Astro-particle: at the border of particle
physics and astrophysics/cosmology
Neutrino Astrophysics Motivations

Physics |ssues

Results of Neutrino Telescopes on
cosmic sources and dark matter
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3D array of PMTs capable of Cherenkov light (350-600nm) detection emitted by
relativistic charged particles

SN collapse:

~10 MeV

sudden increase
of average PMT
counting rate
during ~ 10 s
|ce better than
sea water

Atmospheric n_s
and WIMPs

upgoing ns

n’s from sources or TD, exotics
n,s: XSZ DUs WDFNV SRIOWVRXU-HYV
GUIXWH X[ HV Large acceptance, good
angular resolution and energy reconstruction
capabilities, S/N favourable at HE due to E?
cosmic fluxes and E37 for atmospheric ns

10 GeV-1 TeV

large statistics can
improve Dm?2, sin22q
precision. Oscillatory
pattern (E_ from visible
range) and topologies
with different energies.
Limits of prompt n
models.

Dark matter in the
core of Sun, Earth

or Galactic Centre

>1TeV-100 TeV

Galactic Extra-galactic sources TD, exotics

>10 PeV

$ERYH 3H9 DOR GRZ QJRLQJ HYHQW
&DVFDGHV almost SRIOWONH HOHLD \
GHSRMVIMIRQV (worse angular resolution,
better energy reconstruction)
Qv FDVFDGHV diffuse fluxes
Glashow resonance at 6.4 PeV

s (@ » 300s ““ ()
Qv FDVFDGHYV diffuse fluxes oscillations,
regenaration effect in the Earth
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Photons: straight-line propagation but reprocessed in sources and extragalactic
backgrounds absorb E;> TeV (pair production on IR, CMBR, radio)
Protons: directions scrambled by magnetic fields (deflection<1® E>50 EeV)

Neutrons: gct alOkpc for E~EeV

UHE particles (g, p, n, ..)
have small path-lengths
respect to Hubble scale

Survey of remote regions

and engines inside sources
through neutrinos: small
Interaction cross section

and undeflected P
discovery potential
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E2IN/JE  (GeV cm™sr's™)
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Cosmic ray spectrum: 10 eV to ~10%° eV

Cosmic neutrinos can
provide an answer to the
debated question:

Which are the sources of
the HE cosmic rays
(B> 10*% eV) ?
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KASCADE preliminary M sum of all

. _! . roton
SN as power source for galactic CRs: My, T ;ﬁelgm
the kinetic energy of ejecta supplies the é "hy T " i

right amount of power
CR energy density: I .~ 1 eV/cm?®
- BZgalactic 8p
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flux (B ) - E** [m2sr s Gev *
H
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Needed power: r E t& Wlth gaIaCtIC 1015 I | — 1016 I 101?
escape timet .~ 3x108yrsb ~102¢erg/cms |, » gf‘m”m?’,ﬂ,E[":“g}’[,(e“ oK

SN power: 10% erg/SN + ~3 SN per century in disk ~ 102> erg/cm3s b 10% of
Kinetic energy in proton and nuclei acceleration

Diffusive shock acceleration (Fermi 1%t order) leads to power law spectrum with
differential index a ~ -2; but @ ,eq ~ -2.7 due to propagation effects and
escape time from Galaxy
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Open problems for galactic sources:

isotropy problem: @ E ~100 TeV Ct . ~ galactic disk
thickness b significant anysotropies are expected but not

observed:; “omant
E. .. problem: from shock acceleration E__,~Zx100TeV but | p

Compreésed

CR spectrum continues shell of hot gas
Elusive p° produced in accelerated nuclei collisions with e e
SN ambient material. Still not a clear evidence.

Inverse Compton

Extragalactic sorces:

-Galaxy cannot contain EHECR: at 10%° eV Larmour radius of CR p comparable
to Galaxy scale. No evidence for large scale anisotropies correlated with
galactic plane b EHECR are most probably not galactic.

