The real voyage is not to travel to new landscapes,
but to see with new eyes. ..
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" neutrino astronomy

= the extreme universe
-> cosmic rays and TeV photons
—> also neutrinos

= kilometer-scale detectors
- AMANDA

- IceCube
" also particle physics




neutrinos ?
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with 102 TeV energy, photons tio not
reach us from the edge of ouir galaxy
hecause of their small mean free path

In the microwave backgroun
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cosmic rays interact with the
microwave background




cosmic rays interact with the
microwave background

p+y—=n+m’

cosmic rays disappear, neutrinos appear

~1event per kilometer squared per year




Ultra High Energy Cosmic Ray Spectrum, 2005
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Livingston plot: /@ ‘GZKvbeam”
_energy versus year (Ecar~100-200 TeV)

1 EeV]
1 PeV

- ~ 1 event per year
in IceCube

ILC

* radio/acoustic

domain

 measure the

modified from neutrino cross

P. Panofsky -
section

1 1 1 |

1930 194 N 1970 9% 2010




Telescope User date Intended Use Actual use
Optical Galileo 1608 Navigation Moons of Jupiter
. Expanding
Optical Hubble 1929 Nebulae .
Universe
Radio Jansky 1932 Noise Radio galaxies
. Penzias, . . . 3K cosmic
Micro-wave Wilson 1965 | Radio-galaxies, noise background
X-ray Giacconi ... | 1965 Sun, moon neu.tron §tars.
accreting binaries
Radio Hewish, 1967 Ionosphere Pulsars
Bell
Y-rays military 19602 Thermonuclear Gamma ray

explosions

bursts







Cherenkov
radiation




Photomultiplier Tuhe




detection nanosecond timing allows

likelihood reconstruction of the
track with degree accuracy

A%

 photon counts reflect energy of the muon
that loses energy catastrophically (bremsstrahlung,...)







neutrino cross-section at 1018 eV 9

order
> of
magnitude
at 1020 eV

better than
factor 2 at
1016 eV

flux itself is ambiguous because
of spectrum and evolution of the unknown sources



from DUMAND to ANTARES (via lake Baikal }

* 12 lines
e 25 storeys / line
* 3 PMT / storey
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protons > 108

o/
photons > 102




how big a detector [ctd) 2
extragalactic cosmic rays




u *
COSIMIC rays

Nature
accelerates
particles 10’
times the
energy of LHC !

where?
how?

*do not point at
their sources
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accelerationto 1021cv 3

~10° Joules
~0.01 M ,;

dense regions with exceptional
gravitational force creating relativis
flows of charged particles, e.g.

e dense cores of exploding stars
e supermassive black holes
e merging galaxies




active galaxy

supermassive
black hole

accretion disk

jet




collapse of massive
star produces a

gamma ray
burst

spinning black hol®

. highest energy
_—— 54. particles




E2AN/AE  (GeV em@sr's™)

10

10

10

10

10°

All particle spectrum
JACEE[11
Akeno[12]

Tien Shan[13
MSU[14

CASA-BLANCA[19
DICE[17
HEGRA[18
CasaMia[16
Tibet[15

Fixed target

HERA
RHIC TEVATRON

gl

LHC

1

10

10'® 10
E (eV/nucleus)

1012 1014

18

(GeV cm'zsr'1s'1)

E2dN/dE

10

102

10

10

10—10

All particle spectrum
JACEE[11
Akeno[12]

Tien Shan[13
MSU[14

CASA-BLANCA[19
DICE[17]
HEGRA[18
CasaMia[16
Tibet[15]

extragalactic
cosmic rays

Fixed target

HERA
RHIC TEVATRON

Ry

LHC

.

106 10
E (eV/ nucleus)

10 1012 1014

18

le



Pe
) C
(E

4thdE




Background Energy Distribution
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>>> energy in extra-galactic cosmic
rays :

~ 3x10-19 erg/cm3 or
~ 1044 erg/yr per (Mpc)3 for 1010 years

3x103° erg/s per galaxy
3x104* erg/s per active galaxy
2x10°2 erg per gamma ray burst

- energy in cosmic rays ~ equal to
the energy in light!

