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Studies on the unfolding of the atmospheric neutrino spectrm with lceCube 59 using the
TRUEE algorithm

THE ICECUBE COLLABORATION!
! See special section in these proceedings

Abstract: The measurement of the atmospheric neutrino energy spectrum provides information about the diffuse
neutrino flux from extragalactic sources. A relative increase of the spectrum toward higher energies could be evidence
for neutrino producing hadronic processes in the cosmic high energy accelerators, such as active galactic nuclei or
gamma ray bursts. IceCube is currently the largest neutrino detector on Earth and is placed in the antarctic ice at the
geographic South Pole. IceCube permits the detection of neutrinos with energies be{@eV1Gince the acceptance

and the resolution of neutrino telescopes suffer from the finite resolution and limited acceptance, a regularized unfolding
method is used to extract the energy distribution of neutrinos from the measured observables. For AMANDA, the
unfolding was done with th&®/ N algorithm. Based on the basic concept of this program and for data analyses in the
ROOT frame, a new deconvolution algorithm (TRUEE) has been written and tested. With this new algorithm, stud-
ies on the analysis of the atmospheric neutrino spectrum measured with the IceCube 59 string configuration are presented.

Corresponding authors: Natalie Milke? (natalie.milke@udo.edu), Wolfgang Rhod& (wolfgang.rhode@udo.edu), Tim
Ruhé (tim.ruhe@udo.edu)
2Department of physics, TU Dortmund University, D-44221 Dortmund, Germany

Keywords: IceCube; TRUEE; RUN; regularized unfolding; atmospheric neutrino; energy spectrum

1 Introduction estimated from energy-correlated, measured observables.
For this purpose a regularized unfolding algorithm is de-
IceCube is the largest neutrino detector ever built and ieloped and applied.
located at the geographic South Pole. It consists of 516R this paper the atmospheric neutrino sample from the
digital optical modules (DOM) arranged along 86 stringsneasurement with the IceCube 59 (IC 59) string configu-
forming a three-dimensional grid covering a cubic kilomeration is used. The energy spectrum is unfolded with the
ter in the glacial ice [1]. While traveling through the ice thenew deconvolution algorithm TRUEE.
high energy neutrino-induced muons produce Cherenkov
light which can be detected by the DOMs providing direc- ) )
tional and energy information of the muon track. One o2 Regularized unfolding
the main goals of IceCube is the detection of extragalac-
tic neutrinos for understanding of cosmic ray production il he convolution of the neutrino energy with the interaction
cosmic accelerators. Neutrinos from interactions of cosmigrobability and detector response gives us the measured ob-
rays with the Earth's atmosphere represent a backgrousdrvables in the detector and this relation can be expressed
for the extragalactic neutrinos. Thus, a precise measuras a Fredholm integral equation of the first kind if neglect-
ment of the atmospheric neutrino flux is important for uning background. From discretization a linear matrix equa-
derstanding this background. Since the spectral index tibn can be obtained where the measured distribution is a
the flux distribution depending on neutrino energy is loweproduct of the detector response matrix and the neutrino
for extragalactic neutrinos (following the spectral behavenergy distribution. The response matrix is obtained from
ior of Fermi accelerated cosmic rays~ 2 [2]) than for Monte Carlo (MC) simulation. Thus, an unfolding algo-
atmospheric neutrinosy(~ 3.7) [3], a contribution of ex- rithm needs as input MC-simulated assumed energy distri-
tragalactic neutrinos would cause an enhancement of thation with the resulting distributions of measured observ-
flux in the high energy region of the spectrum. ables to determine the detector response and the measured
The energy of the primary particles is convoluted with th@Pservables distributions from data to estimate the neutrino

interaction probability and the detector finite resolution an§neray flux.
limited acceptance. Therefore the neutrino energy has to be
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Every unfolding requires an a-priori assumption abou4.1 Selection of observables

some properties of the result realized in a regularization to

reduce strong negative correlations between unfolded di§ @ first step the selection of energy-dependent observ-

points. Here the Tikhonov regularization [5] is used achie\@bles is made. TRUEE automatically produces scatter plots

ing a smooth distribution by minimizing the curvature ofof the sought-after variable and observables and the re-

the result during the unfolding fit. lated profile histograms to check if a correlation is present.
The inspection of scatter plots with different observables

_ _ showed the correlation between primary neutrino energy
3 Unfolding algorithm TRUEE and the following observables:

In AMANDA, the precursor of IceCube, thRegularized e Number of DOMs having a signal
UNfolding (RUN) algorithm [6] was used to unfold lepton
energy spectra [7JRUN was developed in 1984 using the
programming language FORTRAN 77. Theref@&.N is e Track length in a certain time window (MPE-
not easy to install and use in combination with modern soft- Fit_LDirC)

ware. TRUEE -Time-dependenRegularizedUnfolding

for Economics andEngineering problems or juSERUE  Figure 1 shows the correlation between neutrino energy and
Energy is a new software including tiel/\ -based un- number of DOMSs.

folding algorithm.

One special property of theRUN algorithm is the
parametrization of unfolded distribution using a superpo-
sition of cubic basis splines. The spline coefficients are de-
termined from the unfolding and the superposed function is
transformed to the final histogram. At the spline overlaping
points (knots) the function is continuously differentiable up 4
to the second derivative, so that a Tikhonov regularization
with the second derivatives in the smoothing operator can
be performed. The user determines the number of splines 2
by defining the number of knots. Regularization is con-
trolled by the number of degrees of freedom, which can be
given by the user but can also be suggested by the software.
A small number leads to strong regularization.

TRUEE has been developed within the Collaborative Re-
search Centre SFB 823 in Dortmund. Besides the corereg- <
ularized unfolding fromRUN the new software contains
user friendly functions, which make the procedure of an
unfolding analysis more comfortable. The functions used
in this analysis are explained in the next section using the
IC 59 neutrino sample.

e Number of strings with at least one hit-DOM
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For this analysis 10 % of the measured data were used. Af log(number of DOMs)

ter event selection a sample of 3160 neutrino events mea- o
sured within the zenith angle range of°8® 180° with Figure 1: An example of sca'_[terplot and related profile his-
IC 59 is obtained. Thus, most of the events in the Sampfggram to check the correlation between the energy and the
were caused by neutrinos having traveled through the Ea@@Servable (here number of DOMSs). An optimal correla-
before undergoing an interaction inside or in the vicinityiOn iS Presentin a monotonically changing profile function
of IceCube. For 100% of the data we expect more thaffith small uncertainties.

30000 neutrino-induced events and thus higher statistics in

the high energy region. Based on a Monte Carlo study tHéince TRUEE is able to use up to three observables at the
purity of the sample is estimated to be higher than 95 %ame time for unfolding, different binnings of the selected
therefore the background formed by atmospheric muorbservables for the response matrix have been checked.
is neglected. The sample is obtained using straight pré&he most suitable binnings could be chosen by inspecting
cuts followed by an event selection using the multivariatéesults after running unfolding in the test mode (see Sec.
method Random Forest [8] within the framework Rapidt.2).

Miner [9].



32ND INTERNATIONAL CosMiC RAY CONFERENCE BEIJING 2011

4.2 Test mode 4.3 Unfolding result

An unfolding algorithm expects input from the user conThe unfolding procedure with the parameter settings deter-
cerning some parameters such as the number of bins fmined in Sec. 4.2 can now be applied to the IC 59 neutrino
histograms or the degree of regularization. To check whickample. The generated MC neutrino sample for determina-
user-defined parameter settings give the optimal unfoldirtgpn of the detector response contains only simulated events
result a test mode is included in TRUEE. In this mode onlyhat undergo an interaction within or close to the detector.
simulations are used. Since we neglect the atmospherfibis procedure is necessary to reduce simulation time and
muon background, the MC sample contains only neutrinmemory. After passing all event selection steps the final
events after application of event selection techniques. Tlsample contains only a fraction of neutrino events. Thus,
energy distribution of simulated neutrino events has beehe unfolded distribution represents only neutrinos which
reweighted, so that the generated flux follows the atmonteracted, triggered the detector and passed the event se-
spheric neutrino flux predicted by Honda [3] containindection (Fig. 3).

a prompt component from Naumov Recombination Quark
Parton Model (Naumov RQPM) [4]. The prompt com-
ponent consists of neutrinos from decays of short-lived
mesons containing charm quarks.