AGASA : evidence for anisotropy 1018-1084 eV caused by a 4s excess from
Galactic Centre and 3s from Cygnus (SUGAR) neutrons from Gal Centre?

-no such powerful galactic source candidates

Ankle: E27 at E~10*° eV could suggest a new light population 10
Protons are favored by all experiments.
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Greisen 66;
Zatsepin & Kuzmin66]

/KH WH* =. BPAMRI

GZK cut-off due to interactions of CRs (E> 5 10'° eV) on CMBR

EHECR data in EAS and fluorescence detectors
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Fly’s Eye, HiRes, Yakutsk consistent with UHE protons + GZK at 7s. AGASA
(30% of total exposure) favors more exotic models. Change energy scale b no
need of exotic models to explain EHECR!? Bahcall & Waxman, PLB 556 (2003)
Need, stereo data, larger statistics, cross-checks on energy calibrations

(systematic errors ~25%)
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/RS GRZ Q decays of unstable or meta-stable particles produced by radiation,
Interaction or collapse of topological defects or decay of relic particles
Z decays due to UHE n interaction on relic n’s (Weiler, 1982)

Cosmogenic n's: UHE n interactions on CMB (Engel Seckel, Stanev, 2001)

YRWRP XS (beam-dump model): cosmic accelerator + interaction on matter
or gs: p°® gastronomy p*® n-astronomy
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Magnetic Field Strength
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Irrespective of details of
acceleration mechanisms,
Larmour radious cannot
exceed accelaration site
dimensions

(e E% 5
§1n7 NS

210°Ho
;

AGNSs, n stars, GRBs and SNR,
white dwarfs: intense

magnetic fields and acceleration
regions large enough to confine
the particles to be accelerated
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g-astronomy observations consistent with em mechanisms BUT first evidence in

a SNR of hadronic mechanism? RXJ1713-39 CANGAROO, Nature 416 2002
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Multiwavelength g spectrum for
Crab Nebula produced by leptons
and nuclel powered by young
pulsar (pulsar wind neubula)

Also hadrons .
Bednarek & Bartosik, astro-ph/0304049 ®I( " U
Amato, Guetta, Blasi, astro-ph/0302121 7HUHVD 0 RODUXQ |, 6$33 - XQH
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Neglecting gabsorption (large uncertainty) F, ~ F .
1%t order Fermi acceleration mechanism: harder spectra than atmospheric n’s
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Cosmic p accelerators produce CRs, gs and n's with comparable luminosities
Ultimate bound of any scenario involving n and g production from pions:
diffuse extra-galactic g background E°F,, < 6 10" GeV /cm?s sr (EGRET)
Measured UHECR flux provides most restrictive limit (Waxman & Bahcall (1999)
- optically thin sources: n produced in photohadronic interactions escape

- magnetic fields do not affect CR during propagation
- CR flux above the ankle (>3 "1018eV) are extragalactic protons with E2

spectrum b E?F,<4.5108GeV /(cm?s ) AT T

|
Rt

Less restrictive than WB for objects (quasars =
and AGNs) with different spectra (E* with
variable cutoff) or optically thick

(Mannheim, Protheroe & Rachen (2000):
Magnetic fields and uncertainties in
photohadronic interactions of protons
can largely affect the bound as these
effects restrict number of protons
able to escape
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N interaction cross-section very low |

huge detectors (km?) not feasible

underground!
Markov/ Greisen idea (1960)

Target is surrounding matter
M=rRS(E,=1TeV: R =25K

:. propagater effect cmd.:
r R <t InE, -|
i —  neutrino

i

anti—neutrino

" Ry <lE, and 6 olE, ]

3d PMT array reconstructs mtracks through hit 10
times by ~200 Cherenkov gcm and energy 3 O TP R S ETO R
through charge. E,(GeV




Sensitivity: in the absence of a signal  E n90%F.Oz£EV< Q/o >)

=F 7
90%F.O V < Q/ S

The experiment constraints at 90%c.l. any signal that would produce
<Ng> = Mggec 1 (Ne,<Ng>). If no data yet n .= <ng>.