1 TeV = 1.6 erg
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Energ eV/particle

energy density of extragalactic CR:
Pcr ~ 10#* ergs/yr/Mpc3

Gamma-Ray Bursts:
Peres~ 10°1 ergs x 300/yr/Gpc3
~ 1044 ergs/yr/Mpc?

GRBs could provide
environment

and energy to explain the
highest

energy cosmic rays!




NEUTRINO BEAMS: HEAVEN & EARTH

Y proton
0 accelerator p

o target

R Enveloping

E directional
1 beam
+

magnetic e ! e p

fields ~ COSMIC ray + gamina




- energy in extra-galactic cosmic rays:
~ 3x10-12 erg/cm?3 or

~ 1044 erg/yr per (Mpc)3 for 1010 years

3x103° erg/s per galaxy
3x104* erg/s per active galaxy
2x10°2 erg per gamma ray burst

- energy In
cosmic rays ~ photons ~
heutrinos




ankle > one 10!’ eV particle

per km squared per year per sr




cosmic sources -

] -
cosmic rays ~ photons ~ neutrinos




e guents per kma2 year:

N =2nx xarea xtime fo—,;’P dE

vV—u

N = 80 xlog €, nox = 500 events
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active galaxy

radiation field:
ask astronomers™~

® energy in protons ~
energy in electrons

e photon target observed
in lines

>> neutrino flux calculak




0 seconds
fireball protons and

photons interact

= o=

- 10 seconds

fireball protons
interact with remnant
of the star

"EeV

afterwards

afterglow protons
interact with inter-
stellar medium










Gosmic Accelerators
E ~qvVvBR

R{GM/ c2

/ magnetic
energy field

\ W/
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27T
E (eV) =B (Tesla) R* (m) —

ms-pulsar Fermilab
10 km few km

103 T few T

10° 10° (#revs!)

107 TeV ~1012 eV
=1TeV!




Georges Lemaitre ﬂl
believed that cosmic S -5 ‘s
rays where primordial-, =
radiationfromtheBig }

Bang







Fermi acceleration when

particles cross
high B-fields
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1~10
neutrinos
per
km? year

KM3NeT

HESS: RK J1113 Spectrum

18 h 2003 data




stipernova
heam Dense
llllmll molecular

cloud

Supernova
remnant

Compressed

shell of hot gas
Inverse Compton

scattering— y-rays

RXJ1713-3946
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cygnus region : Milagro and Tihet

contours are pion model
with no sources

crosses are EGRET
unidentified sources
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v, v flux of galactic cosmic rays

a SNR at d = 1 kpc transfers W = 10°° erg
to cosmic rays interacting with molecular clouds
with density n = 1 cm™

dN
E— L (>1Tole
dE

w
i ph n ( d )-2

cm’s 10" erg lem’ “lkpc

2 SN per century supply the observed
density of galactic cosmic rays e.g. RX J1713.7-3946




1000 models ... same v-rate
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neutral pions

are observed as

gamma rays

charged pions
are observed as

neutrinos

v, ~y/2




cygnus region : Milagro and Tihet

contours are pion model
with no sources

crosses are EGRET
unidentified sources
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AMANDA-II

— 1500 m

— 2000 m

= 2500 m

top view
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200 m
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nanosecond timing allows
likelihood reconstruction of the
track with degree accuracy

A%

 photon counts reflect energy of the muon
that loses energy catastrophically (bremsstrahlung,...)







