 1999 (4.89 years)

———— Baksan 1996 (10.55 years)

mSugra models:
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600 700
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Other sciences
IL 07

hydrophones -

14.5m Earthauake off shore Le Lovandou

e
- ADCP — Sismology L A
-

rt al

— Acoustic deteotlon “*WWWWWWMMM

hiNS

C Star
B ¥ 5 at VHE
14.5m =
+ B0 — Oceanography

14 5m — CllmatOIOgy

C-Star

&
~$ﬁm

hydrophone |

Seismometer

hydrophones

64



Run 30572 Biocam DAQ SCAN Line 14 Floor 1 Mon Dec 10 08:13:37 2007

1000 = T—— —————— ; T

Rate (kHz)

13m10 13m20 13m30 13mag 13m50

2007-12-10 floor5

2007-12-10 0&:15:04

14m00

2007—=12-10 081801

2007-12-10 08:15:03




Acoustic detection R&D

Acoustic Storey

(Pointing Down)

*e
.
0
‘e
.
N -
e
g

o
.
.
.
.
.
.
o

Cable to shore Junction ox

Buoy
L12

~180m

Acoustic Storey

(Standard)
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Highest Energy Neutrinos

waterlice complementary
. astrophysms: fTerenkov oot
origin of UHECR elescopes

GZK neutrinos

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

* cosmology:
top-down scenarios

topological defects

Flux x E2 [GeV cm?s1sr]
o

<
=)

» particle physics:

18 20
neutrino cross section log,(E[eV])
T. Karg, arXiv:astro-ph/0608312
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(U)HE v Detection Methods

.........
---------
ooooooooo
oooooooo
-------

00000

. e

.....
.....

optical
s /i iiGherenkov

Optical Cherenkov

water, ice
Mgt < 100m

* balloon, satellite
* telescope

+ Air Shower

5 G

ragf :
Cherénkovi\'d o
antenna arra

Radio Cherenkov
ice, salt, rock, air

At ~ 1Km (ice)

= hybrid detectors possible

N\

hydrophone arra

Acoustic Detection
water, ice, salt
Mgt > 1km

Fad\
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Acoustic Detection - Principle

AN

deep sea

orice ¢« o
L[ ] [ ]
L ] [ ]
L ] L}

sensor/antenna array e .

(~100/km?, >10km®) o 4 particle cascade
. (10m x 10cm)
L]

sonic wave
(several km)
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Amplitude (mPa)
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-60
-80

Acoustic Signal Properties

E

Qasc L.

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

= 100 Ee\/

__________________________________

[ R N B

-100-80 -60 -40 -20 O
Time (us)

Acorne Coll. astro-ph/0704.1025

20 40 60 80

Persistant Ambient Noise

E 8 30 T T TTTTT T T IIIIIII T T TTTT
E 70 knots
8 ¥ 605 knots slgnal (a.u)
o =
s 50F1 k
o = °U1kno 1 .
3 o \ noise level
2m 0 AN dominated by
© .

& = 300 \7 wind speed
o} 4
Z 0 - _/.

10 L L1 1 1111 1 1 llIIIlI 1 L1 L1l

102 10° 10° 10°
Frequency (Hz)

N.G. Lehtinen et al., astro-ph/0104033
~10mPa (RMS) = P, (1EeV @ 200m)
+ transient sources (fauna, anthropogenic) s,

bipolar signal (~10kHz) with disk-like geometry

P(r=200m) ~ 10 mPa x -,
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Acoustic signal and “noise”

Persistant Ambient Noise

8

30 UL I LI IIIIII
S 70 knots
2 2 605 knots Signal (a.u.
o .=
oE 50F1 k
@ = °J1kno ] :
: o \ noise level
S m 40 ™~ dominated by
© .
=30 \7 wind speed
0 -
< 20 <
. e
10 L L1 1 1111 1 1 llIIIlI 1 11 LLlLl
102 10° 10 10°
Frequency (Hz)

N.G. Lehtinen et al., astro-ph/0104033
~10mPa (RMS) = P, (1EeV @ 200m)
+ transient sources (fauna, anthropogenic) s,
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Acoustic detection R&D

Amplitude [V]

001 V

0.02

0.01t

c:"“‘“-"‘ ™ o A
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0.565 05655 0566 05665
Time [s]

Detection of
cetaceans
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Towards a km3detector in the Méditerranean

Antares (1/50 km3) 5% ,.;4;5_}
Toulon, France [
-2500m @ 40 km

.- Nemo
| Capo Passero, Italie
-3500m @ 100 km

Pylos, Grece
-3000m @ 13 km
-4550m @ 26 km
-5200m @ 48 km
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32.5 m DIAMETER

Since 1996 B8 = o =~ G5y ; INestcor\
Neutrinos & " ylos, rece

-3000m @ 13 km
-4550m @ 26 km
-5200m @ 48 km |74

- H,__'_‘.__i Capo Passero, |ta|y
| -3500m @ 100 km




KM3NeT consortium




KM3NeT (artist’s view)
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Timeline towards construction

Design Study

Data taking

Note: “Construction” includes the final prototyping stage
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Summary

ANTARES today
— Successful end of construction phase
« Technology proven
« Data taking ongoing

— First physics outputs
« Atmospheric u and v, cosmic neutrino sources, dark matter

* Neutrino oscillations, magnetic monopoles, VHE neutrino
interactions, ...

On the road for the next step
— KM3NEet...
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Present and future

Data 2007+2008

| Elevation | - data
— MC atm. pn

v, EZ flux limits (90% c.l.)
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