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- we built a km3 neutrino detector > 3 challenges:

« drilling
* optics of ice
« atmospheric muons

» search for the sources of the Galactic cosmic rays
 search for the extragalactic cosmic rays

e * gamma ray bursts
) e active galaxies

» particle physics, mostly dark matter

lceCube.wisc.edu
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cosmic rays Interact with the
microwave background

p+y —>n+xz"and p+7°

cosmic rays disappear, neutrinos appear

E >2x10°TeV
~1GZK event per kilometer cube per year
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 shielded and optically
transparent medium
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« lattice of photomultipliers
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tube



energy measurement (> 1 TeV)

s photo-nuclear
%ir-creaﬁon

gremsstrahlung

T

convert the amount of light emitted
to measurement of the muon
: energy (number of optical modules,
number of photons, dE/dx, ...) R -






Amundsen-Scott South Pole station
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AMANDA:

e simple

* high voltage supplied via (coax, twisted pair, fibre optic) cable
« analog photomultiplier signal up via same cable

* successful

« photomultiplier pulses after 2 km... not pretty

WHAT DO WE REALLY NEED?

« complex wave form information (scattering in ice)
* large dynamic range; more that 10°

* low power consumption

» stable operation, easy calibration

ANSWER : ANALOG TO DIGITAL CONVERSION



Each optical module must become a
complete semi-autonomous data

acquisition platform, linked in an all
digital decentralized network

» “Let’'s make 5000 complex tethered
satellites and bury them forever in ice”

* “Will the cold keep them from working?”

* “Nothing like this has ever been done”

* “What if we make a mistake we can’t fix?”
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AMANDA DOM

DOM event from file 125.DTA
with Amanda Trigger
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Digitized Waveform




DOM T ime Calibration

2 nanosecond Clock offset
timing e S

N}

across 1 km3 : E
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Reciprocal
Active
Pulsing

For identical electronics:  t (down) t (up) = 172( Tround-trip- t)




architecture of independent DOMs
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IceCube / Deep Core

* detects Cherenkov light - @“
from showers and muon  |[EEEESREEN

traCkS in Itlated by _ currently instrumented
neutrinos
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stamped
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lceCube event'disp‘lay':-_

time = color (red 9 purple)

size = number of photons
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lceCube neutrinos (40 out of 80 strings)
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IceCube 40-string Data @eutrino-induced muon



89 TeV

Run 110977 Event 6561545 [Ons, 40000ns]



Biggest Shower in IC40 EHE Analysis

IceTop HLC in 4(+1) Stations

250,086 photons

10 PeV in detector /7]

probablity atmospheric: / '/ ¥
103 {4 iy




neutrino flavors
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electron neutrino

Run 109655 Event 4490744 [Ons, 12348ns]




seen: 14 events
predicted: 3 atmospheric and 4 background

Run 109655 Event 4490744 [Ons, 12349ns]
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Smirnov, Erice 2010

Large atmospheric
heutrino detectors
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low energy core for IceCube

1500 \\\\\\\\\\\\\ AMANDA

AN
\
b Deep Core
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neutrino oscillations in DeepCore
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muon neutrino disappearance

Preliminary

full detector simulation _ .
. . without oscillations
of 3-flavor oscillations ®\ith oscillations

« 1 year DC
* N00 bg assumed
* cos(0) <-0.6

number of hit DOM
used as simple
energy estimator

80 90 100
NChannel
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hierarchy by statistics?
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~ 10 GeV : hierarchy from matter effects
In the Earth near first absorption dip
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- we built a km3 neutrino detector > 3 challenges:

« drilling
* optics of ice
« atmospheric muons

 search for the sources of the Galactic cosmic rays
 search for the extragalactic cosmic rays

e gamma ray bursts
e active galaxies

lceCube.wisc.edu
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J00

22 Muon event in IceCube

downgoing cosmic ray muon
~ 2700 per second
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M. Santander - TeV cosmic ray anisotropy in IceCube (Prelim exam) - 03/07/2011



Signals and Backgrounds
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Signals and Backgrounds