Baikal NT200

Toshore  calipration laser

1100 m deep
data taking since 1998
new: 3 distant strings

Antares

completion:

March 17, 2003
2 strings connected
2400 m deep

start 2006

Nestor

March 29, 2003

1 of 12 floors deployed
4000 m deep
completion: 2006




ANTARES

7 strings
completed 07
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Drilling Holes
with Hot Water

The Optical Module
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muon neutrino
interaction — track
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atmospheric muon (down)

atmospheric neutrinos (up)
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challenge :
100 Hz detector rate

<< one reconstruction mistake in one million tra

understand ice as Cherenkov medium
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Effective Atmospheric Temperature Over

The South Pole
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antares zenith angle distribution

Downward going cosmic ray muons

Upward going neutrinos
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search for clusters of events in the Northern Sky

Sensitivity @, /@,
~2

for 200 days of
“high-state” and
spectral results
from HEGRA

x Markarian 421
1ES1959+650

SS433
Cygnus X-3
Cygnus X-1

6 5.58
5 3.71
2 4.50
6 5.04
4 5.21

... out of 33 sources

0.68
0.38
0.21
0.77
0.40
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E, (GeV)

other methods yield increased sensitivity



Flux of -
detectnr TeV photons
(arb. units§ _+
o F
Arrival time of the neutrinos +#ﬁ
from the direction of 1 +-
ES1959+650 detected by
AMANDA ol
~ May | June July
gamma-rays detected by
TeV gamma telescopes
| | | | | S
' 2000 ' 2001 ' 2002 ' 2003 '
Year






iceCube/IceTop

IceTop:
- 80 Stations a 2 Ice-C-Tanks
Last year: 16 stations
2830 m altitude
125 m spacing
3-10“<E<10'8eV
At ~ 1 km?
Last year ~ 0.13 km?

A IceCube Strings:

« 4800 DOMs
e Muon bundle detector
= > TeV

muon




IceCube

T | IceTop: air shower array
“ | / » 80 Stations / 2 Tanks each
S0, Fim » 2 DOMs each per tank
. » 125 m grid, 1 km?2 at 690 g/cm?
T v Ejres ~ 300 TeV for > 4 stations
| » Useful rate up to ~EeV

AMANDA

i i §ll3 ¥7 7 .
i :
H 11 5
: . i 324 m
. . 3
| :

IceCube: deep ice array ”
« 80 Strings / 60 DOMSs each
« 17 m DOM spacing
= 125 m between sfrings
« 1 km?3 instrumented
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IceCube/lceTop
coincident event

-1600

sample of events M
first IceCube
neutrino

270
-200

run | event 288

run 86758 event 24379




IceCube Deployment

0,

Air shower detector
Threshold ~ 300 TeV

lqsom

hﬂce\\\\\\\\\» |

planned 80 strings of 60
optical modules each

17 m between modules
125 m string separation’*.,

Completion by 2011

1,44
17

IceTop~//”////”-

Sererer e LLIRALY

Eiffeltornet

£ :.;.\
. -t 2006-2007:
: 13 strings deployed
22 strings

1320 digital modules
52 surface detectors

' 2005-2006: 8 strings

2004-2005 : 1 string

First data in 2005
first upgoing muon:
July 18, 2005

AMANDA
19 strings
677 modules




IceCubhe/Amanda
~ 2000 modules

Z,m

-1600

-1800

-2000

-2200

-2400

500
250

0
run 1018 event 1676

200

400




lceCube
event

22 strings




AMANDR vs. IceCube

2 megawatt drilling

4.8 megawatt drilling

Analog signals to surface

In-ice signal digitization

ADC/TDC

Full Waveform recording

Saturation for multiple p.e.
signals

Larger dynamic range

1 ms deadtime

No deadtime

Hardware Trigger

Software Trigger

Depth = 1500-2000m

Depth 14502450 m

String spacing
Vertical: 1020 m
Horizontal: 55-7/5 m

String Spacing
Vertical: 17 m
Horizontal: 125 m

Instrumented Volume .015
km 3

Instrumented Volume
km 3

IceCube is both larger and technologically superior

~

1




* 1 million pounds of cargo
« C-130 planes: > 50 flights



one of 21 drill modules arrive in antarctica
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Photomultiplier Tube




