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neutrino as a cosmic messenger:

electrica
essentia
essentia

y neutral
y massless
y unabsorbed

tracks nuclear processes
... but difficult to detect
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cosmic rays interact with the
microwave background

p+y—=n+aand p+m°

cosmic rays disappear, neutrinos with
EeV (1078 eV) energy appear

T—=U+v,—={e+v,+U,}+0,

1 event per cubic kilometer per year
...but it points at its source!
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* the energetics of cosmic ray sources
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the sun constructs an accelerator

coronal mass
ejection—->
10 GeV protons




Hillas formula :

 accelerator must contain the particles

» dimensional analysis, difficult to satisfy
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Chandra
SN 1006

supernova
remnants

Chandra
Cassiopeia A
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...and if the star collapses to
a black hole...

gamma ray burst

v" happens in seconds
not thousands of year

v' beamed along the spin
axis of the black hole

v' simulation not image

v ? lceCube, Nature 2011




active galaxy

particle flows near

supermassive
black hole
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v and y beams : heaven and earth
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* a cubic kilometer detector

lceCube.wisc.edu




M. Markov . B. Pontecorvo
1960 |




* shielded and optically
transparent medium
muon travels from 50 m
to 50 km through the
water at the speed of light
emitting blue light along
its track

Interaction

« [attice of photomuiltipliers







photomultiplier
tube -10 inch
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93 TeV muon
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energy measurement (> 1 TeV )
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convert the amount of light emitted
to measurement of the muon
energy (number of optical modules,
number of photons, dE/dx, ...)
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Differential Energy Reconstruction of 5 PeV Muon in IC-86

Monte tarlo Truth -
Reconstructed

Total True Energy Logs: 107.9 TeV
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Improving angular and energy resolution




3 kilometers of ultra-transparent ice
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Observation of muons using
the polar ice cap as a
Cerenkov detector
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Ohseruatlun of high-energy neutrinos
using Cerenkov detectors embedded
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Optical Signal

scattering measurement on dust
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lceCube / Deep Core

5160 optical sensors

between 1.5 ~ 2.5 km

10 GeV to infinity

< 0.5 degree on-line

< 0.3 degree off line

for muons

(10~15 degrees for
showers)

< 15% energy resolution

Digital Optical Module (DOM)

2
450 m

Sl

IceTop

completed December 2010
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drilling and deployment

2 days per hole
3.5 cm/second




nozzle delivers -

» 200 gallons per minute

« 7 Mpa

* 90 degree C

- 4.8 megawatt heating plant

et X
L







architecture of independent DOMs

flasher
board

HV board




Digital Optical Module (DOM)

... each DOM independently collects light signals
like this...

0.025 n ————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

# photons versus time

Digitized Waveform

20 40 60 80 10 120

O

...time stamps them with 2 nanoseconds
precision and sends them to a computer that
sorts them into muon and neutrino events...




Signals and Backgrounds

cosmic ray

astrophysical
neutrino

atmospheric “ S~
neutrino ¥

atmospheric
muon
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... you looked at 10msec of data !

muons detected per year:

« atmospheric* u ~ 90"

e atmospheric** v 2 u ~10°

* COSMIC V2 U ~ 10

* 2700 per second ** 1 every 6 minutes
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BREAKTHROUGH
OF THE YEAR

IcECUBE

... for science and for the experimental accomplishment of building IceCube ...
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 evidence for extraterrestrial neutrinos

conclusions
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cosmic rays interact with the
microwave background

p+y—=n+aand p+m°

cosmic rays disappear, neutrinos with
EeV (1078 eV) energy appear

T—=U+v,—={e+v,+U,}+0,

1 event per cubic kilometer per year
...but it points at its source




GZK neutrinos: > 41,000 photons near the horizon
> 300 channels

Energy of incoming particle ec Energy-losses in detector « number of photo electrons (NPE)
* Optimization based MC and MC verification based on 10% experimental ‘burn’ sample