An MC sample that is statistically equivalent to the ex- 107
pected experimental data sample is used as a pseudo re:
data sample for unfolding. Since the real sought-after dis- 10
tribution is known in this case, it can be compared to the
unfolded distribution. The optimal parameter settings are L
chosen with an L-curve approach [10] by examining the
tradeoff between regularization strength and fit to the true
distribution. For the IC 59 sample the following parameter
settings are used for the final unfolding:

# events
=
1SY

|

N
N
ol
w

10

e T T ) S W 1) I I W V1T B

e T
log(energy/GeV)

Figure 3. Unfolding of IC59 data gives the distribution

of selected neutrino events depending on energy. The un-

folding does not consider the interaction probability, accep-

tance or systematic uncertainties, yet. Furthermore with the

e Track length with 10 bins full data sample the number of events per bin will increase
by a factor of ten.

e Number of DOMs with 20 bins

e Number of strings with 10 bins

e Number of knots 16

To calculate the neutrino flux for all neutrinos within the
zenith angle range, the unfolded spectrum has to be di-
vided by the effective area. The effective area is the ratio
of observed event rate and incoming flux and depends on
the properties of the selected event sample. It includes the
muon neutrino cross section, the probability for the muon

e Number of degrees of freedom 5

The unfolded test spectrum is shown in Fig. 2.

§103 SO R S 3 to be detected and the detector efficiency for muon detec-

Y e ] tion and event reconstruction. The effective area for the

g 102; “'"— current sample is shown in Fig. 4.

3 f “f* . The effective area is rising at higher energies due to the in-

_g m§ [age E creasing cross section of neutrinos and to the higher length

g L - real distributon _i._. ] of the muon tracks. Thereforelthe_ probability to detect apd
. L3 recqnstruct sych along track is rising. qu the evenFs with

ol ] vertical upgoing tracks the effective area is decreasing be-

E ] cause of the rising probability for absorption of neutrinos
2 25 3 35 4 45 5 6

by the Earth.

We demonstrate the performance of the unfolding tech-
Figure 2: Unfolding of pseudo data compared to the realique by showing an example in Fig. 5 of how an un-
distribution using test mode. The unfolding does not corfolded energy distribution (Fig. 3) can be translated into
sider the interaction probability, acceptance or systematicneutrino flux spectrum when the effective area (Fig. 4)
uncertainties. is known. Additional spectra have been unfolded with the
same parameter settings but with different assumptions of
the neutrino flux in MC to check the possible bias intro-
duced by the assumption. Shown are results trained with

55
log(energy/GeV)
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data now. In this case all observables, not only those which
have been used for the unfolding, should match in their
distribution the measured data. The observables whose
distributions do not match are not correctly simulated. If
none of the distributions match, probably the unfolding did
not work properly. In this case the user should check if
the simulation of the detector response was correct. For
the unfolding example shown in this paper the verification
showed an agreement between the experimental data and
reweighted simulations.

1
10

UL AL L R

zenith range (88 °, 180°)

....... zenith range (88 °, 120°)

........... zenith range (120 °, 150°)

PR zenith range (150 °, 180°)

fe=) RIS SR ST SR ST ST S S s g

T T
2 3 4 5

6
tog(eneray/GeV) 5 Conclusion and outlook

Figure 4: Effective area for the current neutrino sample de- ] )
pendent on neutrino energy. Illustrated are areas for dif-"€ New unfolding algorithm TRUEE shows a good perfor-

ferent zenith angle ranges and for the average of the whd[eNce in estimation of an atmospheric neutrino spectrum.
zenith range considered in the analysis. The algorithm is able to estimate a steep distribution cover-

ing several orders of magnitude and thus is a dedicated tool

for astroparticle physics. The analysis is facilitated by ad-
MC weighted to atmospheric (Honda), to atmospheric withlitional functions and an easy installation and ease of use
prompt (Honda-Naumov) and to atmospheric with prompsf the software.

and 1.6 - 10_8}?__2 neutrino flux. All three results have a new energy region of the atmospheric neutrino flux can
only small deviation in the low statistics region, thus thg,e explored with IC 59. The simulation predicts an exten-
introduced bias is negligible. sion to energies up t0® GeV. The estimation of the neu-
trino energy spectrum with 10 % of the IC 59 data will be
done by unfolding with TRUEE. The subsequent unfolding
of the 100 % IC 59 data sample is expected to determine the

H‘g 10’4; s - e ; energy spectrum with more precision in the high energy re-
s ol wei.  Preliminary estimation : gion due to higher statistics.
0" E — E
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non-zero even though the statistics of current sample is lo folding for High-Energy Physics Experiments, Techni-
o _ _ cal Note TN 361, OPAL
4.4 \erification of simulation [7] R. Abbasi et. al., Astroparticle Physics, 20B3; 48-
58
A function to verify the result was developed®i/N and 18] L. Breiman, Machine Learning, 20045(1): 5-32
was transferred to TRUEE. The user has the possibility t@] S. Fischer et. al., 2002, Technical Report, Collabora-
check whether the simulation of all observables agrees with tjye Research Center 531, University of Dortmund
the experimental data and thus verify the unfolding resuI[iO] C. L. Lawson, R. J. Hanson: 1974, Solving Least

After the unfolding, the MC events are reweighted by the Squares Problems, Prentice-Hall, Englewood Cliffs, NJ
unfolded distribution. The MC sample describes the real
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Search for atmospheric neutrino induced particle showerswith I ceCube 40

THE ICECUBE COLLABORATION?
! See special section of these proceedings

Abstract: One of the guaranteed fluxes under study by the IceCube neutrino telescope are neutrinos originating from
cosmic ray induced air showers. These neutrinos come from the deeagiraf K mesons (the conventional flux) and

from the decay of charmed mesons (the prompt flux). Although several flux predictions exist, the electron neutrino flux
has been measured only up to GeV energies. At TeV energies, where atmospheric neutrinos are an inevitable source
of background events for astrophysical neutrino searches, the prompt flux becomes important and the flux predictions
vary greatly. The detection of electromagnetic and hadronic particle showers, which are not only produced by electron
neutrinos but which can be found in the final states of charged and neutral current interactions of all neutrino flavours,
remains challenging. Given the sensitivity to all neutrino flavours, the good energy resolution that will be possible with
fully contained shower events and the possibility to isolate the prompt from the conventional flux, the prospects of this
detection channel are very promising. This poster will present an analysis done on a data sample collected with lceCube
in its 40 string configuration as it was running from 2008 to 2009. The development of the event selection on a small part
of the sample will be discussed.

Corresponding Author: Eike MiddelP (eike.middell@desy.de)
2DESY Zeuthen, Platanenallee 6, 15738 Zeuthen, Germany

Keywords. atmospheric neutrinos, lceCube, particle showers

1 Observing Neutrinos at the South Pole This work uses data recorded between April 2008 and May
2009 when 40 strings were operational (IceCube 40).

The possibility to measure or constrain the flux of astrorceCube’s main physics goal is the detection of astrophys-
physical neutrinos could help to solve a number of quescal neutrinos at energies aboi) GeV. These neutrinos
tions of which one of the most prominent, the questiomust be isolated from the much larger flux of leptons cre-
of the origin of cosmic rays, remains unanswered nearlyted in cosmic ray induced air showers [2]. Among these
a century after their discovery. Experiments that aim at thg huge number of muons originating mostly from pion and
detection of these neutrinos must compensate for the smgilon decays form the biggest part of the background. In
interaction cross sections and the low expected fluxes withe same air showers also atmospheric neutrinos are cre-
increased size. With this year's completion of IceCube [1lted [3]. In order to separate them from the astrophysical
the biggest neutrino detector to date, such an experimeféutrinos a good understanding of their energy spectrum,
is now available. For the experiment a cubic kilometer ofiavour ratios and angular distribution will be helpful. This
glacial ice below the geographical South Pole was instrin turn is tightly coupled to our knowledge of the cosmic

mented with photomultiplier tubes in order to detect theay composition and hadronic interactions at energies that
Cherenkov light of charged secondaries generated in negke out of reach of accelerator experiments.

