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Abstract: The heart of the IceCube neutrino observatory is a cubic kilometere@kev detector being
constructed in the deep ice under the geographic South Pole. IceCuesitve to high-energy muon
neutrinos and muon anti-neutrinos by detecting the secondary muongeedhen the neutrino interacts
in or near the instrumented volume. The principal source of muon nestsire neutrinos from the decay
of hadrons in cosmic-ray air showers. IceCube operated during &8 9 out of 80 anticipated strings
in the ice. | will demonstrate that IceCube can find and reconstruct atmeds neutrinos with high
efficiency.

I ntroduction

600 B
The IceCube neutrino detector [1] is partially de- e e L
ployed at the geographic South Pole. In 2006, the _ **[ Lt e 1
deep-ice detector consisted of 540 light-sensitive £ soen o .°
Digital Optical Modules (DOMs), arranged 17 me- £ Of . T
ters apart on 9 strings of 60 DOMs each. The de- £ oL o'.
tector in this configuration is termed IC-9. The -300 |- oo e et o° L i
strings are arranged on a hexagonal grid and o0t o° . e c9 e
spaced 125 meters apart. DOMs are deployed in | o Total Detector = |
the deep ice between 1.5 and 2.5 kilometers below 900 800 300 0 300 600 900
the surface. Figure 1 shows the location of strings X position (m)

making up the IC-9 array along with the relative
position of the AMANDA detector.

IceCube is sensitive to muon neutrinos (and anti-
neutrinos) by observing the Cherenkov light from

the secondary muon produced when the neutrino
interacts near the detector volume. Atmospheric

neutrinos, formed in the decay of mesons result- |n 2006, we acquired 137.4 days of livetime wi
ing from a cosmic ray striking the atmosphere, |C-9 suitable for analysis. The waveform captt
dominate. Since atmospheric neutrinos are rel- jn 3 DOM was triggered whenever the DOM d
atively well-understood [2], they serve as a ver- tected a signal above a threshold of about 0.3 p
ification and calibration tool for the new detec- tpelectrons. The DOMs were operated in Lot
tor. Muons from neutrino in_teractio_ns are sepa- Coincidence (LC) with their neighbors, meanil
rated from muons produced in cosmic rays by se- that a triggered DOM'’s waveform was only tran

lecting muons moving upward through the detec- mjtted to the surface if an adjacent DOM on t|
tor. These muons must be the result of a neutrino string also triggered withie=1000 ns.

interaction since neutrinos are the only particle that
can traverse the Earth without interacting.

Figure 1: Shown are the locations of strings for t
2006 IC-9 detector, and the location of the strir
in the completed detector.

1315



ATMOSPHERIC MUON NEUTRINO ANALYSIS WITHICECUBE

Data Acquisition, Filtering and Event unscattered Cherenkov photons radiated from
Salection reconstructed muon. We cut both on the numbe
recorded direct hitsVy;,. and the largest distanc

The surface data acquisition system set off a trigger ©f Such hits along the tracl,q;,. An event with a
if 8 or more DOMs were read out in/s. Whenan  argeNy;, and alarge.q;, is a better quality even

event is formed, all DOM hits were read out within because the long lever arm of many unscatte
+8us around the trigger window. photon arrivals increases confidence in the ev

Because of limited bandwidth between the South reconstruction.

Pole and the data center in the North, the data is We can fold these two cuts together into one
filtered in real time, and only candidates for up- Mensionless number, the cut strength,; which
going events are sent North. corresponds to cuts aVy;,. > Sy and Ly, >

Hit cleaning algorithms were applied to the trig- 25 Scur MeLEIS.