Discovery potential: signal flux such that probability that signal+ background
produces an observation that gives the required significance (e.g. 5s)

3, = A 3(QekQ>+<Q,>)
QerQ

number of sigmas respect to background=N/sgrt(B) p QAT) / Dq
Dg = angular resolution AT = exposure

Source luminosity to have 10 events/km#/yr with N =fJE,Py, AT at 100 TeV
L, ~4pd? f, ~ N 4pd? 5 -10-9/[AT (km?yr)] inerg/s

Pulsars/ SNRs/ magnetars/nguasars b 103 erg/s (5 kpc)

AGN/BL Lacs/GRBs b > 6 “10*3 erg/s (>100 Mpc)

W&B limit on extra-galactic optically thin sources: 4.5 108 E2 GeV cm=2 st sr-?
~ 200 ev/yr/km?
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| CECUBE estimates
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astro-ph/0305196
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Expected rates in ANTARES

S o' A—

Galactic sources: not constrained by limits based on UHECR data
Promising candidates: young SNRs with fast rotating pulsar, magnetic field
~10*? G accelerating heavy ions (Protheroe, Bednarek, Luo, 1998) and
nguasars (Distefano et al, 2002) Largest predictions: GX339-4 and SS433 180-
250 ev/yr/km?

gt |

GX339-4 MACRO

A

1=0.1 yr after explosion

" Pozisms

gy

T

i Pl0ms

98%

dN/dew
A

r

€

f%: TR rd A

€— OUY% c-=-Sianal, £*

— Baekground

Dato

T Y e el sl e e e e

- ¥
bl
[ *a
| Ty
= a5
I 'Dl-uh"""l'l-luq-,
L .

- 60 40 -20

20

[ | |
0 00048 00006 00144 00192 0.024

40 Point-spread functioft = 7 o (8r)

0
declination (degrees)

7HWHVD 0 ROVDWXQ@ , 6$33

- XQH



7 KH( DUNM\KDCRZ 1Q) I

~ | a dd,
NLL - I Aeﬁ’ {E‘u! e‘u’ ¢'v) dEx. dQv dE‘u d Q‘u

Area for neutrinos entering the Earth

—_— ( ] ] )
A=V Nyl By, 0., 04) p N o(E,) < P E..O,
- asn : NQEH(E\H ev! ¢'v} ( A) ( ) ear‘th( )

-N, U(EJJ. p dl

—allangles Pearn(EL,0,) = e

. 0° =300 | ...............................................
——30° -60°
J—80°-90 | . ..............................................

n interaction length
~ Earth diameter @ 40 TeV

..... OpacityofEarth

L TT I
o

8
10g ,,(E.) 17
ANTARES 7HHD 0 RQDKQ ,6$33 - XQH



|| HRAYHDUHV

Ratio of selected event rate to incident tflux on a detector

Event rates depend on effective area (volume): includes reconstruction
efficiencies, depends on absorption length, coincidence requests to suppress
backgrounds strongly dependent on spectrum and analysis requirements
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ANTARES: 0.01-0.07 km? log, ,(E/GeV) upper hemisphere

for hard spectra bulk of the events at 10-100 TeV
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Angular resolution {degrees)
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Methods based on total amplitude
on PMTs compared to a MIP and on
dE/dx estimators.

