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Abstract: Kilometer-scale neutrino detectors such as IceCube are discovery instruments covering nuclear and particle physics, cosmology and
astronomy. Examples of their multidisciplinary missions include the search for the particle nature of dark matter and for additional small dimensions
of space. In the end, their conceptual design is very much anchored to the observational fact that Nature produces protons and photons with energies
in excess of 1020 and1013 electronvolts, respectively. The cosmic ray connection sets the scale of cosmic neutrino fluxes. The problem has been to
develop a robust and affordable technology to build the kilometer-scale neutrino detectors required to do the science. The AMANDA telescope
using clear deep Antarctic ice as a Cherenkov detector of muons and showers initiated by neutrinos of all 3 flavors, has met this challenge. We
review the results obtained with more than 10,000 well-reconstructed neutrinos in the 50 GeV~500 TeV energy range collected during its first 5
years of operation. More importantly, we will show that AMANDA represents a proof of concept for the ultimate kilometer-scale neutrino
observatory, IceCube, now under construction.
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from AMANDA to Icecube

= v astronomy requires kilometer-
scale detectors

= AMANDA: proof of concept

» TceCube: a kilometer-scale v
observatory
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With 10° I'eV energy, photons do not
reach us from the edge of our galaxy
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cosmic neutrinos associated
with cosmic rays
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first discovered 1n
1912 by Austrian
scientist Victor
Hess, measuring
radiation levels
aboard a balloon at
up to 17,500 feet
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Accelerationto 1021V 9

~10¢ Joules
~0.01 M,

dense regions with exceptional
gravitational force creating relativistic
flows of charged particles, e.q.

» dense cores of exploding stars
» supermassive black holes
* merging galaxies




Energies and rates of the cosmic-ray particies
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flux of extra-galactic cosmic rays

ankle > one 107 eV particle
per km squared per year per sr

dN 107 eV
E{E—)}=
{ dEj (10 em’ )( 3 x 10” sec) sr

—3x10°GelV cm~ sec” sr’
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galactic and extragalactic cosmic rays
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galactic and extragalactic cosmic rays
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>>> energy In extra-galactic cosmic rays:

~ 3x10-1° erg/cm? or
~ 104 erg/yr per (Mpc)? for 101° years

3x10°° erg/s per galaxy
3x10% erg/s per active galaxy
2x10°2 erg per gamma ray burst

—> energy in cosmic rays ~ equal to
the energy in light !
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Georges Lemaitre II
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rays where primordial..
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Neutrino Beams: Heaven & Earth

- | proton
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Neutrino Beams: Heaven & Earth
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>>> energy in extra-galactic cosmic rays:

~ 3x10-1° erg/cm? or
~ 104 erg/yr per (Mpc)? for 101° years

3x10*° erg/s per galaxy
3x10% erg/s per active galaxy
2x10°2 erg per gamma ray burst

-2 energy in
cosmic rays ~ photons ~ neutrinos
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flux of extra-galactic cosmic rays

ankle > one 107 eV particle
per km squared per year per sr

dN 107 eV
E{E—)}=
{ dEj (107 em® )( 3 x 10” sec) sr

—3x10°GelV cm< sec” sr’

RirSaz06030000 i i e e e e e T e e s T T e f st T En R rE IR AP CI 28 D




Waxman-Bahcall Flux

/ oscillations

o d,
— D :CDCR

. & L

vty
\ E P ing deeay

Pirsa: 06030000 V | e 9999999999

S,
|




Pirsa: 06030000

10

10

® E 2 /(GeV (srsem’))

-10
10

& AMANDA IL unfalded

1)sisa (Q)RD
2imre @GRS
Ve T Vy

AMANDAII
800 days

sensitivity (1)

*—— IceCube

~ 200 events
per km? year

5 6 7 8

9 10 11

log(E, /GeV)

12

Page 30/179




~ 10 i 18 h 2003 data

neutrinos per
km? year |

- indirect
| evidence for
the acceleratic
of protons at
the level

] L e

B ~-41d0’

"
) PSF —
o

4 T I A i A 4 ThY N A4 TS



neutral pions

are observed as

gamma rays

charged pions
are observed as

neutrinos

i LN PN
Yy vuev u
7\
c €
!/ -
T
| AR
& V




~ 10 | 18 h 2003 data

neutrinos per
km? year

- indirect
evidence for
the acceleratic
of protons at

the level

— -41d0°

4 T M o Tind e 4“Th4 M o4 T i



starbursts

merging galaxies supernovae = —p
COSMIC 1ays

+ dense gas

B %4 PN O



Requires — et
Kilometer-Scale
Neutrino
Detectors

R T T T
iddnammrrrrtradabiEaL
LE LR
ll:l. = ER:
L -
.-"". .‘I

Page 35/179




Requires —
Kilometer-Scale =
Neutrino
Detectors

B

B0 i o, LLLLLIAMRMAMRMAAMAS 1Y 11 BE 31 01
iddumsnmrrrtrads

Page 36/179




detector

neutrino travels
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detector

» Infrequently, a cosmic neutrino
crashes into an atom in the ice

and produces a nuclear reaction
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* Infrequently, a cosmic neutrino
crashes into an atom in the ice
and produces a nuclear reaction

 muon travels kilometers in the Ice
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* iInfrequently, a cosmic neutrino
crashes into an atom in the ice
and produces a nuclear reaction

 muon travels kilometers Iin the Ice

muon
- nuclear
detector A .
reaction
» blue light produced in nuclear reaction .
neutrino