Dioital Optical Movnie




lceCube

Digitized Waveform




DOM MB Block diagram

i{><' Trigger (2)

FPGA
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I >a1e
BH{ I x2 /

7081-02
25 cm | x0. f;> IV, 33V, DC-DC
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x26 X
>_{ ™ CPU_Conﬁguration SMbit
@ 1 = Device
DP
OB-LEDEQ>< Ram 320 SDRAM |16Mb
\ —
el =
(n—1)y<——=+ LC < <:‘j SDRAM
20MHz 4 I I
v
: 16b_| Flash || Flash
Oscillator Monitor - CPLD AMb 4Mb
Corning Frequency Ctl & COntrOI
(was Toyocom) DACs & ADCs z Lsb e < Bytes
8b, 10b, 12b PMT Power Board







* in the next 10 years IceCube will observe

.........

- TeTeTLT T TS ~ 106 neutrinos with energies 0.1—1,000 TeV
~ 10 neutrinos with energy > 10 TeV

made in the interactions of cosmic rays with
the Earth’s atmosphere and microwave photons.

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

y=E—Vz10]6

m,




A Y IR
Tl

~.300m for
=cio>PeV v,
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v._and v_ detection in IceCube

- identify v flavor




10 EeV neutrino
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IceGube : particie physics with
one million atmospheric neutrinos

Astronomy: new window on the Universe

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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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
E*=p°+m’ +E°( ) '+
MPlanck

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



Lorentz violation: AE vs At

violation of Lorentz invariance because of Plar S
physics can be detected through-tlime delays
energy neutrinos relativ rgy photo
d
energy scale =

c At

from a source at a distance d: for instanc

IR

M Planck



Lorentz violation: AE vs At

violation of Lorentz invariance because of Plar S
physics can be detected through-tlime delays
energy neutrinos relativ rgy photo

Atz1+n(d) :
2 & gMPlanck

from a source at a distance d: for instanc

E
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solar neutrino flux ~
wimp cross section

- AMANDA (6 year) compe
with CDMS

+ sensitive to spin depende
interactions

Muon flux from the Sun (km'2 yr'l)
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J. Edsjs, 2004
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North position (m)

2007 detector: 22 IceCube strings + AMANDA
Can be divided in veto and fiducial volume

500

400

300

200

100

-100 0 100 200 300 400 500 600 700 800
East position (m)




AMANDA/IceCube as MeV v detector

...first proposed by Halzen, Jacobsen & Zas, astro-ph/9512080

20 MeV
@ positrons

wo O}

$‘-.-~:\
LN
NN
LR
AR
6N

%" ice uniformly illuminated

"~ detect correlated rate increase
on top of PMT noise 1 meter




AMANDA/IceCube as MeV v detector

| | | |

Disadvantage:
% no pointing
& intrinsic noise

Advantage:

== high statistics
(0.25% stat. error)

Good for fine time
structures (noise low)!

Counts / Bin [10%]

Simulation based on a numerical Livermore model, normalized

To SN1987A at 10 kpc
Totani, Sato, Dalhed & Wilson, ApJ 496 (1998) 216
See also: Dighe, Keil & Raffelt, hep-ph/0303210




Kachelriess,Tomas, Buras,Janka, Marek & Rampp,astro-ph/0412082

400 Peak rather independent of
: « mass of star
300} « neutrino transport
= : * nuclear equation of state
20 [
;9_ 200 : Peak strongly dependent on
-

MSW effect in supernova
03

neutrino mass hierarchy

100}

11mg

-5 0 5 10 15 20

] Else, if neutrino mixing matrix known:
(bl MS

excellent method to measure
distance with <10% accuracy

Can IceCube see it?



2005, 2006, 2007 deployments

a km squared year
data by 2008 = ".
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Data from completed Antares detector-> KM3NET

73

47

57

66

74

21

AMANDA

IceCube string and
IceTop station
deployed 01/05

IceCube string and
IceTop station
deployed 12/05 -
01/06

. IceTop station only
2006

IceCube string and
IceTop station to
be deployed 12/06 —
01/07

*604 DOMs deployed
to date

e Want to achieve
steady state of 14
strings / season.
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accumuiated exposure at 100 TeV
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effective telescope area at 100 TeV

-AMANDA ~ ANTARES ~ (1- 5) m?