gered events to remove light from additional supri- 1able 1 shows the rates of events passing to the
ous muons, and to remove noise hits. The photon ferent levels of the analysis, for both experime
arrival times are determined by a fit to the DOM tal data and simulated events. Simulated eve
waveform, with a variable number of photon ar- fall into three categories. 'Single shower_’ ever
rivals. The hit cleaning isolated the 4s win- are events from single air-shower events in the
dow in which the most hits occur, and remaining Mosphere above the detector. 'Double show
DOM hits are kept only if another DOM hit oc-  €Vents come from two uncorrelated air showe
cured within a radius of 100 meters and within a Finally ‘atmospheric neutrino’ events come fro
time of 500 ns. At the pole, simple first-guess algo- ™ @hd K decay in the air showers in the Northe
rithms were used to reject events that were down- hémisphere. The CORSIKA air-shower [4] sim
going. Events with fewer than 11 DOMSs hit were ation was used to model down-going air show
rejected to limit the data volume. This filter re- €VeNts. An extension to high energies [5] for t
duced the data rate by approximately 95%. The re- atmospheric neutrino model of [2] with the cros
maining events were transmitted to the data center S€ction parametrization of [6] was used to det

via satellite for further study. mine the expected up-going muon rate. In e:
mating the systematic error, we have includec

30% uncertainty in the atmospheric neutrino fl
modeling [7], and a 20% uncertainty due to unc
tainties introduced in the modeling of the depi
dependent ice properties and the DOM detect
efficiency.

In the North, we reconstructed the direction of
events using a maximum-likelihood technique sim-
ilar to the AMANDA muon reconstruction [3].
Only the earliest arrival times were used for re-
construction and no amplitude information was in-
cluded in this analysis. The likelihood function
is based on a parametrization of the photon ar-
rival time distribution. The likelihood function Resylts

is formed with an analytic approximation to the

photon arrival time probability density function, Figure 2 shows the number of up-going events
accounting for the short~( 20 meter) scattering  maining as we tighten cuts. The contribution
length of Iight in Icqube. Events that r_econstruct the data is shown together with the expectation
as down-going are discarded. Despite the fact 5imospheric neutrinos and the total simulation p
that remaining events appear up-going, they are in yiction. Below a cut strength of abot.; = 10,
fact dominated by mis-reconstructed down-going e gata is dominated by mis-reconstructed dox
events. These mis-reconstructed events are r€-going cosmic-ray shower muons. For higher ¢
moved with quality cuts and the remaining events strengths, we have removed most of these n
constitute the neutrino candidate dataset. reconstructed events and are dominated by at
The quality cuts are based on direct hits in the de- spheric neutrinos. The accurate simulation of *
tector. Direct hits are those which arrive between mis-reconstructed muon population requires exc
—15ns and +75ns from the time expected from lent modeling of the depth-dependent ice prop
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Criterion Experimental Single  Double Atmospheric
Satisfied Data Shower Shower Neutrinos
Trigger Level 124.5 1245 15 6.6x10~%
Filter Level 6.56 4.96 0.45 3.7x10~%
Up-going (Scut = 0) 0.80 0.49 0.21 3.3x10~ 4
Up-going Scut = 10)  (1.97 £0.12) - 107° - - (1.77 - +0.63) - 1075
Up-going
(Sewr = 10@ndd > 120)  (1.19 +£0.10) - 107 - - (1.42-0.51) - 1075

Table 1: Event Passing Rates (Hz). Shown are the event gass$és through different processing levels
the simulated event categories and for experimental ddte.trigger level comprises the events triggeri
the detector after hit cleaning and re-triggering. Therfiggel comprises events which passed the onl
filtering conditions. Rates are also shown for events whéttonstruct as up-going with and without tl
final quality cuts applied (see the text for cut definition)ot&lthat the rates from air-shower events hi
been multiplied by0.90 so that the simulation and data agree at trigger level. Ehonsistent with ar
approximately 20% uncertainty in the absolute cosmic-ray. fFor the final sample, statistical errors &
given for the data and systematic errors are given for thespimeric neutrino simulation.