» optical sensors capture (and map) the light



Northern hemisphere detectors
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Northern hemisphere detectors

Baikal NT200

J N
¥ = t
= AT ; mcmmc
£ T TR B
- L= - : -
- - - =
et e ™
- - - o T
- —
- -
- - &
iy o -
E_ 3 -h . — L
- -—
Sx = 2
- _'l- ...._"- a
- e -
P 2 .:-—n-—--—_
w - T
‘ - - b4
St
&~ ‘-n oy

1100 m deep

Pirsa: 06030000

new: 3 distant sfrings

March 17, 2003

2 sfrings connected
2400 m deep
completion: start 2006




Northern hemisphere detectors
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Amundsen-Scoit South Pole station
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gamma-rays detected by
TeV gamma telescopes

>

' 2000 ! 2001 ' 2002 ' 2003 |

irsa: 06030000

Year

Page 90/179




AMANDA: proof of concept




Atmospheric Neutrinos
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ATMOSPHERIC v & DIFFUSE FLUX LIMITS [v.]

S Hiaecei AMANDA test beams: atmospheric v and p
I energy reconstruction
| REQUIWIZEd unfolding First spectrum > 1 TeV (up to 100TeV)
| — energy specirum

_ Neutrino fluxes vs. Energy o .

= E = || Neutrino Enerqgy spectrum
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Last bin info to calculate the limit to
Extraterrestrial E neutrino flux

Previous analysis publication

Phys. Rev. Lett. 90 251101 (2003)
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Includes 33% svstematic
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ATMOSPHERIC v & DIFFUSE FLUX LIMITS [v.]

' Neural Network
| energy reconsiruction
| Regularized unfolding
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Previous analysis publication

Phys. Rev. Lett. 90 251101 (2003)
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atmospheric neutrinos — a high precision measurement

Channel | D (), Source (g,,)

AMANDA)

E » critical

. : E energy _,:
Muons ~ 400 Ge\ ~ Pions (115 -NETAY &k
) interaction
" ominate over
GeV) d t
Neutrinos ~ 50 GeV ~ Kaons (850 e,
GeV)
temperature increase — density decrease — more decays than interactions
'~ 5>60deg =
002 - 30deg <3 <60deg s L
. Expected variations: 1%-2% ... 2 .0 ] +
0.01 | = = F { } '—+— ------------------------------------------
s 1.5—
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- seasonal variations
001 i _}—'—
! _ _ ' . I gt + +—++ il
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Detector medium: ice to meet you

oz -

absorptivity [m™']

effective seattering coefficient [m ')
2 D QAR
? A aana‘?

@
2

Measurements: » scattering length 6 ~52 m
> in-Situ Iight sources . absorpﬁﬂn len_gth 9 = 240 m
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» atmospheric muons .
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IceCube -
- Start 2002

- first string 2004

- completed 2010

- scaling from

= AMANDA?
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IceCube

C IceTop: air shower array
/rBDStalimszTankseada

» 2 DOMSs each per tank

» 125 m grid, 1 km? at 690 g/cm?

¢ Egpyes ~ 300 TeV for > 4 stations

» Useful rate up to ~EeV

B
wre

ErErRaEs

« 17 m DOM spacing
« 125 m between sfirings

RNy T e O _TONELT Seeeeseeey ome
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IceCube construction

+.lL.4million pounds of cargo
e 120 nlanac = EN flinhtc



one of 21 drill modules arrive in antarctica




Orill tower
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Depth (m)
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AMANDA String 19 drnlling time (h)
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Digital Optical Module
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DOM MB Block diagram
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IceCube February 2006
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Tlme Calibration

surface (GPS) )( automatic, every few seconds
| 4 — 40 |
= 35
.\ - =
2 2 = 2%
Time —2 = a 20
3 ; 5 é 15 | IceTop
= : = a ' renrsnsseste
, 10 20 30 40 50 60 70
— s / DOM number
<
/.,f"
-
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surface (GPS) _,

Tlme Calibration
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surface (GPS) :

Tlme Calibration

automatic, every few seconds
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Larger Telescope
Superior Detector




v detection in IceCube
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Neutrino Detection

event reconstruction by Gherenkov light timing

~ km-long muon tracks

from vu
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Longer absorption length => larger effective volume




v.and v_detection in IceCube

E=375TeV

AN AR

Page 158/179

v 4+~ Ny~ LY




GZK event

10 EeV
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GZK event

10 EeV
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GZK event

10 EeV
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AMANDA performance

 total statistics
10,000 in 00-05

el et e el
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 total statistics
> 10° over 10yr
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IceCube : particle physics with

+ Astronemy: new window on the Universe

- Physies:

- measurement of the high-energy neutrino cross section
TeV-scale gravity, quantum decoherence
physics beyond 3-flavor oscillations
test special and general relativity with new precision
search for magnetic monopoles
search for neutralino (or other) dark matter
search for topological defects and cosmological remnants
search for non-standard model neutrino interactions
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Neutrino Astronomy Explores Higher
Dimensions

atmospheric
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GZK range
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WIMP search
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WIMP search
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AMANDA accumulating data for the 7th year
AMANDA will continue to deliver results

one year of experience with the first IceCube
string
string deployment speed reached expectation

verifications of the new IceCube strings In
progress

more PMT-cathode area in the nine strings of
IceCube than in AMANDA

IceCube on track towards a 1 km? neutrino telescope!
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