trino interactions. The atmospheric neutrino spectrum is expected to consist

During the last 7 austral summers 86 holes were meltest two components, the conventional flux from decaying
2.5km deep into the ice and into each a cable holding 6fions and kaons [4, 5] and the prompt neutrinos from de-
so-called Digital Optical Modules (DOMs) has been decays of short lived charmed mesons [6, 7]. The existing
ployed. The light sensors on 78 of these strings form flux predictions for the latter vary widely and current mea-
grid with a horizontal spacing df25m and a vertical dis- surements of the muon neutrino flux [8] are not yet able
tance ofl7m. As the spacing basically determines the ento resolve any prompt from the conventional component
ergy threshold, the detector center was augmented with thgee Fig. 1). Compared to muon neutrinos the flux of at-
denser DeepCore infill array between 2009 and 2010. Theospheric electron neutrinos is lower and falls with a sim-
data-taking started already during the construction phasgir steep power law. Taking advantage of the lower en-
ergy threshold of the DeepCore array, IceCube has recently
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bremsstrahlung showers along the track. Because of the
considerable energy deposition these bright electromag-

. . [— Bartol -+=+ Naumov RQPM , netic showers change the appearance of the track and make
0 o |2 :gs:fgz‘m """ I’::a;gmw QGsM» It them less distinguishable from the searched signal. This
g | V.Y, o tm. . . i
— 4 . - has also a connection to the cosmic ray composition be-

—1

cause proton air showers produce more often single highly
energetic muons than for e.g. iron showers. From the lat-
ter often whole bundles of muons reach the detector and
traverse the detector nearly in parallel. As the individual
muons will have their stochastic energy losses at different
positions, the whole bundle appears sufficiently different
from a single particle shower and is easier to reject. Exten-
i sive simulations performed in the context of similar anal-
5 : e yses done on the IceCube 22 dataset confirmed this effect
107 3 10° 10° 10° 107 10°  albeit with low statistics. Those muons which passed all
logio(E, /GeV) cuts were originating from proton air showers [12].

For electromagnetic showers the light yield scales lin-

Figure 1: Different flux predictions for atmospheric neutri-€&rly with energy. It has been shown in a Monte Carlo

nos (taken from [4]-[7]) compared to a measurement of thetudy that for electron neutrino interactions with energies
atmospheria,-flux with IceCube 40 [8]. of 10 TeV-1PeV and well contained interaction vertices

the energy may be reconstructed with a precision of about
Alog,,(E,) = 0.13 [17].

detected atmospheric neutrino induced showers around a

mean energy ofl0 GeV [9]. However, at TeV energies .

this measu?gment rema[in]s challenging, and only rgcem%/ Event Selection

an analysis on the same IceCube 40 dataset started to find

several promising candidate events [10]. In the ener order to minimize statistical bias a blind analysis is per-
spectrum of neutrino induced particle showers the promgrmed. From the 364 days of usable data, 32 days are
component is expected to emerge from the conventional @0sen to develop the event selection. The data was sam-
about10° GeV which is about an order of magnitude lowerled uniformly over the year in order to reflect seasonal
than for muon neutrinos (see Fig. 1 and [11]). This make@riations in the muonic background rate. Secondly, a

shower events a suitable tool to isolate the prompt compéirge background sample of simulated muons from more
nent. than10'? air showers were generated. A version of COR-

SIKA [13] with the Sibyll interaction model was adapted
for IceCube and used to simulate thérdndel polygonato
2 Neutrino Induced Particle Showers cosmic ray spectrum [14]. Additionally more statistics of
protons are currently produced in order to study the impact
The events of interest in this study are particle showef composition uncertainties on the background prediction.
emerging from deep-inelastic neutrino nucleon scatteringror the expected signal interactions electron, muon and tau
Particle showers can be found in the final states of charg@eutrinos were generated with a collaboration-internal sim-
current (CC) electron and tau neutrino interactions and inlation package that is based on ANIS [15].
all neutral current (NC) interactions. Since IceCube canfhe IceCube 40 detector operated at a trigger rate of about
not distinguishv. and low-energy; CC interactions from 1300 Hz. An online event selection based on two quickly
all-flavour NC interactions, analyses tailored to this evergalculable variables selected events at a ratégdlz. A
signature are effectively sensitive to all neutrino flavoursstraight line fit through all hit DOMs at positiod; and
In NC interactions neutrinos deposit only parts of their entime ¢, yields a parametrization of the form, = 7, +
ergy so they show up as less energetic cascades. This legdg; — ¢,) where the parametéd| denotes how fast the
to a lower effective area for muon neutrinos. hit pattern evolves. The second variable uses an analogy
At TeV energies the particle showers have lengths of a fet® classical mechanics in which it interprets the hit pattern
meters. But due to the large DOM spacing and the scatte¥s a rigid body and the recorded amount of light in each
ing of light in the ice showers appear as nearly point-likdOM as a mass. Spherical hit patterns can then be selected
light sources. This results in spherical hit patterns which dty calculating the eigenvalues of the tensor of inertia and
higher energies appear significantly different from the hitequiring that all three eigenvalues are nearly of the same
patterns of muon tracks. size. This online filter starts to get efficient above an energy

The separation from the muonic background is mostly imthreshold of about TeV and is optimized for the search for

peded by the fact that high energetic muons stochasil€ expected astrophysical™2 flux for which it yields an -
cally undergo catastrophic energy losses in the form &fficiency of about3%. For the less energetic atmospheric
electron neutrino flux the efficiency is only ab@it%.
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The selected events were transmitted via satellite to insti-
tutes in the North where more elaborate track and verte

4

IikeIih.opd reconstructions can be per_formed. They provi.d 10 , (C‘C+NC) pre“jminary :

a sufficient angular resolution for incident muons and witl 10° Hmmm trigger level |- RIS ]

the likelihood value of the vertex reconstruction a quality filter level

parameter to select particle showers. Based on the vert 102 H @ level 3

reconstruction also an energy estimator that considers t ;

depth dependent optical properties of the ice [16] is rur = 10" b

Cuts based on these variables reduce the data ratelzo =

while keeping aboui0% of the atmospherig. signal. Ac- < 10° F

cording to a predicted atmospheric neutrino flux [5] the B

sample contains at this point aba00 v. and10000 v, 107 F

(CC+NC) events which are still buried beldw - 10° at- 2

mospheric muon events. The effective areas up to this c 107 ¢

level are shown in Fig. 2. 3 ; ; ; ;
: : I 1075 3 4 5 6 7

All passing events are fed into a more elaborate likelihoo log o E,/GeV)

reconstruction [17]. This takes into account the full timinc. ’

and amplitude information of the recorded light as well a 10* ‘ ‘ ‘ ‘ ‘ ‘

tabulated results of detailed simulations of how light prop v, (CC+NC) ‘preliminary.

agates in the ice [18]. For showers this provides estimat: 10° WM trigger level | =

for the time and position of the interaction as well as th filter level 1 1 1 1

amount of deposited energy. Also the track reconstructic 10 f|mmE level 3 B P e P

is repeated with an iterative optimization strategy in orde ) : : : 1 ‘ ; 1 :

to avoid local minima of the likelihood and to improve the “g 10

angular resolution for background events [19]. 5 10°

So-called split reconstructions, which split the recorde
photons by time into two sets and reconstruct each set inc 10t
vidually, provide further information about the event due tc

the different timing behaviour of tracks and showers. Fc 10
a track, later hits are downstream along the track while fc ; : : : : : : :
particle showers they are centered around the vertex but ~ 10°, 55+ 30 35 20 45 50 55 60
larger distance. log,(E,/GeV)

Based on an argument that shower induced hit patterns

should be Spherical another cut variable can be COﬂStrUCt@jgure 2: Effective areas for electron and muon neutrinos
For an imaginary sphere with a given radius and centerggy the early stages of the analysis. The width of the bands
at the reconstructed vertex one can calculate the fill rgtenotes the statistical error. This differs between cut levels
tio Nhit/Nsphere, Where Nypper. denotes the number of pecause datasets of different size have been used. The peak
all DOMs in the sphere and,,;; the number of triggered at6.3 PeV for electron neutrinos is due to the Glashow res-
DOMs. Thisis especially useful to reject events Containingnance_ The drop in effective area for muon neutrinos be-
several coincident atmospheric muons because the hit paireen trigger and online filter level illustrates the effect of
terns of e.g. two coincident but well separated tracks cagiloring the analysis to neutrino induced particle showers.
have many untriggered DOMs in between. At the presented cut levels the contribution of muon tracks

In order to further reduce the muonic background, DOMfrom charged current interactions is still present. Therefore
at the surface of the instrumented volume are used to velfee effective area is still higher for muon than for electron
tracks that appear to enter and traverse the detector. Evengsitrinos.

