


UHE Neutrino Astronomy

Still unresolved questions regarding production of
UHECR — no resolved sourcesto date. Neutrinos are
ideal particlesto trace back deep inside astrophysical
SOUrces:
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IceCube — a next generation v observatory

a cubic kilometer successor to AMANDA
(Antarctic Muon and Neutrino Detector Array)

Detection of Cherenkov light from
the charged particles produced when

av interactswith rock or ice

Direction reconstructed from
the time sequence of signals

Energy measured from counting
the number of photoelectrons

Expected performance wrt AMANDA
-improved angular resolution
-improved energy resolution
* increased effective area/volume
- entire waveform read out
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fopew Trigger rate: 80 Hz

2001 Data years: >=2000
“Up-going”

(from Northern sky)

Optical Module
PMT noise: ~1 kHz

“Down-going”
(from Southern sky)

PMT looking downward



9stringsand 16 IceTop

“ . stations deployed 2005-

2006

The Design

1 Gton instrumented volume

>70 strings of 60 Digital Optical
Modules (DOMs)

— 1450-2450 m deep

— 17 m spacing

— 125 m hexagonal grid

— geometry optimized for

detection of TeV — PeV v’s
— DOMs look downward
No single point failure:
1 cable/2DOMs
lceTop air shower array

— 2 surface tanks for each
string/station (2m diameter)

— each tank contains 2 DOMs



lceCube Science Goals

Steady galactic and extra-galactic neutrino sources
(SNRs, AGNs, binary stars)

Variable neutrino sources (micro-quasars, magnetars)
Transient neutrino sources (GRBs)

Exotic neutrino sources (monopoles, nuclearities)
Cosmic Ray composition (IceCube/lceTop)



The DOMs

Each DOM is an autonomous data collection unit
Power consumption: 3W

* Measure arrival time of every photon

« 2 Analog Transient Waveform Digitizers at 300 MHz
for 400 ns (signal complexity) and an FADC

PMT base recording at 40 MHz FADC 6.6 us (event

duration in ice)
ATWDs have low, medium and high gain channels

 Dynamic range 500pe/15 nsec
25000 pe/6.4 us
« Can do local coincidence triggering
« transmits to surface at request via digital communications

« Data sent over 3.3 km twisted pair
copper cable: power, data and time stamping

Clock stability: 10-'0 = (.1 nsec / sec
Synchronized to GPS time every =5 sec at a
precision rms = 2 nsec (Rapcal calibrations)

LED flashe
12 LEDs




Final Acceptance Test

» Check basic DOM optoelectronic function

 Perform extended life and stability tests of DOMsin
temperature cycled environment over ~ weeks

 Calibrate DOM optical sensitivity
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i 10 pulses are superimppsed

Single photoelectron 1 A
pulses recorded with TR A

ATWD
Single photoelectron )
pulses (SPE) .
recorded in 6 DOMs i - i
during the final oL

acceptance test. SRR B

All PMT gains are set d
to 1E7. L
Threshold at 0.3 SPE i o

FWHM=13.6 ns
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38-46 Flashing, 38-42 Observing

Pulse shapes o
taken in situ

« Pulse shapes are
recorded with three

ATWD channels for high
dynamic range coverage.

* Runs of 10 flasherboard
pulses at 5 different
brightness settings are
shown.

« High saturation in At nseo)
channel 0 (high gain), but '
good coverage of the
brightest pulses in
channel 2 (low gain).

3B-42
ATWD chan 2 {volts)

my)

38-42
ATWD chan O {




ATWD and FADC

. T 27862/21-55
Pulse shapes are recorded with 60

ATWD and with FADC.

Shown is an average flasher
pulse and a single shot
superimposed at 125 m distance.

The ATWD captures 400 ns of 0]
th|S pL”Se (top) The fU” EDGI o I1CII'JCII o ITE:JCII o IECI‘DCII o IEEICID

waveform is recorded in the At (nsec)
FADC (bottom).
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20-55 / ltchetiky
ATWD chan 0 (mV)

g 27862/21-55
40

FADC (mV)
=
|

Here the flasher is 21-55 and the receiver is
29-55 (neighboring string, 125m away).
This is a 50 nsec pulse, maximum brightness, -—_—
six horizontal LEDs flashing.The smooth curve 500 1000 1500 2000 2500
shows the average of several thousand events. At (nsec)

One example waveform is superimposed. 11

29-55 [ ltchetiky




Getting to the South Pole
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A six hour flight from New Zealand to McMurdo Station, via C-141 “Starlifter”
(now C-17 “Globemaster” is used)






Eﬁ_thrge r_mour flight fro_m McMurdetoSeuthrPole Station, via C-130 “Hercules’ :
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Hot Water Drillin

IceCube Enhanced Hot Water Dirill
significant operation — entire drill
camp setup, including generators,
heater plants, fuel systems, and
support workshops. This camp
doesn’t move during the season.

2 drill towers connect to central
plants and leapfrog over holes.






