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50,000 year old sterile ice instead of water




« 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
« active galaxies

* particle physics, mostly dark matter

lceCube.wisc.edu
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lceCube / Deep Core

« detects Cherenkov light
from showers and muon
tracks initiated by
neutrinos

detects ~220 neutrinos
and 1.7x108 muons per
day

 threshold 10 GeV

5{]"‘

Vagg m

« angular resolution
0.4~1 degree

5320 Digital Optical Modules (DOM)

2459,

currently instrumented
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2222 completed December 18, 2010
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lceCube event»display |

time = color (red -) purple) g
size = number of photons SRl
















IceCube 40-string Data eutrino-induced muon




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 /| /!
probablity atmospheric: //l, ,/ 7

103




electron neutrino

Run 109655 Event 4490744 [Ons, 12349ns]




seen: 14 events
predicted: 3 atmospheric and 4 background

Run 109655 Event 4490744 [Ons, 12349ns]




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

* drilling
» optics of ice
« atmospheric muons

lceCube.wisc.edu




. 90 degree C
-2 4.8 megawatt heating plant




lceCube drilling to best low
background site on Earth:

- radio-pure ice

- no seasonal variations
(temperature, humidity,...)

—> shielded from cosmic rays by
lceCube veto

* DM-ice, DeepCore upgrades
(towards proton decay?)

« < 700K$ per string of 60 ten
inch PMTs (data to your pc)
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« we built a km? neutrino detector > 3 challenges:

« atmospheric muons

lceCube.wisc.edu




muons detected per year:

- atmospheric* p 7x1010

e atmospheric*™ v->pu > 8x104

* COSMIC v>u ~ 10

*> 2000 per second ** 1 every 6 minutes




within trigger time window




(not) final performance




IceCube
performance

then
and
now

neutrino
“mirror”
area

IceCube neutrino area
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Astroparticle Physics 20, 507 (2004)
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Type: NuMu
E(GeV): 5.33e+06
Zen: 36.43 deg
Azi: 120.51 deg
NTrock: 11/11 shown, mi
NCasc: 100/1079 shown,

Run 433700001 Event O |Ons, 40000ns




Differential Energy Reconstruction of 5 PeV Muon in 1C-86

Monte banc Truth | | | '
Reconstructed

Total True Energy Loss: 107.9 TeV
Total Reconstructed Energy Loss: 108.8 TeV
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iImproved angular and energy resolution
soon




... 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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lceCube-40 atmospheric
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375.5 days IC40

Data : 12877 Events
Downgoing Muons : 4 Events

Atm v, Honda 2006 13466 Events
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nugenHist

zenith angle
two analyses

systematics !!!
« K/mt ratio
» zenith acceptance of
modules
* Ice
» CR composition
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early
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 in [C40
* ... but not finished yet!

* nothing expected
next?
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« search for the sources of the Galactic cosmic rays

lceCube.wisc.edu




. ~
~

Galactic
cosmic rays :

~
S

~
S

must produce
pionic y-rays
In interactions

Ep2-de/dEp [GeV em? s’ sr'l]
S

with hydrogen
in Galactic plane 10
(1 prc;ton cm) o
;
0 2> vy o
trace Coslmic 10

rays

iy
S

1
\®]

dnrect measurem.

. Indirect measurem.

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

produce TeV
gamma rays

Auger—ICRCO7

HIRES
AGASA
KASCADE /K—Grande
= Yakutsk

I~ HP

= Hegra

o CASA Mia
- /. Akeno

- 1 Tibet

Tien shon
MSU
JACEE
Proton—Sat

Galactic

extragalactic

8 9 ) 11 12
loglO(E /GeV)



or?

Cor. Excess Counts

- TeV photons trace the density of the molecular clouds
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neutral pions
are observed as

gamma rays

charged pions
are observed as

neutrinos

VY, =Y +Y




cygnus region : Milagro

translation of
10 MENAEININEREVE
Into
TeV neutrinos :
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Combined likelihoods
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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)



ON SUPER-NOVAE

By W. BAADE AND F. ZWICKY

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

Communicated March 19, 1934




IC22 and 1C40 : muon astronomy (!

IceCube-22 interstring (surface) distances

1C22

Different geometries, same
ks " %) 0 3 4 b 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 siggfiicance

Vela
* closest supernova remnant
* strongest gamma ray source




« search for the extragalactic cosmic rays

e gamma ray bursts
« active galaxies

lceCube.wisc.edu




collapse of massive
star produces a

gamma ray
burst /
/7

spinning black hole

photons and proton
coexist in the
fireball if...
GRB are the sources
of the cosmic rays
9

neutrino production
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Cosmic Rays & GRBs
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observed energy
density of
extragalactic CR:

3x10°1° erg / cm3

Gamma-Ray Bursts:
2x10%2 ergs x 300/Gpc?
x 1010 yr

3x10°1° erg / cm?