ties and DOM sensitivity. In this initial study, we

observe a 60%-80% discrepancy between data and

simulation for mis-reconstructed muons. Never-

theless, over four orders of magitude, the back-

ground simulation tracks the data, and we see a 10’ ‘

-t xperimental —t—
clear transition to a population dominated by at- ;6| \‘i{\f total S"fgl'%?:gg E;é?j:g{?éﬁ ”””” ]
mospheric neutrinos. . 3
Figure 3 shows the expected energy distribution of £ A
simulated atmospheric neutrino events surviving to £104 q $ ]
Scut = 10. The lower threshold of about 100 GeV £, ]
is set by the range of the secondary muons, and the §, '
dropoff at high energies is due to the decreasing | 1
flux of atmospheric neutrinos. 10! ]
Figure 4 shows the zenith angle distribution for ;0 ‘ ‘ ‘
events which survive &.,; = 10. Above 120 de- 0 5 10 15 2

. Cut Strength (arbitrary units)
grees, for vertical events, we have good agreement

between experimental data and atmospheric neu-

trino simulation. The excess at the horizon is be- Figure 2: Data vs Cut Strength. Shown is the
lieved to be residual air-shower muon events. This maining number of events as the cut strengjthy
belief is reinforced by the fact that excess data at (defined in the text) is varied. Curves are shown
the horizon is typically of lower quality (as mea- the data and the total simulation prediction. Al
sured byNy;r, Lair and the number of hit DOMS)  shown is the prediction due to atmospheric neu
than expected from atmospheric neutrino simula- nos alone. The selection from the text correspo
tion. The data above the horizon agrees well in tg g cuts strength of.,; = 10, and is denoted by
these variables with a pure atmospheric neutrino an arrow. At this point, the data are dominated
expectation. atmospheric neutrinos.

In the recorded 137.4 days of livetime we measure

234 events surviving t6.,; = 10, compared to an

expectation oR11 + 76(syst.) & 14(stat.) events
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Figure 3: The distribution of neutrino energy for

from a pure atmospheric neutrino signal. Abowe
zenith of 120 degrees, where the background c
tamination is small, we measure 142 events with
expectation ol69 £ 60(syst.) + 13(stat) events.

Conclusions

IceCube is partially deployed and acquirit
physics-quality data. During the 2006 season,
accumulated 137.4 days of livetime and observe
atmospheric neutrino signal consistent with exp
tation. We have identified 234 neutrino candid:
events. For zenith angles above 120 degrees,
background from misreconstructed muons is sn
and the sample is dominated by atmospheric n
trinos. The selection of events was done witt
six months of the beginning of data acquisitic

events surviving the analysis cuts, as determined demonstrating the viability of the full data acqt

by the atmospheric neutrino simulation.
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Figure 4: Distribution of the reconstructed zenith [4]

angled of the final event sample. A zenith angle

of 90 degrees indicates a horizontal event, and a
zenith of 180 degrees is a directly up-going event.
The band shown for the atmospheric neutrino sim-
ulation includes the systematic errors; the error

bars on the data are statistical only.
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sition chain, from PMT waveform capture at tt
DOM with nanosecond timing, to event selectis
at the South Pole and transmission of that selec
data via satellite to the North.

Acknowledgments

We acknowledge support Office of Polar Progra
and the Physics Division of the National Scien
Foundation.

References

[1] A. Karle et al. These proceedings.

[2] G. D. Barr, T. K. Gaisser, P. Lipari, Si
mon Robbins, and T. Stanev.Phys. Rev,,
D70:023006, 2004.

[3] J. Ahrens et al.Nucl. Inst. Meth., A524:169—

194, 2004.

D. Heck et al. Proceedings of the 27th Inter-

national Cosmic Ray Conference, pages 233-

236, 2001.

[5] G. Barr. private communication.

[6] H. L. Lai et al. Eur. Phys. J.,, C12:375-392,
2000.

[7] G. D. Barr, S. Robbins, T. K. Gaisser, ar
T. Stanev.Phys. Rev., D74:094009, 2006.