for which the first triggered light sensor is located on the

outer layer of the detector are rejected. Together with ﬂﬁowever this statement relies on the Monte Carlo back-

requirement that the reconstructed vertex is located insi%t;ound prediction which has to be scrutinized before un-

the fiducial volume, this forms'a SmCt. contamme.nt cut blinding. Accordingly, studies of the systematic uncertain-
Finally those variables that still provide separation powefies in the simulated background sample (like for example
are combined with a machine learning algorithm. In thg |ighter cosmic ray composition) are ongoing and will be

TMVA framework [20] a boosted decision tree is trainedyresented together with the final event selection at the con-
which provides a final cut variable to select particle showference.

ers. Current investigations suggest that this event selection
is able to remove the remaining background while keep-
ing the prospect to find a few atmospheric neutrinos in the
whole sample.
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Search for a diffuse flux of astrophysical muon neutrinos withthe IceCube Detector

THE ICECUBE COLLABORATION?
! See special section in these proceedings

Abstract: The discovery of a cumulative flux of high-energy neutrinos from the sum of all cosmic sources in the Uni-
verse is one of the central goals of the IceCube experiment. The experimental signature of isotropically distributed
astrophysical sources is an excess of high-energy neutrinos with a characteristic angular distribution over the background
of less energetic neutrinos produced when cosmic rays interact with the Earth’s atmosphere. Such searches are chal-
lenging because of systematic uncertainties in these fluxes and the detector response. The distribution of reconstructed
neutrino energies is analyzed using a likelihood aproach that takes into account these uncertainties and simultaneously
determines the contribution of an additional diffuse extraterrestrial neutrino component. This analysis is applied to the
data measured with the IceCube detector in its 40 and 59-string configurations, covering the period from April 2008 to
May 2010. No evidence for an astrophysical neutrino flux was found in the 40-string analysis. The upper limit obtained
for the period from April 2008 to May 2009 i®/dE < 8.9-107° GeV~! cm™2s ! sr ! at 90% confidence level in

the energy region betweds TeV and7 PeV. For the 59-string data from May 2009 to May 2010, an improved anal-

ysis technique including the angular distribution in the likelihood approach is presented. The preliminary sensitivity is
d®/dE < 7.2-.107° GeV tcm s tsrt,
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1 Introduction of construction, the IceCube telescope was completed in
December 2010 and is currently the largest detector of its
The study of cosmic rays is one of the main aspects of cukind in the world.
rent research in astroparticle physics. Despite all effortghe detection principle is based on the observation of sec-
charged cosmic rays have not yet revealed their sourcagdary charged leptons and hadrons produced in interac-
A candidate source class is active galactic nuclei, whictions of neutrinos in the surrounding ice and rock. These
are believed to accelerate particles up to energies of seveeanit Cherenkov light which is detected by IceCube’s opti-
EeV by the mechanism of Fermi acceleration, e.g., in theal sensors. From the number of photo-electrons and their
vicinity of their central supermassive black holes. Throughrrival times, detected by the optical sensors, the neutrino’s
hadronic interactions with the surrounding matter and ranitial direction and energy are reconstructed. Although
diation, high-energy neutrinos can be produced. Unlikeo specific neutrino emitting sources have been discovered
charged cosmic rays and photons, neutrinos propagate ¥t, it is believed that the combined flux of many weak
most unaffected by magnetic fields or intervening mattesources distributed all over the sky could be detected with
through the universe. This makes them an ideal messende@Cube. This flux would exceed the flux of cosmic ray in-
particle for astrophysics. duced atmospheric neutrinos at high energies and would ar-
The neutrino telescope IceCube was built at the geograptiige almost isotropically from all directions. Since it would
South Pole with the purpose of detecting neutrinos witRot be possible to identify individual neutrino sources, this
energies from several tens of GeV to EeV[1]. It consistanalysis is known as a search for a diffuse neutrino flux.
of 86 strings each equipped witb) optical sensors, dis-
tributed over an area of roughlykm? and instrumented in . .
depths froml.5 to 2.5 km in the Antarctic ice. This huge 2 Neutrino Event selection
volume is necessary to compensate for the very low interac-

tion probability of neutrinos with matter. After seven yeard ne firststep in the searches for a diffuse astrophysical neu-
trino flux is to select a sample of neutrino events with high
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Figure 1: Reconstructed zenith angle distribution of on&igure 2: Distribution of the reconstructed muon energy
day of experimental data, and of simulated muons frortpss for 10% of the 59-string data after neutrino selection.
air showers and neutrino-induced muons with the 59-string

configuration at trigger level. The distribution of astrophys-

ical neutrinos is normalized to the 40-string analysis u épnal e_st_imate of the_ reconstruction. They e_xre described
limit g y PP in detail in [5]. The final event sample consist 3877

neutrino candidate events for the 40-string configuration

and abou®5000 expected events for the 59-string config-
purity. This contribution presents two searches for a diffuseration after finalization of the analysis. Based on Monte
neutrino flux with data from two consecutive years duringCarlo simulation, the expected contamination of remaining
the construction of IceCube. Both analyses focus on thgackground events is less than 1%.

selection of high-energy secondary muon tracks. Data Waggyre 2 shows the distribution of the reconstructed average
taken from April 2008 to May 2009 in the 40-string config-gnergy losses for the selected muon tracks along their path
uration and from May 2009 to May 2010 with 59 deployeqy, the detector. The experimental data is largely consistent
strings. The event selections and analysis techniques gjfih the expectation from atmospheric neutrinos. Most in-
very similar. The analysis of the 59-string sample has nQgyesting for this analysis are events with high energy de-
been finalized. positions.

The reconstructed zenith angle distribution of detected

events is shown in Fig. 1. The dominant background in .

this analysis are muons from cosmic-ray air showers. A8 Analysis method

trigger level, they outnumber the detected neutrino-induced

muons by several orders of magnitude. In contrast to nelhe irreducible background for astrophysical neutrino
trinos, muons are easily absorbed by the Earth. Thereforggarches consists of conventional atmospheric neutrinos.
muons produced in the atmosphere enter the detector frofhese neutrinos are produced in the decay of pions and
above and are primarily reconstructed as downward goirlgons in cosmic-ray air showers in the Earth's atmosphere.
tracks, while muons originating from neutrinos interactingrhey are described by an energy spectrum following a
with the matter surrounding the detector come from all dipower law of abouti®/dE « E~*7 and by a character-
rections. istic zenith angle distribution related to the meson’s path

To reject a large amount of air shower background thilrough the atmosphere. Another —notyet observed —type
analysis is restricted to upward reconstructed muon trackgl atmospheric background are so called prompt neutri-
The remaining background is misreconstructed air-showe?S- Prompt neutrinos originate from the decay of heavier
induced muon tracks, containing a large fraction of muon@1€SOns, typically containing a charm quark(3]. They are
arriving from coincident but independent air showers. Foproduced at a higher cosmic-ray Energy thre'shold and _be-
the further selection, an algorithm searches for patterf&use of their comparably short lifetimes their energy dis-

separated in space and time in the ensemble of recordltpution is predicted to follow a harder energy spectrum of

2.7 ; ; et
light-sensor pulses. This allows rejection of coincidenf®/dE o £~ with an almostisotropic angular distribu-

events as well as tracks associated with random noise hifé®"-

For the selection of a high-purity upward-going neutrinoThe aim of this a_nalysis is to. identify a possible astroph_ys-
al component in the neutrino sample. An astrophysical

sample, the remaining data is reduced by a series of qualit?{— - . . -
criteria applied to reconstructed variables like the directuX can be distinguished from a conventional atmospheric

10
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Figure 3: Expected energy (left) and zenith (right) disttit for detected conventional atmospheric neutrinos, prompt
atmospheric neutrinos and astrophysical neutrinos in the IceCube detector with 59 strings. Left: The astrophysical neu-
trino flux is normalized to the upper limit (90% CL) of the 40-string analysis presented here. Right: The astrophysical
and prompt fluxes have been renormalized for better visualization.

flux by its harder energy spectrum. Assuming shock acceGonfidence regions are constructed according to the Feld-
eration in the extragalactic sources, an astrophysical nemtann & Cousins approach by generating a large number of
trino flux would follow ad®/dE o E~2-° power law (see random experiments based on Monte Carlo simulations[7].
Fig. 3). With the presumption of isotropically distributedIn order to estimate the sensitivity of the analysis to a sig-

sources over the whole sky, the arrival directions of theseal of diffuse astrophysical neutrinos, random experiments
neutrinos would be isotropic. Their energy spectrum beassuming the zero-signal hypothesis are generated.

ing harder than that of conventional atmospheric neutrinos,

prompt neutrinos are an important background in a search . .
for a diffuse flux. 4 Systematlc uncertainties

challenge in the search for a diffuse neutrino flux is the

analysis improves the sensitivity to an astrophysical flux b . S .
y P y by reatment of systematic uncertainties. Unlike other analy-

considering directional information in addition to energy. f lceCube data. the back d tb timated
Figure 3 shows the expected zenith angle distribution of a €5 ot lcet.ube data, the background cannot be estimate

rival directions when considering the energy-dependenta om an off-source region in the exp_enmental data. There-
e, the background estimation relies on a full-chain de-

sorption in the Earth, the angular detector acceptance a .
Inputs are, amongst others, air showers

event selection efficiency. The significant differencesin ar}gctor simulation.

gular distribution for neutrinos of different origin adds sep—S'WluIatGd with CORSIKA [4] and atmospheric neutrinos

aration power between the three components. based on [2, 3]. More details can be found in [5, 6].