Also NN.
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Muon neutrinos are strongly absorbed > 100 TeV while n, undergoes
regeneration through CC + t decay. Cosmic n's at surce: n.:n;n, = 1:2:0 (if nis
decay) b oscillations with atm n's parametersand L ~ Mpc b n_:n;n, = 1:1:1

mDetector E! diff. spectrum

VTV#” Iélﬂﬁglllllllllll

0=80°

v, . NClinteraction,
VM looses energy

- =T
) 15100
v, NC interaction, 2 E:J-l,‘:_’:l'l:]
v; looses energy & 19
= e
Lie CE mteractlon ﬂ 14
resulting e* or p* = i E z
disappears <] 1< ke

Tt V’TX(V#: Ve)

v, CC interaction,
T appears

6
Log,,lE, (GeV)] Log, ,[E, (GeV)]
QAP 2.85, 1.29 (reduced to 1.11 1.07 for E?)

Double Bang events marginally - q, secondaries/n,: 37%,6% (reduced to
detectable in km3: 2-5 ev/yr 2.2%,0.2 for E2) 20

Bugaev, TM, Sokalski, |CRCO3 7HUHVD 0 RODUKQ , 6$33 - XOH
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-Atmospheric n's _ o Problem: 2 orders of magnitude uncertaint:
- Atmospheric mis (sea/ice shielding) on current predictions of prompt ns

—~ =1
Rejection: direction and energy, % = |
time for bursters e

S R L L R L I LI L L 10

- 2400 m of Atm. muons J

= depth £ 10 1
E>1TeV :

i—Bnrtﬂl

. Bartol + O8SM
10 r O Bartol + RQPM
0 Bartol + pQCD

e Bartal + Houmoy ROPM

[ e Bartal + Moumov OGS
[ === Bartol + TG

dF/dWcm?2 slsr-!

Angle averaged E2> dF/dE (GeVY-> cm-2 st gr

C -
[ 708 06 04 02 0 02 04 06 08 1 10 4 3 4 5 6 7 8 9
cosq Prompt n's: Costa, Astrop. Phys. 16 (2001)  |og 10En((;e\,
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$17$5(6 $WARS 3KV

NEMO-ANTARES
Baikal campaigns

For T>90° transmission loss
<1.5% in 1yr (and saturates)

ANTARES |, =30-45ml , =40-50 m

NEMO | ;+=30-45ml 4. =50-70m\l .. >200m
NESTOR |, =55+10m
Baikal | ,=10-20m| 4. =10-30m |, >100m

22
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Noise on a 8" PMT

NEMO
8 kHz

Toulon
8 kHz

b- decay “°K + ~MHz bioluminescence bursts. Correlation drops with distance
<5% dead time/PMT

NESTOR: 75 kHz on 15"

Lake Baikal (no 4°K) 50 kHz on average seasonal dependent

7HWHVD 0 ROVDWXQ@ , 6$33 - XQH
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. surface: arrays for calibration and SPACE

composition measurements.
Platform for deployment
(AMANDA, Baikal)

/ W, 7H

MA@ p " H

- Bubbles b depth <2000 m and scattering;

angular response of OMs depends on depth
and drill-hole bubbles
| .~ 100mIl .~ 25m

abs scat

- Not recoverable
- No 4°K in ice, optical module + electronics

0.5 kHz in AMANDA
positive for SN collapse searches

- Not chemically aggressive

7HUHVD 0 RQDXQ@ ,6$33 - XQH



southern northern

AMANDA B-10 130 d
sky sky

E>10 GeV
PTXD\DL/ (d,RA) = 11.25°" 12° grid

*

bl ApJ 583 (2003)

MACRO final result ~6 yrs
3° cone <E> > 1.5 GeV

—  SKICRC2003-Neutrino02
4.6 yr <kEnr > 3 GeV

FOOXRQIX @P W FP V

E2 n spectrum

$0$1' $ VHOWYIW
$17$5(6 VHOWAMIW \ U
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How different experiments (different threshold, acceptance dependence on E)

compare?
For hard spectra (e.g E?) threshold effects are modest since response curve

peak at 10-100 TeV for all experiments. Muon limits are less model dependent
than n limits

>

a)

MACRO AMANDA

® (o * HO
ANTARES

26
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Hypotheses: no oscillations. With oscillations

models lower by factor ~2
(+ few regeneration from n,)

$0$1'$ Q G

HO

DWUR SK

*HOFP V. W
$0$1" $8+(!