Deployment

mBR 77
)

500

Depth of drill head (m)

DOM installation:
~Bmin/DOM
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99% of 604 DOM s survive deployment and freeze-in =~ ™
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Dom Temperature vs Depth
-20 -15

+String 21
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+String 39
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Temperature (C)




Dom Rate vs Dom Depth 5.14.06

(calibrated)

—+—String 21
—+—String 29

String 30
—+— String 38
—+—String 39
—+—String 40
—+—String 49
—+—String 50
—+—8tring 59

= Averages

1800 2000

Depth (m)




Local Coincidence Rates by String Position 3/15/06

—e— String 21
—=— String 29

String 30
——< String 38
—*— String 39
—e— String 40
—+— String 49
—-— String 50
——— String 59

Rate in Hz

String Position
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effective scattering coefficient [ﬂl‘l]
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e

traccs dust
concentration

power law
for dust

depth[u'}]
Average optical ice parameters:
Measurements: A 110
A abs ~ m @ 400 nm
» in-situ light sources Asca off ~ 20 M @ 400 nm

» atmospheric muons



Muon calibrations

STRING 21 (astro-ph/0604450, SUBM. TO ASTROP.
PHYS):

e hiplicicy: § 12 16

I-'l X » » "o -
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depth [ m ]

1st IceCube string: time residual peaks
<=#3ns for all DOMs outside dust layer

residual distrib. max. [ ns ]
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First Results: timing resolution from

flashers
Photon arrival time difference between DOMs 45 & 46
104E |
108 L {\ 1.74 ns rms
= . 
1025—
10 E
1 _T...|||...|.|..|...|;..l...|...|...|..|||||.|
0 20 40 60 80 100 120 140 180 180 200
time difference [ ns ]
&
£10 -
[4)]
All 60 DOMs
5_
0 JIJ’”nllﬂ.Jllljjjl
0O 05 1 156 2 25 3 35 4 45 5

time rms resolution measured with flashers [ ns |

DOM 547

DOM 48
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Z. 1
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Track Reconstruction in Low
Noise Environment

1200 m

--------

Typical event: 30 - 100 PMT fired
Track length: 0.5 - 1.5 km

F|Ight time: =4 usecs IceCube
Accidental noise pulses:
10 p.e. / 5000 PMT / 4 psec ! Nl AMANDA

28



Event Signatures in lceCube

1013 gV (10 TeV) 6x10%° eV (6 PeV) Multi-PeV
~90 hits ~1000 hits -

v,, signature V. signature

Expect about 100,000 events/yr

29



IceCube effective area and angular resolution

A/ km?

0.8
0.6
%41 O 100Tev-1Pev
02l A 1TeV-10TeV
~ X 100GeV-1TeV
n 1 1 | ] I 1 1 1 1

-0.5

T

] —2
E< v, spectrum

= quality cuts and background suppression (atm p reduction by ~1069)

0
cos 0

0.5 |

for muons .
further improvement
expected
using waveform info
- 2 2
- = L+ 4 100GeV - 1TeV
* 1100 PeV E | @ 1-10TeV
: c * O 100TeV - 1 PeV
: 5
: \‘ g 15 0+

Fagy s

e
%,;W

4 075 05 025 0 025 05 075 1
cos(0 )

Median angular reconstruction

uncertainty ~ 0.8°
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Diffuse fluxes with AMANDA

|ceCube preliminary UHE

GZK n
GZK 1

90% c.l. limits and sensitivities on v, E? diffuse fluxes

0.35 events/year
0.06 eventslyear

Atmosphericn  0.03 eventslyear

Cosmic ray muon rate
1S80-90 Hz

Atmospheric muon
neutrinorateisfour per
day

— T » AMANDAamm v, data

= Frejus

= MACRO _

B —— AMANDA B-10 1997 v, diffuse
& B — AMANDA-1| 2000 unfording__ _
i..1 0.5 - AMANDA-II 2000-3 v, sensitivity
vk T ANTARES 1 yr
v - & e W&B limit/2 (transparent sources)
o~ T RN e lceCube 1 yr
'E B — Bartol2004+Naumov et al (RQPM)
010 = [ — HKKM2004+Martin et al (GBW) I
> F L e -
O [ :
5107 & -
— — —]
< - -
- - .
N — p—
W

107 & E
-9|IIII|IIII|IIII|IIII|IIII|IIII|I
10

3 4 5 6

7

Blind analysis: optimize and determine
cuts before looking at the high energy

data.

Sensitivity for

AMANDA-II: 2000 - 2003 (806d)
8 9
|°g1o [E, (GeV)] E? CD(VM) =1.1 x 107 GeV s sr' cm-




Data sample is AMANDA-II 2000-2004 (1001 days)
4282 v from northern hemisphere

Several “hotspots” identifiable — however, running the MC on this shows
that the maximum significance detection of 3.74 o (or higher) would occur
in 69 % of experiments with random fluctuations of background.