A likelihood method is applied to the experimental data ghfain uncertainties at high energies are the conventional

fit for the contributions of conventional atmospheric neutrif’md prompt a_tmospherlc ne_utnno f|u>_< pred|_ct|ons, the cal-
ulated neutrino cross sections and in particular the mod-

nos, prompt atmospheric neutrinos and astrophysical neﬁl. f the detect E les for the latt
trinos. In the 40-string analysis, the corresponding on -Ing 01 the detector response. =xamples forine Iatler are

dimensional probability density functions (pdf) of the re-the optical prppertles of the Antarcnc glacial |ce.and the
solute efficiency of the optical sensors. The influence

constructed energy are used to determine the probabili h ainti the final it is determined b
for an astrophysical and prompt component. For the 59- ese uncertainties on the Tinal result 1s determined by

string analysis, two-dimensional pdfs of reconstructed er?—tUdyIng simulations with different settings of these pa-

ergy loss and zenith angle are used to account for both pr imeters. Some uncertainties, such as in the spectral in-

rameters and their correlation. Systematic uncertainties a &x of atmospherlc ne_utrtlrr:osl,.karlt.ahtakde?'tlntzo?é:lct:.oun'i \.Nlth
taken into account by incorporating nuisance parameters%r'}g'sance parameters in the likelihood it tionat in-

Relative to the 40-string analysis[5], the ongoing 59-strin§

the likelihood function. These uncertainties are discuss rn61at|on on the sytematic uncertainties can be found in
in the next section. , 6].

The test statistic is a profile likelihood based on a Iikelihoo&)ne possibly significant uncertainty not taken into account

ratio of the best fit of all physics and nuisance parameters 13 the 40-string analysis is the effect of the knee in the

the experimental data compared to a fit of only the nuisanég>mic-ray spectrum on the energy spectrum of conven-

parameters for each point in the physics parameter spaé'g.nal atmospheric neutrinos. This leads to an expected

1"
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Figure 4: Limits and predictions for diffuse muon neutrinoxBa. The thin black lines show the expected flux for at-
mospheric neutrinos without and with an additional prompt component together with the unfolded atmospheric neutrino
spectrum by IceCube[6]. The black horizontal lines represent 90%-confidence-level upper limits from different experi-
ments [8, 9, 5]. The gray curves represent theoretical flux predictions for AGN models [11], gamma ray bursts [12] and
GZK neutrinos [13]. The thick gray line shows the Waxman-Bahcall upper bound [10].

steepening of the neutrino spectrum above several tensysfis. The additional gain from using directional informa-
TeV, which is within the energy range relevant for this analtion is about 10% and results in a sensitivitydd# /dE <
ysis but which has so far not been included in our simulaz.2-10-°GeV ' cm~2s~ ! sr! (Fig. 4). A further gain of
tions. The systematic uncertainties related to such a newwughly 10% in sensitivity for astrophysical fluxes is ex-
trino knee will be incorporated into the 59-string analysigpected when taking into account the effect of the knee in
using parameterizations of the measured cosmic-ray spebhe cosmic-ray spectrum.

tra.
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Search for astrophysical neutrino-induced cascades using&Cube-40

THE ICECUBE COLLABORATION!
ISee special section in these proceedings

Abstract: IceCube is the first cubic-kilometre scale neutrino observatory dedicated to detecting astrophysical neutrinos.

A large contribution to the expected neutrino signal is from electromagnetic and hadronic showers (cascades) initiated
by charged current. interactions, and neutral curremt, v, andv, interactions. Cascade energy is reconstructed with

better resolution than muons, and the atmospheric background is lower. The energy spectrum of astrophysical neutrinos
is expected to be harder than that of atmospheric neutrinos, so an astrophysical neutrino signal could be observable as a
break in the cascade energy spectrum.

Cascades are difficult to detect due to a large background coming from atmospheric muons and muon bundles, many

orders of magnitude larger than the cascade signal. Large statistics, advanced reconstruction methods and machine
learning techniques are required to isolate cascade events within the data. There is growing evidence for neutrino-induced
cascade events in IceCube in several analyses that were carried out using data from April 2008 to May 2009, when 40

IceCube strings were operational. This is the largest instrumented volume, and yields the most sensitive search for a

diffuse flux of astrophysical neutrinos using cascades to date.

Two of the IceCube-40 analyses are described in these proceedings. The high energy analysis measures four background
events, and sets a 90% confidence level limit for all flavour astrophysical neutrino flux of 9:8 Gk sr s~ cm 2

over the energy range 89 TeV to 21 PeV. The mid energy analysis observes 14 cascade candidate events. The background
to these events is under investigation. Three of the observed events have reconstructed energies above 100 TeV.
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tian.panknin@icecube.wisc.edu)
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1 Introduction energy spectrum than that of atmospheric neutrinos, which
makes diffuse searches a promising route for observing a
High energy neutrino production is predicted to occur in rebreak in the energy spectrum of neutrinos from astrophysi-
gions of the universe containing astrophysical objects th&al sources. A previous cascade analysis in IceCube [2] has
emit large amounts of energy [1]. The same regions aghown progress towards a detection of atmospheric neutri-
predicted to emit the highest energy cosmic rays, whosws, and set a limit of 3.630~7 GeVsr~'s™'em ™2 on as-
origins are yet unknown. These are dense regions whefephysical neutrinos (assuming a 1:1:1 flavour ratio) for
large gravitational forces generate relativistic jets, accethe energy range 24 TeV to 6.6 PeV, using the 22 string
erating charged particles. This is associated with objecteeCube detector. There are several cascade analyses us-
such as supernovae, gamma ray bursts, and active galadtig the larger 40 string IceCube detector: two low energy
nuclei. High energy neutrinos originating from these obanalyses described in other proceedings at this conference
jects may be observed as a diffuse flux by detectors suchf&s 4], and the two high energy analyses described here.
IceCube. The goal of these high energy analyses is to search for as-

A large proportion of the expected diffuse flux which inter-FoPNysical neutrino-induced cascades.
acts with nucleons in the detector results in particle showers

(cascades). IceCube is capable of detecting cascades PO- |ceCube-40 Data

duced from all flavours of neutrinos. Cascade energy is re-
congtructed with better reso lution than that from track—hl_«:ngCube is a Cherenkov neutrino detector located at the
particles such as muons, since cascades are fully conta|r§ . ; o .

; . outh Pole. The detector is comprised of Digital Opti-
in the detector. Also cascades have lower atmospheric neu-

trino background flux. The astrophysical flux has a hardecraI Modules (DOMs) [5] situated on strings deployed deep
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in the Antarctic ice. The DOMs house photomultipliervia satellite. The pole filter for the cascade stream during
tubes (PMTs) [6], along with data acquisition software|ceCube-40 consisted of two cuts placed on reconstructed
in a pressure vessel. There are 60 DOMs on each stringriables. The first variable is a fit to the hit timing, and is
which detect Cherenkov light from charged particles travplaced to reject track-like events with a high velocity, and
eling through the ice. The analyses described here udesep cascade-like events with low velocities. The second
data from when the detector was still under constructiomvariable uses the hit topology of the event defined by Ten-
when 40 strings were deployed and acquiring data. Figussr of Inertia eigenvalues. The cut rejects elongated track-
1 shows the IceCube-40 detector configuration. like events, and keeps highly spherical cascade-like events

by cutting on the ratio of lowest eigenvalue to the sum of
(_iceCube-40 Detector ]| IceCube-40 the three. After the data is transferred, level 2 process-
@ String positions ing is run, which consists of further reconstructions used
o ° in higher level filtering.

