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 shielded and optically
transparent medium

o lattice of photomultipliers




- starts its journey
102500 m

ﬂ _A ~_ photomultiplier

IceCube will transform a billion tons of ice into a

particle physics detector with 4800 photomultipliers



second generation detectors : IlceCube

owy 2007

b/ 13 strings




2007-2008:
18 strings

Air shower detetor
threshold ~ 300 TeV

2005-2006:

2004-2005 :

70-80 Strings ,

60 Optical Modules

17 m between Modules
125 m between String

A

Eiffeltornet

677 Modules




the challenge: reject background of downgoing muons

- | . atmospheric
. - th == neutrines
exiraterresirial B i A
neutrinos i . p
/ ~

Step 1. Remove background
of downgoing muons

Step 2: Isolate extraterrestrial

events from “irreducible’
background of atmospheric

neutrinos

Strings I rate V rate
AMANDA 80 Hz 4.8 / day
IC22 550 Hz 28 / day
[C40% 1200 Hz 110 / day
[CBO* 1650 Hz 220 / day

AMANDA: O(10°) events/yr
IceCube: O(1019) events/yr

IceCube-22 Data vs. Monte Carlo Simulation Data

cvients per bin per second

=4
X = Cosmibe Ray Indeceil Muois
1 = ——— {oircident Cosmic Ray Induced Muons *'*-*tﬂ
10 ;_ Ticulrimos _h_._-h"'..-.
= —— Al Simulated Muors & Merings o P
l ——&—— |pplube-12 Dala = _-_-m-'- |
L E neutrinos * *  muons
10! g L { ! !
— +_'_
= 1 -
10
107 *
10 i v -
Iu.l i I i i L I i Ll M I ] | PRI B
-1 08 06 04 0.2 0 0.2 04 0.6 08 1

]

cos( 8, (MC))



background:
downgoing cosmic
ray muons

~ 1500 per second

signal:
upgoing muons
initiated by
neutrinos

~ 240 per day




Tue Jan 29 08:38:34 2008

Run 110261 Event 32391 [Ons, 13012ns]

1500 Hz: only one in 10° muon tracks is produced by a neutrino
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IceCube (1/2) turns the corner at the horizon

10° : =
Trigger Level 10° 3 Final Cut Level
10° M%RH -
- 10°F
10* 3
10° 1076 |14
2 C
10 1oL ||
10 E [
1 I | I L1 1 | Ll | L1 | Ll EI 1 1 I | I. L1 L L1 | L1
80 100 120 140 160 180 80 100 120 140 160 180
Zenith [°] Zenith [°]
, 104? 28 Days Livetime Final Cut Level
——— Single Atm. Muons =
10°F
——— Coincident Atm. Muons ” -
c10°F
——— Atm. Neutrinos (Bartol et al.) 10
— Data 1;‘
:IIllllJIlIllllll]Il

80 100 120 140 160 180
Zenith [°]
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neutrinos: IlceCube 22 > AMANDA (3.8 years)

lceCube 22 String:

5114 neutrino candidates
in 276 days livetime

declination

. 180 |
right ascension

—=— [ala

Earr st al Adm, Meutine
Herda (2008) MmN ering

AMANDA: 6595 v candidates in 3.8 live-years

0
0
150—
100
snf-
= = -
ﬂ_...l...l...l...l...l._."'
1 08 06 04 ne o 0z




AMANDA: proof of concept




atmospheric neutrinos :
science/calibration
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AMANDA: final sample for atmospheric V’s (6163 events)

g8E IceCube will reach > 100 TeV
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extragalactic
cosmic rays
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total flux = velocity x density :

47zjdE(E — ) =cp,

it’s the energy density,
not the particle flux !



galactic galactic cosmic rays




shock acceleration (solar flare)

coronal




Chandra
larnn SN 1006

SEA o N
young supernova remnants

Chandra
Cassiopeia A




v and y beams : heaven and earth

Y
o accelerator profon
radiation
o target or
R
i
; hydrogen in
1 interstellar medium
[ |
:
[ |
l - .
E directional
1 beam
[ ]
—P.¢* ¢
magnetic i

fields




supernova
beam
dump
9
molecular
clouds

Dense
molecular
cloud

p'