Randomized
Data
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Limits and sensitivities

| vy E? flux limits (90% c.l.) for point-sources |

‘,T_,.m-l ---------- ANMANDA-TT Z000-4 average sensiivity i — =
(7)) - AMANDA-I 2000-4 =
) ANTARES 1yr wiD sys -
E o MACRO 6 yrs -
pag | LU lceCube 1 yr L ]
am = & e
w L CO CL ]
= 61— = O . ob [ma] - —
%10 = r o o E =
w g o= " s =P =
|— oo o = —
7 = . - —
e E .‘ &!l-‘.ll. llllll "‘ ni ";
. B L - 8 & & ]
100 ——— 4  Reconstruction
B 7 does not use WF
| | [ | I infor mation yet

—E ] ] ] 1 1 ] 1 ] ] ] ] 1 ] 1 ] 1 ] 1 | ] 1 ] I ] ] 1 | 1
10" "0 B0 40 -20 0 20 40 60 80
Declination (in degrees)

IceCube: about 100000 atmospheric neutrinos/full yr
Better angular resolution: about 1 deg cones 15 events/yr

(compared to average 3 deg in AMANDA-II and 1 ev/200 days)
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1 km

2 km

Array) and AMANDA
Calibration:

= combined angular resolution ~ 0.5°

= absolute pointing calibration < 1°

Cosmic Ray shower physics:

= SPASE-II: measure electrons at the surface
(6709)

= AMANDA: measure high energy muons (>300
GeV)

(NIJ’ Ng) © (Energy, Mass)



Measuring mass and energy
of cosmic ray primary particle

Unfolding
energy
and mass using
SPASE and
AMANDA

AMANDA (number of muons E>300GeV)
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Log(E_true)

SPASE - AMANDA: Energy resolution of air
shower primary

Proton

Gy
e
o
ron. .=
ke
. B
LT

Log(E_reconstructed)

8

Energy resolution of air

shower primary for 1<E/PeV<10:
g = 7% log(E)

(Mass independent; based on MC)

r Entries 1798
3500 Constant 3057.

- Mean -0.3207E-01

i Sigma 0.6900E-01
3000 F
2500k 1 PeV - 10 PeV
2000
1500 |
1000 |
500 |

. M B Ml Lo by g

916 04 -02 0 0.2 0.4 0.6

log(E_reconstructed)-log(E_true)



Number of ¢ and e* 7 10%

Large fluctuations in the knee
region are worse at sea level

Linear plot: green = et+/e-; blue=n

1 T . T T T T
:lweragel no > ll[lﬂ Gc:\'l mutmsI (fSﬂﬂJl
0.8 - -
4 10 proton shq
0.4 - -
0.2 - -
0 == 7. |

Log plot: fluctuations bad at sealevel
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=
iy
—

wergat 1ReV [/ //

0.01

0 200 400 600 800 1000 1200 1400
Depth along the atmosphere [gfcmz]

0

200 400 600 800 1000 1200 1400

Depth along the atmosphere [gfcmz]
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Example: Fluctuations in N, N,

number of muons N” (Eubim GeV)

1000 [

2

10

at two depths

Fixed energy showers, E = 10 6 av

P L ]
Fe +
P <
2
v g South Pole {690 g/fcm™)
i g .
Y
f; S )
sea level (1030 g/cm®) "l s
Ralph
Engel
11 | 1 1 1 1 1 1 11 | 1 1 1 1 11
10° 108 107 10

em. shower size Ne
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In(A)

4.0

3.5

3.0

Cosmic ray composition

¥ HEGRA/BIRDBICC

KASCADE

O SPASEAULCAN

[ ] CASA;"{D|CE Comb, ¥ EAS-TORMACRG

m DICE 4

& BLANCA

O KasSCADE(multiv.} _
A HASCADE(h} +*

=

0

#*

e b ;%_}:#‘11 1
b

525 55 575 6

Direct measurements

6.25 6.5

675 7 125 75

]ogm[Epn-mf GeV)

Data:
electrons at surface
and muons at depth.

lowest ener %/ data point
normaliz

Method has strong fundamentals:
excellent energy resolution.

robust against many systematic
uncertainties.

Future improvements:
AMANDA-II (rather than
Amanda-B10)

|ceCube-IceTop




Rates of contained, coincident

events
Area--solid-angle ~ 1/3 km?sr

With IceCube we will
be ableto measurethe
mass component of
cosmic showersup to
energies of 1018 eV
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Sample v, (375 TeV)

« Spherical, pointlike
because extent of
electromagnetic
cascade small
compared to DOM
spacing.




Sample Cascade Results, Energy
Resolution

Waveform Heco

Energy Resolution Entries 2500
_ Mean -D.DD23%96
300 — RMS D.D53D3
250 :
- 5 percent in log(E)
| . | —
200 F- resolution! Even
- Tallsand . , NArower
150 — smaller bu enerlgy_
: et dustm\ resol ution,
100 — peak. Effect
C understood.
50—
D :_I_ 1 | |

I-D-.2 | | -D-1 1 | | | D | | 1 | D-1 1 D-2
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The IceCube Collaboration '
250 scientists from 30 Institutions _’
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