The level 3 filter reduces the background further in order
to run more advanced reconstruction algorithms. This fil-
e © ter was applied only to events with a reconstructed cascade
e © ° ° e o o ° energy below 10 TeV, where the background is most domi-
o ° ° nant. The first cut variable is the reconstructed zenith direc-
o o tion assuming a plane-wave track topology. Events coming
° from above the horizon (< 80°) are removed. The sec-
R E P S ond cut variable is the reduced log likelihood. This variable
e e 0 2000 9% Grid Ecsy is derived from the likelihood that an event is a cascade,
based on the hit pattern in the detector. Events less likely
Figure 1: IceCube-40 detector configuration. to be cascades are removed.
The level 4 filter reduces the background further to run
The IceCube-40 detector was operational froth April  more sophisticated reconstructions with better variable res-
2008 to 20" May 2009. During physics runs all event in-olutions. There are three cuts at this level. The first cut
formation was sent from DOMs to the surface for processs on the reconstructed energy, placed at 2.5 TeV. The two
ing if the trigger condition was met. The trigger conditionfurther cuts at this level are on Spatial Distance and Fill
requires 8 DOMSs to be hit within 5000 ns. The IceCube-4®atio reconstructions. The Spatial Distance cut splits the
physics dataset contains 374 days of data. event into two parts based on the timing of hits, with the
vertex position from each half reconstructed separately. If
the event is a spherical cascade-like event the two vertex
positions are expected to be at the same location in the de-
tector. If the event is an elongated track-like event the two
The analyses presented here [10, 11] search foEah  yertex positions will be located far apart. This cut requires
neutrino flux within the IceCube-40 dataset.  Thesgnat the two reconstructed vertex positions be within 40 m
searches use cuts on reconstructed event variables, redyCeach other. The Fill Ratio cut defines a sphere based
ing the background from atmospheric muons to isolate cagp the radius from the mean position of hit DOMs around
cade events originating from astrophysical sources. the reconstructed vertex of an event, and looks at the ratio
Neutrino interactions of all flavours were simulated to preef DOMs hit within this sphere over the total number of
dict the expected signal. This was done using Monte CarldbOMs. If the event is a spherical cascade-like event the fill
simulations with an energy spectrumIof!. These simu- ratio is expected to be close to one. If the event is an elon-
lated events were then re-weighted for atmospheric and agated track-like event the fill ratio will be much less than
trophysical neutrino spectra. The atmospheric re-weightingne. This cut requires at least 40% of DOMs within the
uses the Bartol model [7] for the conventional neutrino fluxsphere to have hits.

and the Sarcevic model [8] for the prompt neutrino fluxThe evel 5 filter consists of containment cuts. These cuts
The astrophysical re-weighting usesian” spectrum. are necessary as most of the remaining background events
The dominant background to these analyses comes from ate located at the edges of the detector. The first contain-
mospheric muons, simulated using Monte Carlo techniquesent cut is on the reconstructed vertex position. This cut
with CORSIKA [9]. The simulation was used to train ma-requires that the vertex of the event be more than 50 m in-
chine learning algorithms to develop cuts to separate sigreitle the top and bottom of the detector, and inside the outer
from background. ring of strings (string containment). The second contain-
ment cut is on the charge received by each DOM. This cut
requires that the DOM with the largest charge be located
on an inner string (DOM charge containment). The effect
The first level of filtering is run online at the pole in orderof these containment cuts is shown in Figure 2. After these

to reduce the data volume to an acceptable level for transfeiits are applied, background and signal simulation are fed
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3.1 Filter Levels of Mid Energy Analysis
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Figure 2: lceCube-40 detector in xy coordinates, black datslee string positions. Each figure shows the reconstructed
vertex for simulated—2 signal.a) Before containmenty) after string containment,) after DOM charge containment.

into a machine learning algorithm. Multivariate analysi## Results

(TMVA) [12] is used, which assigns a boosted decision

tree (BDT) response score to each event. This BDT ret.1 High Energy Analysis

sponse has a strong separation power. The variables used

for machine learning are: In the high energy analysis four events were found. After
careful inspection, all events look similar to background

Z vertex position Reconstructed event depth. from atmospheric muons. Due to the systematic error this

Zenith track direction Reconstructed zenith angle. result is compatible with a null hypothesis. A limit at 90%

Log likelihood Likelihood event arises from a muon. confidence level on the astrophysical neutrino flux was set

Linefit velocity Particle speed to create hit pattern. Using the method of Rolke et. al. [15]:

Eigenvalue ratio Topology of event.

Fill ratio Ratio of DOMs hitin sphere around vertex.

Time split Difference in time of two halves of event. The energy range containing 908f the signal is 89 TeV

Containment Event distance from detector centre. to 21 PeV. A comparison with model predictions and other

analyses limits is shown in Figure 3.
The level 6 filter is the final level of cuts. There are two cuts

PmE 2 <95 x 107 %GeVsr s em®. (1)

at this level: the BDT response from multivariate analysis [ Limits and Flux predictions | e A Mo scades (al flavou) 332 d Prlim
and the reconstructed energy. These cut values are op 10" e ‘CAOEHE:“U.‘.’.)%‘ETM:W
mised using the Feldman-Cousins [13] method. The BD™ © [ 1622 UHE (ll lavoun) 200 4 Preim
response cutis 0.2, and the energy cut is 25 TeV. gw-E; 5“.:6“:5‘101"“’2003

L Bt
3.2 Filter Levels of High Energy Analysis o [ ——
This analysis was designed to quickly reach a result, an me?
thus accepted a higher energy threshold [11]. It follows &
the mid energy analysis to level 3, then a BDT was traine: E
using ten variables connected to shape, fit quality and pc wm: N R Y AT T LT

w
IN
a
[}
~
(=]

sition of the event. Each variable has a correlation of les 10 og {Enerdyicev)

than 30% to reconstructed energy, so BDT score and en-

ergy can be used as quasi-independent variables to SUPPTERR re 3: Limits and flux predictions for an all flavor dif-
background in the final level. These cuts were optimisef];se flux. Black lines indicate limits, this high energy anal-
for sensitivity [14], based only on simulation. The backysis is the solid line. The current best limit is given by

ground is very sensitive to cosmic ray composition, ice anfhe |ceCube-40 diffuse search using muon neutrinos [16].
detector properties. In addition, limited statistics for rargrneoretical models are thin grey lines.

events made the background prediction fragile. The atmo-

spheric muon prediction is 0.7243R(stat) +434 (sys)

events, with a large systematic error that is based on a dge- . .
tailed comparison of simulation with data. The systemf?'2 Mid Energy Analysis

atic uncertainty will be reduced with future simulation.ln the mid energy analysis a total of 14 events were ob-
. . _9 7 . . .

The S'gg'a_' 1pre(j|20t.|0n for an all flavdt ™ flux of 107" served. Of these, four events contained early hits, with

GeVsr™ s~ em™" Is 7;93i0_13_(5tat) + 1.47(sys) events  iming from before the cascade. This could indicate a back-

(a@ssuming a flavor ratio of 1:1:1). ground event due to an atmospheric muon interaction, a
muon neutrino interaction, or muon production within the
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cascade. The background prediction is under investigation.
The remaining events contain no evidence of early hits, and
after visual inspection appear to be high quality cascade
candidate events, including three that have reconstructed
energies above 100 TeV.
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events, or muons from muon neutrino interaction or within
the cascade. Using atmospheric neutrino models Bartol and
Sarcevic, 1.8 conventional events and 2.1 prompt events
are predicted from atmospheric neutrinos. The events are
currently being investigated by performing more extensive
background simulations.
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Figure 4: Distributions with final cut values shown by the
vertical lines.a) BDT responseb) Energy spectrum. References

Figure 4 shows the BDT response and energy spectrum d[_sd F. Halzen, AIP Conf. Proc., 2002182: 14-21

tributions. Experimental datd;~* signal prediction, and 2] R. Abbasi et. al., ArXiv e-prints 1101.1692, Jan 2011
expectation from atmospheric cascades are shoWN: 3] |ceCube Collaboration, paper 1097, these proceedings
signal assumes a flux of 3.6x10GeVsr™!s™'em™?,the 4] |ceCube Collaboration, paper 0324, these proceedings

limit set by previous IceCube-22 cascade analyses [2]. Tirg] R. Abbasi et. al., Nucl. Instrum. Meth., 2008601:
vertical line on these distributions indicates the cut value of 294.31¢6