South Pole
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IceCube Depth:

astrophysical
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muons detected per year:

« atmospheric* p 7x1010
e atmospheric v—>u > 8x10%

* COSMIC v>u ~ 10

*> 2000 per second



within trigger time window
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... on to IceCube science

we measure the flux of atmospheric muons and
neutrinos at higher energies and with better
statistics than previous experiments. Any deviations
from what Is expected is new neutrino physics or
new astrophysics. We just look for surprises.
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375.5 days IC40
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CEY
astronomy directions of ~ 600 neutrinos
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lceCube 40 strings
operated 375.5 days

northern sky: 14139 neutrinos

search for

» clustering
- high energy (>> 100 TeV) southern sky: 23151 muons



* nothing seen
* nothing expected
next?



limits (symbols) / sensitivies (lines) to point sources
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- we built a km® neutrino detector > 3 challenges:

* drilling
* optics of ice
« atmospheric muons

» search for the sources of the Galactic cosmic rays
 search for the extragalactic cosmic rays

e gamma ray bursts
e active galaxies

lceCube.wisc.edu
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solar cosmic ... often wrong, but never in doubt ...
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particle acceleration in solar flare

coronal
mass

flows of charged particles result in large B-fields



gravitational energy
released Is trans-
formed into
acceleration

acceleration when
particles cross
high B-fields



Galactic
cosmic rays :

must produce
pionic y-rays
IN Interactions
with hydrogen

In Galactic plane
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neutral pions
are observed as

gamma rays

charged pions
are observed as

neutrinos
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cygnus region : Milagro

translation of

™ eV gamma rays
INto

TeV neutrinos :
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Significance
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3 £ 1 vperyear in IceCube per source
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preliminary celihoods
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20,000 atmospheric neutrinos later ...

ING 6 MILAGRO SNR

Milagro 6 SNR 2.05 * prediction 5.50 * prediction

3.0 events in IC40 predicted by flux from Halzen, Kappes, O'Murchadha (2008)

p-values of 6 Milagro SNR stacked searches:

20% 27% 2.3%

(a posteriori)
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IC22 and IC40 : muon astronomy (!)

IceCube-22 interstring (surface) distances

Yim

1C22

1C40

IC59

Different geometries, same
-6 _d ] 5] ] 4 6 Structure

significance




cosmic ray
:
10 TeV

to several
100 TeV

air shower

muons from
air showers

10 TeV
«— 2KHz
3 deg resolution

cosmic rays
In lceCube

« we map the highest
energy Galactic
cosmic rays, but...

* their gyroradius is
< 1 pc in microgauss
magnetic field

 closest sources
> 100 pc

should not point!
- that's why we
detect neutrinos!




IC59 Hotspots: 6° Smoothing

significance



IC59 Hotspots: 10° Smoothing

significance



IC59 Hotspots: 15° Smoothing

significance



IC59 Hotspots: 20° Smoothing

significance



1C59 Dipole + Quadrupole Fit Residuals (12 Smoothing) 1C59 Dipole + Quadrupole Fit Residuals (20 Smoothing)

significance siggfficance

Vela
» closest supernova remnant
* Strongest gamma ray source
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ON SUPER-NOVAE

By W. BaabpE AND F. ZWICKY

MoOUNT WILSON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON AND CALI-
FORNIA INSTITUTE OF TECHNOLOGY, PASADENA

Communicated March 19, 1934




« we built a km?3 neutrino detector = 3 challenges:

e drilling
* optics of ice
e atmospheric muons

 search for the sources of the Galactic cosmic rays
» search for the extragalactic cosmic rays

e gamma ray bursts
* active galaxies

lceCube.wisc.edu



10-3 of energy released
transformed into
acceleration -2

E-2 spectrum

acceleration when
particles cross
high B-fields



and if the star collapses to a black hole ...



collapse of massive
star produces a

gamma ray

burst V

/7
spinning black hole

shocks produced in
the outflow of the
~ . spinning black hole:
— maa-:x:ﬂ
: electrons
and

protons ?



active galaxy

particle flows near
supermassive
black hole



v and y beams : heaven and earth

0 accelerator

o target

(>

p+Yy

ea neutrino
magnetic ! 9 p
fields ~ cosmic ray

CEINE!
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cosmic rays Interact with the
microwave background

D+y—->n+xz"and p+

cosmic rays disappear, neutrinos appear

E >2x10°TeV




E3J [GeV? em™2 s™1 sr

10°

10?