Supernova

remnant

“\

-

Compressed
shell of hot gas

after ~ 1000 years

Inverse Compton
scattering— y-rays
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neutral pions
are observed
as
gammarays

charged pions
are observed
as

neutrinos

B~ 27
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ON SUPER-NOVAE
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Cosmic Rays & SNRs

Equivalent c.m. energyNs, - |

_1|:|19_| I Illljlll:IE [ IIII;Illl:IE. [ IIIII‘1I||:IJ1 [ IIIII‘1I1:F5 T IIIII‘III:IEi
S F xoaTe o KASCADE (QGSJETO1) v HResMA 3
% 10“3_ ¢ RUMICH O KASCADE (SIBYLLZ1) & HiResl .
- = 13U & Hifes Il =
s B o aoasA observed energy
9 m‘<z—g I density of galactic CR:
— el . ~ 1012 erg/cm?
N " :
Sl [Vl == i =
x  F edigeip %ﬁ%‘*ﬁ 3 supernova remnants:
% 1':'145_ :EH?&EEJJ Tevatron {p-p) LHC(F_F{_HC(C-CJ f _E 1050 €rgs ever 30 €ars
RN ] ~1012 erg/cm?

0= 410%™ qo™
Energ

eV/paricle

10" 10" 107 0™ 10" A0 10°

for steady state of CR
with lifetime 10° years

SNRs provide the environment and energy
to explain the galactic cosmic rays!



extragalactic galactic cosmic rays




dbbblbldlUlb ’

e gamma ray bursts:

like supernova remnants but the star
collapses to a black hole and the radiation Is

released In seconds, not a thousand years

e active galaxies:

particle flows associated with supermassive
black holes
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Cosmic Rays & GRBs

Equivalent c.m. energyNs, - |
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G E % Ao o KASCADE (QGSJET 01 v HiRes-A
Tﬁ .mm;_ P RENGE . ;PS‘?JC‘“DE‘S'E’“LE” ) ::gz :I observed energy
'Tz f = Akeno o AGASA denS|ty Of
2 L extragalactic CR:
5 mﬁé_ Extragalacti: ~ 1019 erg / cm?
ph 10‘5:—
y [ fedtretpd) Gamma-Ray Bursts:
% 10145_ :EHT‘;(EE; Tevatron (p-p) LHCI:F"F'{HC 1c-Cy 1052 ergs X 300/G pC3
S X 1010 yr

0% 40" 40" 10" 40"™ 40" 0™ q0"™ 10 1(®
Energ eV/paricle

~ 101 erg / cm3

GRBs provide environment and energy

to explain the extragalactic cosmic rays!



3x1044 erg/s per active galaxy
2x10°? erg per gamma ray burst

energy in \

cosmic rays ~ photons ~ neutrinos




v and y beams : heaven and earth

Black Hole

0 accelerator

Radiation

o target

Enveloping
Black Hole

p+Yy
i ~ cosmic
b neutrino

p.e*
magnetic ! 9 p
fields ~ COoSMicC ray
gamma




active galaxy
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e accretion disk

o jet




neutrinos associated with extragalactic cosmic rays

log(E® I(E)/ GeV cm ® s ' sr)

IceCube

AMANDA

log(F /GeV)

15



cosmic rays . evidence ?




neutrinos: IlceCube 22 > AMANDA (3.8 years)

lceCube 22 String:

5114 neutrino candidates
in 276 days livetime

declination

. 180 |
right ascension
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Earr st al Adm, Meutine
Herda (2008) MmN ering

AMANDA: 6595 v candidates in 3.8 live-years
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AMANDA All-Sky Search

590" Max Significance

el ooy

> _jt~_* = 0=054° a=11.4h
“rs. “al =% -

3.38c

L5 2
Significance

95 of 100 data sets randomized in RA have a significance > 3.38c¢

Source Mg P-value

Crab 9.27 0.10

MGRO J2019+37 | 967 | 0.077 E2d <190 * 10711 Tev em2 571

Mrk 421 2.94 0.82

Mrk 501 7 28 022 The probability of obtaining p< 0.0086

LS| +61 303 14 74 0.03 for at least one of the 26 sources is 20%

Geminga 12.77 | 0.0086




Galactic Latitude (degrees)

The Cygnus Region
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AMANDA 3.8 years