0.2 for BDT response and 25 TeV for reconstructed energ ] R. Abbasi et. al., Nucl. Instrum. Meth., 2018618:
On the right hand side of these cut values are the 14 events,139.152

which lie above the prediction from atmospheric cascadef;] G.p. Barr, T.K. Gaisser, P. Lipari, S. Robbins, T.
Figure 5 shows a cascade event in IceCube-40 observed YStanev, Phys. Rev., 200870: 023006

the mid energy analyses. This event has a BDT response[gj R. Enberg, M.H. Reno, I. Sarcevic, Phys. Rev., 2008,
0.236, and a reconstructed energy of 144 TeV. D78: 043005

[9] D. Heck et. al., FZKA, 1998, 6019

[10] S. Hickford, PhD Thesis, 2011 (in preparation)

[11] S. Panknin, PhD Thesis, 2011 (in preparation)

[12] A. Hocker et. al., PoS ACAT 2007, 040

6{&3] G.J. Feldman and R.D. Cousins, Phys. Rev., 1998,
D57: 3873-3889

?14] G.C. Hill and K. Rawlins, Astropart. Phys., 2003®:
393-402

5 Summary

Results of the searches for T2 astrophysical neutrino
flux with lceCube-40 are presented. The high energy an
ysis observed four background events and set a limit
9.5x1078 GeVsr~!s~lem™2. The mid energy analysis

observed 14 events. The majority of these events appe@g] WA. Rolke. AM. Lopez. J. Conrad. Nucl. Instrum
to be good cascade candidates, while four contain eviden eMetH .2005A5’51.' 4'93_203’ ' ’ ' '

of muon tracks. These four events could be backgrounde) p ‘Aphasi et. al., ArXiv e-prints 1104.5187, Apr 2011
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The baseline capability of the cosmogenic neutrino search witiceCube

THE ICECUBE COLLABORATION!
! See the special section in these proceedings

Abstract: We present the expected baseline sensitivity of the IceCube detector to cosmogenic neutrinos produced
through the GZK process. Data from the partially completed IceCube detector have previously been searched for such
highly energetic (>10° GeV) neutrinos. With the completion of the detector in December 2010 and the full operation
having started in May 2011, IceCube’s sensitivity to these neutrinos is significantly improved from previous studies. We
calculate the expected sensitivity in the search of cosmogenic (GZK) neutrinos using a Monte Carlo simulation of the
completed IceCube detector and the selection criteria developed in the previous analysis. The sensitivity for a diffuse
flux of cosmic neutrinos with aft~2 spectrum in the central 90% energy range 300 TeV to 2 EeV is expected to be at a
level of B¢y, 41, +v, < 1.3 x 107° GeVem™? sec™ 'sr™ ! with one year of operation. The corresponding differential
sensitivity is also presented.

Corresponding author: Aya Ishihard (aya@hepburn.s.chiba-u.ac.jp)
2Chiba University, Yayoi-cho 1-33, Inage-ku, Chiba, Chiba, 26-0045 Japan

Keywords: IceCube, cosmogenic neutrinos, GZK mechanism

1 Cosmogenic neutrinos with IceCube fluxes calculated using a Monte Carlo simulation. The sig-

nal discrimination methods are based on the selection crite-
Cosmogenic neutrinos are produced in the interactions 6 utilized in the 2008-2009 data analysis with the partially
the highest energy cosmic-rays with the cosmic-microwaviestrumented 40-string detector [5].

background (CMB) photons (the GZK process [1, 2]) anth the energy region above 1 PeV, the primary variable used

subsequent charged pion decays [3]. These cosmogeticdiscriminate signal from background is the energy of
(GZK) neutrinos are one of the most promising messengers

from the high energy, distant universe beyond PeV ener-
gies. They may provide us with direct evidence of the highz ™!
est energy cosmic ray sources unlike the other messenge
such as gamma-rays and cosmic-rays, which experience 5
teractions with the CMB and/or galactic and extra-galacti
magnetic fields.

IceCube is a cubic kilometer scale deep undergrourm
Cherenkov neutrino detector at the South Pole. The lci
Cube detector construction was completed in Decemb
2010. The IceCube array [4] comprises 5160 optical sel 0 0 400 400 o 400

sors on 86 cables, called strings, over a B Kiducial vol- < i

ume of ice at a depth of 1450 m 2450 m. In 2008-2009,

40 out of 86 cables were dep|0yed and tak|ng data Witﬁigure 1: Simulated Single muon events in IceCube. Left
an approximate fiducial volume of 0.5 RmResults from panel shows a 100 TeV muon track representing the con-
the cosmogenic neutrino search with the half-complete¢gntional event while the right panel indicates a 9 EeV
configuration of IceCube [5] generated the best publishéduon EHE event. Circles denote optical sensors with more
limit to date on the neutrino fluxes above 1 PeV and up t#1an one photo-electron signal recorded. The size of the
10 EeV. circles represents the number of photo-electrons. Axes are
gfstances in meters from the center of the lceCube detector

100 TeV

In this proceeding, we present the expected sensitivity
the completed IceCube detector to cosmogenic neutrirfy' &
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the particles. This is because the conventional atmosphegeents are estimated to be at least a factor of 5 reduced
neutrino and muon background spectra are proportional foom the current estimate of the background event numbers.
E~37 or steeper, while signal spectra follow E~ E~2  This selection enhances the discovery potential of IceCube,
in the energy region considered. Since the amount of emhich with a signal-to-background ratio of around 10 be-
ergy deposited in the form of Cherenkov photons by theomes quite robust against large unknown systematics un-
neutrino-induced charged particles in the detector is highlgertainties in the background estimate.

correlated with their energy, the extremely-high energy

neutrino signal stands out against the atmospheric mugn o

and neutrino background because of the much higher light 1c€Cube sensitivity beyond a PeV

deposition. The total number of photo-electrons (NPE)

recorded in an event is used as the main distinctive featufée quasi-differential model-independent sensitivity of the
to separate signal from background. Figure 1 illustrates tHéeCube detector at 90% CL per energy decade for neu-
difference in the energy deposition in the IceCube detectdino fluxes abovel0' eV (1 PeV) is shown in Fig. 3

from a background-like 100 TeV muon and a signa|_|ik@ssuming full standard neutrino mixing. The correspond-
9 EeV muon. ing sensitivity for a diffuse flux of cosmic neutrinos with

an E~2 spectrum in the central 90% energy range from
300 TeV to 2 EeV is calculated to bB%¢,, 1, v, <
2 Event selection 1.3x 108 GeVem 2 sec~ st~ ! with one year of observa-
tion. The improvement of the sensitivity from the analysis
The primary background in this analysis is muon bundlesf the data taken with the half completed IceCube [5] is
made up of large numbers of muons produced by high eapproximately a factor of two.

ergy cosmic-ray interactions in the atmosphere dominafaple 1 gives the event rates for several model fluxes of
ing the downward-going directions. Because of the highosmogenic neutrinos assuming cosmic-rays to be protons
multiplicity number, these events also leave a large amoupghly. We expect 0.8 to 1.7 cosmogenic neutrino events
of Cherenkov photons in IceCube. This background Waser year, assuming moderate to strong cosmological source

simulated with thecORSIKA air-shower simulation pack- eyolution models, while 0.11 background events are ex-

interaction r_nodel._ Cosmic-ray ir_lt_eracfcions assuming PULFLe corresponding neutrino effective area is shown in
proton and iron primary compositions in the energy regiop.

betweenl0® and10!! GeV were simulated. EHE neutrino 9" 4. The neutrino effective area represents the surface
signal events with energies betwe#d® and 10'! GeV

from several flux models were simulated using fleleT :
package [12]. The cosmogenic neutrino induced tracks a  °
most likely to have a near horizontal slightly downward- .,
going geometry with falling distributions towards both ver- _ °3
tically upward-going and downward-going directions due
to the neutrino absorption in the Earth.