*HOFP V. W
0%$&52

*HFP V W
$WARS 3K\ V
YDINDO

FP vV W
$WARS 3K\ V
NP, &(&8 %

H SHAWMG VHOMMY LW

Limits for E2
spectra

7HUHVD 0 RQDUXQ ,6$33 - XQH
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solid lines: limits
dashed: models

AMANDA, astro-ph/0303218

Flux limits for different spectra
are similar in the region where
response function peaks
(~100 TeV)

AMANDA excludes at 90%c.l.
proton blasar model by
Szabo and Phroteroe, 92;
guasar core model

(Stecker & Salamon,91)

at the level of SSDS 92

Factors from predictions
on prompt neutrinos

ANTARES 1yr sensitivity a
factor 20 better than SSDS 92

28
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Em cascades: ~108 g/TeV cylinder of ~10-15 cm; hadronic cascades ~20%
lower light yield, longer (8.5 m @ 100 TeV) b point-like
Calibrations in situ do not allow energy resolution better than a factor 1.3-1.6(AMANDA)

Hypotheisis: n oscillations

ngn;n = 1:1:1

limits for 1 flavor = 3
MANDA |1 (197d)

Neutrino Telescopes 2003
aikal [CRC2003 (n,)

29
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If WIMPs in galactic halo get accumulate in Earth, Sun, Galactic Centre and
annihilate P flux of GeV-TeV neutrinos

r
s $
Capture rate C —S 1 < Yﬁv,? Annihilation rate Gu S, .

At equilibrium 35 1 fluxes The picture after WMAP
Matter
& Ggs 4510 (Baryonic)

o0 a7 2 M a(

Best candidate: LSP in MSSM hard spectra: cc® W*W-,ZZ

c=Dp+ E= +F+ 0+ Gfg soft spectra: cc®
1

cc ® KDGUR®VT Dark Energy

(,=(0.3-0.50 . 20
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Neutralinos in Sun

Oscillations not included in models

Neutralinos in Earth
hard channel

>
al
LL
O
LL
3
. | | &
Models in lower region: ¢ mostly bino —
upper: mostly higgsino é
1
Fmlt w_K2 when ¢ mostly bino annihilation amplitude and 31

spin dependent capture in Sun much reduced  7HHVD 0 RODKQ ,6$33 - XOQH



Direct / Indirect

Direct detection: observation of nucleon recoil in low background experiments

spin independent

region of cosmological interest 32
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The Neutrino Telescope world map

7HUHVD 0 RQDUXQ ,6$33 - XQH
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AMANDA B-10:302 OM's/10 strings
1500-2000 m depth

Results recently published on atm
N’'s (30% sys), diffuse muon fluxes
& cascades (6-1000 TeV), UHEN'S
(>10-5000 PeV), WIMPs, SNs

Ang. resolution 3.9 (EAS check)

E resolution ~30-60%

Effective area E,> 10 TeV > 10* m?

AMANDA Il: 677 Oms about factor of
10 and larger acceptance at horizon

SOUTH POLE

120 m

400 m
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Baikal Neutrino Telescope &\ eHub

1100 m depth in Siberian Lake 3.6 km off-shore 51 N 104 E, surface EAS (also
acoustic) on ice platform Ang. res4 192 OMs on 8 strings

Planned upgrade 2003-4: Mar 03
1 prototype string deployed
Future: GVD 1300 OMs/91 strings

FP
48%6%5
30 7V




L(6725

~20 km off-shore close to Pylos (Peloponnesus, lonian Sea) at about
4000 m depth 36 5'N 21 34'E

30 km EOC laid and damaged in Jun 00
Repaired in Jan 02
Counting room fully operational