IC22 (255 days) all-sky results (unblinded)

declination

I
i 180 120 60 0
right ascension

the hottest spot location is: Ra 153.5, Dec 11.5
estimated number of events = 7.7 estimated gamma = 1.65

pre-trials: -log,,(p-value) : 6.14 (4.8 sigma)
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IC22 (255 days) all-sky results (unblinded)

declination

I
i 180 120 60 0
right ascension

the hottest spot location is: Ra 153.5, Dec 11.5
estimated number of events = 7.7 estimated gamma = 1.65

pre-trials: -log,,(p-value) : 6.14 (4.8 sigma)
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2000 m

2400 m

* in the next 10 years IceCube will observe

~ 10 neutrinos with energies 0.1—1,000 TeV

« guaranteed: made in the interactions of
cosmic rays with the Earth’'s atmosphere

* with m~0.01 eV and E~100 TeV
the Lorenz factor of the neutrino is

_&
my




lceCube

0.025 r —————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

0.015

Digitized Waveform




» separates flavor
* measures energy

16 PeV V. simulation



tlcle physics with

one million atmospheric neutrinos

Astronomy:
e new window on the Universe

Physics:

measurement of the high-energy neutrino cross section
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
Planck scale physics with GRBs

R1222



WIMP capture in the sun
and annihilation in neutrinos

Y+x2>2W+W-ov+ .
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atmospheric neutrino physics

TeV physics and above : new physics

> 10 TeV : observation of core-mantle
transition from neutrino absorption in the
Earth

~ 10 GeV : hierarchy from matter effects in
the Earth near first absorption dip

2 megaton detector for MeV neutrinos from a
galactic supernova (observe deleptonization)




new physics with atmospheric neutrinos

_ Am? -1 0 ) | s AGE" -1 0\
H:I:: 4E Uﬂ( {] I)UE—I'_D-H 2 U{ﬂ( {] 1)U£n‘

For Violation of Equivalence Principle
Ad =2[¢|(y — 1) =2|¢|Ay,  of =01 .
For Violation of Lorentz Invariance:
Ady = (e — e2) = Av, r:rf'=r:rl_.
For Coupling to a space-time torsion field
Adp = Q(k1 — k2) = Q Ak, of =05 .
For Violation of Lorentz Invariance via CPT violation
Adp = b1 — b2 = Ab, of = —og
For NSNI

— 2
Ady =2v2Gp Nyg(7)y |2, + (Sun — €r7) sin® 2¢ = far . Y

4 \/Eg 4 Gup—err)?
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low energy core for lceCube

concept: define fiducial volume.
contained vertex with no hits in
outer “veto” region is a

candidate for a downward
neutrino.
1500 \\ N\ AMANDA
.

‘II Deep Core

xheightx|z A2, )= ten Mton




~ 10 GeV : hierarchy from matter

n'F'ani-c
N RAYA YA S

in the Earth near first absorption dip

sin °20,,

sin’ 26, =

1/2@ N,

/

sin® 26, + COS 20, +
N

(mostly) neutrino + antineutrino - /

sign A4, : hierarchy !







guantized space: matter where the geometry is activated

~ - » -
-

1 33 1
A~= 10 cm
. 95

V
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violation of Lorentz invariance may be a tool to study
Planck scale physics

- interaction with Planck mass particles distort
spacetime

- Planck scale vacuum fluctuations probed by
high energy neutrinos

E°=p°4+m° +E*( = )"t ...
gMPIanck

modification to dispersion relation leads to an energy
dependent speed of light.




violation of Lorentz invariance because of Planck scale
physics can be detected through time delays of high
energy neutrinos relative to low energy photons

Atz1+n d E,
2 \Cc)\ ¢cM

Planck

from a source at a distance d; for instance a GRB.



Supernova Monitor

B10:
60% of Galaxy

A-ll:
95% of Galaxy

k Count rates

,,‘0

IceCube:
up to LMC

Amanda-ll

106 events in millisecond bins from 8 kpc
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stay tuned: IceCube integrated volume

South Pole detectors ,
’

lceCube
construction

construction

Antares @f “ Mediterranean detectors —also
-

KM3NeT; TDR; 2009 NESTOR
start constr. 20107 NEMO

.---l-ll'-""-..-I

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 year

%= 1 km3-yr reached 2 years before detector is completed
= close to 4 km3-yr at the beginning of 2"d year of full array operation
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