‘lceCube 22 strings (now) ~ 30 m?

‘lceCube 80 strings (final) ~ 100 m?
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M87/Virgo A

The M87 Jet
Approachlqg

Gas Disk in Nucleus of
Active Galaxy M87

\ /
Receding

Hubble Space Telescope 4 M87 @ Anglo-Australian Observatory
Wide Field Planetary Camera 2 \ - A Photo by David Malin

I‘[ﬂentage

PRCO00-20 « Space Telescope Science Institute «+ NASA and The Hubble Heritage Team (STScl/AURA)
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neutrinos
Fireball model for long GRBS:

External Shock

The Flow decelerating into
Internal Shock the surrounding medium

Collisions betw. diff. 1
parts of the flow
it "
- "2 4 N\

PeV neutrinos from internal shokk
MeV neutrinos at collapgse EeV neutrinos from externsa
shocks
TeV neutrinos from inside the star

[Meszaros & Waxman, 2001]
[Razzaque et al. 2003] PeV-EeV neutrinos from flares




Besides T90 search » diffuse neutrino flux
A . “ (\E a 1 o Atmosphéric 7777777777777777
’0’,,R0”|ng search” for excess ) l e AMANDA—II (1yr)
events on short time scales. ~ [ Wk
> 0°l  AMANDA @dyr)
. . U g HRE

¢ Individual bursts (e.g. GRB w7
030329). ~I:

07 ~
% Search for v,,v_ (4m - .
sensitivity!). U

-10 ."'-.1 | :"-.
1 3 4 5 6 7 8

< Search for isotropic flux from ” 1os(E, 1GeV)
the

cumulative signal of ALL GRBs.
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Glaciology with Light

+ 100f; Gm
o Vostok calcium
g 75} ~meter to several meter resolution
q’o
— 50t
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We were lucky!

Light travels more than
100 meters in the ultra-
pure, sterile ice

Scattering of the light is
manageable

We use the existing
infrastructure of the
National Science
Foundation’s South Pole
Research Station

Makes the construction of
the ultimate kilometer-
scale neutrino observatory



surface (GPS) -

X automatic, every few seconds

40 |
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a0 |
25 |
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round trip time [ us ]

Time I 20 |
E 15 | IceTo
: 10| .
E 0 10 20 30 40 50 60 70O
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4 [ DOM32  width 1.60 ns 15
10 " & o round trip time resolution
3f s for 76 DOMs
10 0 10
2 [+= |
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Atmospheric neutrinos
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Atmospheric  ® AMANDA—II, unfolded
B Frejus

4 5 6
log(E,, /GeV)

Limit on diffuse E-2 Vi flux
(100-300 TeV):

E2®, (E) < 2.6-1077
GeV cm2ssr

/ Includes 33% systematic uncertainty



CPU+FPGA
20 MHz osc

2 ATWDs

Fast ADC.:
waveform
and COMM
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oluing plastic collar to hold board

| DOMs Shipped to Pole

ool pnochanicalintorfoco +0 PNT

J Year

# DOMs

»

2004

270

i |

1 2005

701

| 2006

900




* in the next 10 years lceCube will observe

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

h 0 sl Wit My L ~ 108 neutrinos with energies 0.1—1,000 TeV
~ 10 neutrinos with energy > 10° TeV

made in the interactions of cosmic rays with
the Earth’s atmosphere and microwave
photons.

» with m~0.01 eV and E~100 TeV
the gamma factor of the neutrino is

)/=E—Vz10]6

m,




lceCube

very low dark noise at low temperature

counts

104 |

correlated noise due to
radioactive decays producing
fluorescence in glass

suppress with artificial
deadtime O(200us)

DOM rates ]
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