GRBs provide environment and energy

to explain the extragalactic cosmic rays!




v and y beams : heaven and earth

black hole

o target

radiation

cbhrecuonal ~ cosmic ray + neutrino
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E*J [GeV? em™ 2 s~ sr!]
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collide cosmic rays of GRB
origin with microwave photons
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GRB origin of cosmic benchmark —
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AMANDA

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

107}

IC59 Guetta et al.




GRB on probation

« 3x10-1® erg/cm? over 1010 years
= 5x10% TeV Mpc3 yr

* reduce by ten
* more reasonable 2x10°! erg per GRB

» cannot explain the cosmic rays above the knee
» escape lceCube 40 string diffuse bound

- new prediction for 40+59 2-year data
Waxman: 12.4 events
Guetta: 14.5 events
none seen




“quick & dirty” limit

HiRes/Auger CRp —
6 | I! Y=
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1077 T <
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GeV TeV PeV EeV ZeV

GRB only yield the highest energy particles, not the cosmic rays above the knee



Mon Oct 26 08:12:0Q° 2008

NOT a GRB

neutrino(?)

within 40 s

duration of
the burst

azimuth of
burst
87.11 deg

observed
87.97+/- 0.3

we keep
looking !!!
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Table 3: Erpected numbers of events N, from several
UHE neutrino models, comparing published values

from the 2008 ANITA-II flight and IceCube-40[54]
(IC40, 2008-09) results with predicted events for a
three-year exposure for ARA-37.

Model & references N,: ANITA 1C40 ARA
(2008) 09 yr 3 yrs
Baszeline cosmogenic models:
Protheroe & Johnson 1996[45] 0.6 0.5 59
Engel, Seckel, Stanev 2001[46] 0.33 0.4 47
Kotera et al. 2010[47] 0.5 0.33 59
Strong source evelution models:
Engel, Seckel, Stanev 2001[46] 1.0 1.12 148
Kalashev et al. 2002[48] 5.8 0.98 146
Barger et al. 2006[50] 3.5 6.2 154
Yuksel & Kistler 2007[51] 1.7 1.7 221
Mized- Iron- Composgition:
Ave et al. 2005[52] 0.01 0.05 6.6
Stanev 2008[53] 0.0002 0.013 1.5
Kotera et al 2010[47] upper 0.08 0.64 11.3
Kotera et al. 2010[47] lower  0.005 0.04 1.1
Fermi cascade-bounded models:
Ahlers et al. 2010[55] 0.09 0.43 20.7
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WIMP Capture and Annihilation
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conclusions
e Hess 1912.... and still no conclusion

* the instrumentation is in place ...

e ... supernova remnants and GRB are in
close range !
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South Pole 2000

Amundsen-Scott South Pole station




AMANDA:

* 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




» “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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architecture of independent DOMs

10 inch pmt

LED
flasher
board

HV board
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each DOM is
Independent:
continuously
sends time-
stamped
wave forms




neutrino flavors

hadronic
shower

hadronic |
+ electromagnetic
shower

hadronic
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hadronic
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cosmic
neutrinos:

energy:
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DOM T ime Calibration

2 nanosecond Clock offset
timing ey St

>

across 1 kms

GPS(ty)

Tround-trip = g1

Reciprocal
Active
Pulsing

For identical electronics: t (dOWTl) = t (up) =172( T round-trip- t)
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Signals and Backgrounds

cosmic ray

astrophysical
neutrino

atmospheric
neutrino

atmospheric
muon




cassiopeia A supernova remnant in X-rays

10-3 of energy released
transformed into
acceleration 2

E-2 spectrum

acceleration when
particles cross
high B-fields




GRB _—
e AMANDA
protons and | = ICECUBE-22

photons co- e A
exist in the [ -~ 1C40 Guetta et al.

fireball 2
V production

¢, (E,) [GeVem™ s7' s77!]
=2
=
a

2
E;
=
=
L

PRELIMINARY

* proton flux = observed cosmic ray flux (\WWB)
 observation of 117 burst with lceCube-40 strings
» 4 events expected, none seen




- energy In extra-galactic cosmic

raysis ~ 3x101° erg/cm?

2x10°2 erg per gamma ray burst

energy in cosmic rays ~ photons \




drilling and deployment

to 2500 m in
less than
2 days =2
~ 3.5 cm/second

R