Test deployments 1996-2000: a string with 6 PMTs reconstructed muons and
measured the vertical muon intensity between ~3- 4 km
Apr 2003: 1 floor (12 PMTs) at 4000m is taking data (consistent with 4°K)

2004 full tower deployment b aims at 7 towers
36

7HUHVD 0 RQDUXQ ,6$33 - XQH



A
Opticel roclule
12 equipped lines
75 OMs/line
~com __y o &+ Ll il mier 2475m
o i S o q Electr o-optical
4 I ol o oI I submarine cab
d I3 rz 33 X ~40km
350m : g gz 2% ¢
active < & T 5L & ‘ ‘
T T I 29 T Electronics containers
I i T T, L
\4 ¢ <B [JE¥ <o g4 g Readout cables v
~100m¢ T E T E 1-7
i Junction box
anchor ’ S = — Acoustic beacon




|

FuvFuEl) FEEY P rIWERAE P FUYEC G SAC L)

~

Collaboration formed Nov 99- Jun 00: “demonstrator® line
) deployment + operation P atmospheric ns
: f )
R&D and Ste evaluation Jurd0o:
programme to select a suitable site ; -
impjosion test
' N

Deployment of 12 lines

| e

16-17/ 03/ 03 Connections by submarine
v 12/ 02/ 03 Instrumentation line deployed
24/ 12/ 02: Prototype line deployed
7-9/ 12/ 02: Junction box deployed

v Apr 02: 900 OM production at Saclay

¥ QOct 01: BHectro Optical Cable
Technical design report completed 38
Mar 01 sea bed survey 7HUHVD 0 RQDUKQ@ ,6$33 - XQH




Layout of ANTARES site
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. . . kHz
Counting rate monitoring | e

100 £+
80 :
60 —+
40 E—:
20 E—:

< OON

Baseline ~60 kHz, correlated spikes seen within triplets
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Construction: Austral
summer 2004/5 for 6 yrs
First strings will take
advantage of AMANDA I1
Founding request:
$295.2 M

41

7HUHVD 0 RQDUXQ ,6$33 - XQH



1( O 2 http://nemoweb.Ins.infn.it

$ FWDOSURSRVDCRI JHQHDOD\ RAWRU. P GHWIFVRU

1(02 5" ,WXHV e
- selection of the optimal site for / {l l‘l I B E_E O
km3 in Medlter_ranean (Capo Pa_ssero) g mle oo .’. -
- R&D on materials and mechanical
structures suited for long-term - '.' ] | '6‘ -
measurements in sea water and on E mle Elllm mlE
low power consumption electronics < P DQ- %
e ) E ElE B @@ =
- feasibility study and physics O O
simulations B B E Efjm mE m
- Test site off-shore Catania: first
E B | @ o
multi-purpose underwater Lab \ > ,{. )
connected to shore in real time = E 8B B B
6 KRUH WIMRQ
. P DLQ HBFWR RSWFDCFDE®!
28 km Electro-Optical Cable
(installed Sep01) to JB and
splits for 2 sites Q WZHY WRWHV\WRZHU P [P SGP HOMG
NEMO site and - 30 7V
GEOSTAR (seismologic
monitoring), ... 42

7HUHVD 0 RQDXQ@ ,6$33 - XQH



& FCFOMECY

~ ¢ —
~

- Astroparticle physics is a field in expansion (discovery potential)
- International coordination:
- PANAGI C Particle and Nuclear Astrophysics and Gravitational International Committee

- ApPEC Astroparticle Physics European Coordination (6th framework Programme)

Resear ch network:
Design Projects:

- AMANDA and Baikal are already producing results at the level of SK and
MACRO, AMANDA 11 1 order of magnitude better

- ANTARES prototype lines taking data at 2500 m
- NESTOR: Mar 2003 1 floor with 12 OM's at 4000 m connected to shore by

28 km EOC taking data

- |CECUBE: construction in austral summer 2004-5
ANTARES/ NEMO joined their efforts to study feasibilty of Med detector

43
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