[Experimental Data (10%) ~  Signal MC
E 1K £ 'y v, =

® F 3T E
5§- 03— d . :—'§- 08— s
= 1 =
- E . . " ]
1 E = ™~ . ;' 1 s '. |.|
. ) : . *
2 = 3 2
- '
v

" Background
0.144/livetime

AUWIIIDAI[/0E ~ O'T

6 6.5 7 7.5
log NPE

unblinding: 2 events in the signal region
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tracks and showers

A & 7Y
cascade
-, e S Cherenkov
0 light
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digital optical module 44 on string 20 only

44,20: 7e+02 PE
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Blue: best-fit direction, red: reversed direction
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* energy
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1,141 TeV
(15% resolution)

* not atmospheric:
probability of
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event

- flux at present
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limit




* find more contained
events (420 Mton)

» total calorimetry
e complete sky coverage

 flavor determined

* some will be muon | J
2|

neutrinos with good
angular resolution

loss in statistics is compensated by event definition
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atmospheric neutrinos are
accompanied by muons from
the shower that produced them:
none seen

(also, no signals in IceTop)




...and then there

were 26 more...

Data (Trigger Level)
Signal Region

Events per 662 days

data: 86 strings one year



...and then there
were 26 more...

AL _,_bggkground'bopulaﬁon above
~6000 PE--...

Tor

1e+06
data: 86 strings one year
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same plot animated:

* events versus background as a
function of energy

cuts from > 30 TeV (all events) to until
only PeV events remain

background disappears ~ 60 TeV
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» all features agree with signal,
not with background

e each event can be scrutinized
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some interesting events

)

1l b

declination: 40.3°
deposited energy: 253TeV

declination: -0.4°
deposited energy: 71TeV

declination: -13.2°
deposited energy: 82TeV

IceCube Preliminary e

IceCube Preliminary
IceCube Preliminary
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where do they come from (3 year data)?

Galactic

0 TS=2log(L/LO) 11.2917
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expect surprises: produced by Galactic dark matter halo?
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conclusions
first observation of cosmic neutrinos
origin not revealed yet, but...

one more year of data by May 15

better and different analyses soon
(well-reconstructed v,

lceCube.wisc.edu
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Figure 2: Sky plot of all events that pass level 4 quality cuts.
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Bkg. Atmospheric Neutrinos (7/K)
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neutrinos of all flavors
Interacting inside
lceCube

Muon Energy Proxy (GeV)




highest energy muon energy observed: 560 TeV




measured optical properties = twice the string spacing
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(increase in threshold not important: only eliminates
energies where atmospheric background dominates)

<€

NGlceCuge (1/2/3)

lceCube

DeepCore

/

0\\’}"’
® ® ® O+ S+ S+ OPEEEEENER
¢ ¢

*Qar v+ EENEEE
or O+ O+ OEEENR
*hhhhrEAEEE
¢ 0 P )0 PiOH)SFEEER
*hd ik rEEEEEEEN

® ®© ®© ® ® S+ H+HSHYEEEEEER

¢ ¢rvGr+EEEEEN
® ® ©® © O O B OABDH BN OIS
2202 RR R’
¢ P )0 P & 0 Pk OAPrO
220 SRS
® © ¢ ¢ ¢ ¢ o & o O

¢ ¢
e o o

¢ ¢

<
<@
<@
o

(]
¢

* P+ S SEEEN
*hhhkkrEAEEEE

¢ ¢ ¢
® o o o0 0 0 0 o
¢ ¢ ® e p oo p o
® o o0 0 0 o

¢
e o

)

¢ 6 =+ =

IceCube 86

spacing 120 m
spacing 240 m |]
spacing 360 m

000

—2000

—1000 0

1000

2000 3000

Spacing 1 (120m):
lceCube (1 km3)
+ 98 strings (1,3 km?3)
= 2,3 km3

Spacing 2 (240m):
lceCube (1 km3)
+ 99 strings (5,3 km3)
= 6,3 km?3

Spacing 3 (360m):
lceCube (1 km3)
+ 95 strings (11,6 km3)
=12,6 km3



120 strings
Depth 1.351t0 2.7 km

80 DOMs/string
300 m spacing
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