10
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HiRes(E/1.2) & Auger

collide cosmic rays of GRB
origin with microwave photons

- p+y—>n+zand D+ 7’

cosmic rays from n-decay
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E [GeV]
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GRB origin of cosmic
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- cascading in the
 microwave background
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GRB

AMANDA

protons and (CECUBE-22
photons co- -~ Wasman & Bahcal
eX|St |n the - = |C40 Guetta et al.
fireball =

V production

|
E
L
|
P
= |
I,
=y
=
L&)
b,
—
‘U
h
.
Oy
ooy

* proton flux = observed cosmic ray flux (WB)
 observation of 117 burst with lceCube-40 strings

* 4 events expected, none seen



L/

E? ¢ (E) [GeV cm 2 s ! SI‘_1]

10° -

AMANDA

ICECUBE-40
Waxman & Bahcall
IC40 Guetta et al.
ICECUBE-59

IC59 Guetta et al.
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“quick & dirty” himit

>—I—1_P Fermi-LAT
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Auger : the sources revealed ?

correlation of arrival directions with active galaxies
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IC-40 1C-22

HiRes 4

events (real/expected) 10/6.6 1/1.0
pre-trial p-value 0.13 0.73
pre-trial sigma 1.12 -
HiRes 6

events (real/expected) 21/7.7 2/1.3

pre-trial p-value

0.000047 0.36

pre-trial sigma 3.91 0.36
PAO 1

events (real/expected) 1/1.2 7/23
pre-trial p-value - 0.009
pre-trial sigma - 2.35

RA 11.07° Dec. 14.99°



- part icl cle physms with

one million atmospherlc neutrinos

Particle Physics

DeepCore: oscillations, tau neutrino appearance, hierarchy

. measurement of the high-energy neutrino cross section
. TeV-scale gravity, guantum 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 / cosmological remnants
. search for non-standard model neutrino interactions

. search for leptoquarks
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from Planck scale

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

2:p2+m2iE2( E )+

gM Planck

modification to dispersion relation leads to an energy
dependent speed of light.
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sensitivity
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"Planck scale !
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violation of Lorentz invariance because of Planck scale
physics can be detected through time delays of high
energy neutrinos relative to low energy photons

At%1+n d E,

2 C gM Planck

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



violation of Lorentz invariance because of Plar S
physics can be detected through{ime delay
energy neutrinos relativ rgy photo

n

Atz1+n d E,

2 C gM Planck

from a source at a distance d: for instanc



violation of Lorentz invariance because of Plar S
physics can be detected through{ime delay
energy neutrinos relativ rgy photo

d A

enerqgyscale= ~ M
gy At Planck

from a source at a distance d: for instanc



tests

* equivalence

principle
and
e Lorentz
Invariance

...general
relativity
will not last

200 years...

M. Turner

lceCube

SK excluded (3a)

Solid = RQPM
Lines = TIG
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indirect detection

of




wait one year - effect disappears




atmospheric neutrino events
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dark matter
supersymmetry comes in 2 flavors:
spin-independent ( favors direct detection
because of A?) and spin-dependent

IceCube Is competitive for spin-dependent

can probe most of the interesting parameter
space of the MSSM

[astrophysics I1s known ( no toothfairies )]



direct detection - general principles

O Nucleus

e Search for an annual
modulation due to the
Earth’s motion around the
Sun
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Neutralino-proton Sl cross-section [cm? ]
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Neutralino-proton SD cross-section [em? ]
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DM Mass [GeV]
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conclusions
e Hess 1912.... and still no conclusion
* the instrumentation is in place ...

* ... supernova remnants and GRB are in
close range !



sensitivity to wimps with
spin-independent interactions
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Neutralino-proton SD cross-section o (cn)
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