The simulated high energy events are divided into the she §
low and deep event samples to take the difference in th  -Sssississsessys 5 o BT o
optical properties of ice into account. The “depth” of the o o

event is defined by the vertical position of the brightes
photo-electron signal. The final background discrimina
tion is performed using different sets of variables for the
shallow and deep events as described in Ref. [5]. Figu
2 shows the event distributions in the planes of éoss
NPE for the shallow events amflit; x_g vs NPE for the
deep events. Helgis the reconstructed zenith angle of the £ ¢
event andAt;n_g is the time interval between the earli- sttt 30 B R

est (E) and the brightest (LN, largest NPE) photo-electro oa NPE oa NPE

signal in the event. A clear separation between the sig-

nal and background can be observed. Reference [5] fufigure 2: Event number distributions of the shallow (upper
ther describes the variables and compares the experimergahels) and deep (lower panels) event samples in 365 days
and simulated event distributions. The straight lines anare shown for signal (left panels) and background (right
the quarter-elliptical shape show the applied NPE threslpanels) simulations. The signal distributions are from the
old value as a function of casand Aty,n_g, respectively. cosmogenic neutrino model in Ref. [8] adding all three fla-
The boundaries are set such that the background expectars of neutrinos. The background distributions are from
tion from cosmic-rays of an assumed pure iron primary iSORSIKA-SIBYLL with iron primaries. The lines in each
0.1 events per year. For a pure proton case the backgroysahel show the final selection criteria.
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Figure 3: All flavor neutrino flux quasi-differential sengities of the IceCube detector after one year (filled squares)

and five years (filled stars) of operations. Several model predictions (assuming primary protons) are shown for compar-

ison: YT [8], Kalashewt al. (strong evolution) [9], ESS (R = 0.7) [10], Ahlerset al. (maximal), Ahlerset al. (the
best fit, incorporating the Fermi-LAT bound) [11]. The gray dashed horizontal line indicates the Waxman-Bahcall flux

bound with cosmological evolution [17]. Model fluxes are summed over all neutrino flavors, assuming standard neutrino

oscillations. The model independent differential upper limits by other experiments are also shown for Auger (PAO) [13],
RICE [14], ANITA [15], the previous IceCube results (2007-2008, I1C22) [16], and (2008-2009, 1C40) [5]. Limits from

other experiments are converted to the all flavor limit assuming standard neutrino oscillation and a 90% CL per energy

decade quasi-differential limit when necessary.

10°g

area of an equivalent detector if it were 100% efficient. F
v, andv,, the areas exceed)® m* at 10° GeV whichis g f
the main energy range in the lceCube cosmogenic neutr§ |
search [5]. The present analysis is sensitive to all thr_§ 10
neutrino flavors. Similarly the effective area near the Icg |
Cube detector can be defined as the area within which §1°2? P
neutrino induced muons and taus, or neutrinos are 10 5 1L

detectable. They are shown in the right panel in Fig. 4. Ic

Cube acts as a detector with effectively 50% larger volur T Je 78 9 10 u

log, (Energy/GeV) log, (Energy/GeV)

than its actual size for neutrino-induced muonstGeV.

The effective area near the detector for the neutrinos inter- )
acting near or inside the detector (direct neutrino channdjgureé 4: The left panel shows 4solid angle averaged
is more than two orders of magnitude smaller than those fS€Utrino_effective areas for each neutrino flavor.  The
muons and taus. However, the direct neutrino interactioffi@shed line correspondsitp+ .. The solid line is/, +7,,
form an important contribution because the neutrino flux 47'd the dotted line is + 7. All assume equal flux of neu-

IceCube depths is two orders of magnitude larger than tfEn©s and anti-neutrinos. The right panel shows the effec-
flux of the secondary charged leptons. tive detection area near the detector for secondary muons,

taus and primary all flavor neutrinos.

4 Discussions . . . .
While models of astronomical neutrinos include uncer-

, . tainties in the photon field the cosmic rays interact with
IceCube may be the first experiment to probe the cosmag-. . .

) . ! prior to escape from sources, CMB induced cosmogenic
logical evolution of the cosmic-ray sources [19].

neutrino models are not affected by this uncertainty. In-
stead, these neutrino fluxes are highly dependent on the
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model parameters Event rates
Models m | Zmaz | 7 | Pmac IceCube 1 year
ESSN,=0.7 [10] SFR[18] 2.0 10?2 eV 0.85 +0.01
YT [8] 4 2.0 10%2eV | 1.05+0.01
Kalashewt al. [9] 5 20| 10*2%2eV | 1.6540.01

25| 10%t eV 0.80 +£0.01
2.1 10** eV 1.69 +0.01

Ahlerset al. dip transit atl0'” eV (best) [11] 4.6
Ahlerset al. dip transit atl0'® eV (max.) [11] 4.4

NNN B

Table 1: Expected numbers of events by IceCube in 365 days $emaral cosmogenic neutrino models assuming the
cosmic-ray primaries to be protons. The spectral indigesutoff energiest, ... at sources as well as cosmological
evolution indicesn and extensions in redshiff,,, ... for the cosmic-ray sources are also listed for reference. The corre-
sponding expected number of background events in one yeadrlis- 0.01. Errors are statistical only.
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The search for extremely high-energy neutrinos with IceCube

THE ICECUBE COLLABORATION?
! See special section in these proceedings

Abstract: The IceCube neutrino telescope was constructed to search for high energy neutrinos of cosmic origin. At
the highest energies, neutrinos associated with the interaction of the most energetic cosmic rays with cosmic microwave
background photons (GZK effect) are considered a guaranteed signal, with expected event rates of up to a few events
per year in a cubic kilometer detector. Searches for GZK neutrinos have been performed using data taken with the
intermediate construction stages of the now complete |ceCube detector. We present the results of finished and on-going
analyses, with afocus on the search using data taken between spring 2009 and spring 2010, when the IceCube detector

was roughly 70% complete.
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1 Introduction

The detection of extremely-high energy (EHE) neutrinos
with energies in excess of 107 GeV may shed light on the
yet unknown origin of the highest energy cosmic rays.
The direct observation of EHE charged cosmic ray parti-
cles is limited by their inevitable energy loss in the cos-
mic microwave background through photo-pion produc-
tion, known as the Greisen-Zatsepin-Kuzmin (GZK) ef-
fect [1]. The trajectories of the charged cosmic ray par-
ticles with diminished energies will have been random-
ized in cosmic magnetic fields upon arrival at the Earth.
Neutrinos from the decays of the secondary charged pions,
7t = /Lillu — eiuel/u,uu, will travel in straight lines and
unattenuated over cosmological distances and carry infor-
mation about the sources of EHE cosmic rays.

The IceCube neutrino observatory consists of a cubic kilo-
meter sized Cherenkov detector embedded in the 2800m
thick glacial ice cap at the South Pole and an overlying
square kilometer surface air-shower array. The in-ice de-
tector consists of 5160 light sensitive digital optical mod-
ules (DOMs) deployed at depths between 1450 and 2450m
on 86 vertical cables (“strings’). Each DOM is equipped
with a 25 cm photo-multiplier tube (PMT) along with two
waveform digitizers and supporting data acquisition, cali-
bration, and control hardware [2, 3]. Interactions of high
energy neutrinos with the surrounding matter are detected
viatheir Cherenkov emissionsin the highly transparent Po-
lar ice [4]. With its large detection volume, the in-ice de-

tector is the first neutrino telescope with a realistic chance
to detect the small flux of EHE neutrinos associated with
the GZK effect.

During lceCube's construction phase, which started in
2005, data taken with the partially instrumented in-ice neu-
trino telescope have been searched for signatures of EHE
neutrinos[5, 6]. Theanalysis of datataken during the years
2008/2009, when 40 of the 86 strings of the in-ice detector
were deployed, has led to the currently most stringent lim-
itson fluxes of EHE neutrinoswith energies between 1 PeV
and 10 EeV (Figure 1). In these proceedings, we report on
asearch for EHE neutrinosin data taken with the 59-string
detector between spring 2009 and spring 2010.

2 Method

The vast mgjority of the events recorded by IceCube are
due to down-going atmospheric muons that are created
by interactions of high energy cosmic rays in the atmo-
sphere, and which are sufficiently energetic to penetrate
the ice overburden and deposit Cherenkov light in the de-
tector. Against this background, an EHE neutrino interac-
tion inside or in the vicinity of the detector would stand
out with a much higher Cherenkov light deposition. Fig-
ure 2 shows the expected light deposition in terms of the
number of recorded photo-electrons (VN P E) and its corre-
lation with the zenith angle (cos ©) of the primary parti-
cle tracks for simulated GZK neutrino induced events and
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Figure 1. Present flux limits on EHE neutrinos compared
to two al flavor GZK neutrino flux predictions, YT ((m,
Zmax) = (4,4) [7] and ESS (24 = 0.7) [8], and the
Waxman-Bahcall bound [9]. Limits from IceCube 40-
string GZK neutrino search (1C-40 GZK, differential limit
and E~2 spectrum integrated limit) [6] are shown as thick
black lines, the limit from an UHE neutrino search (1C-40
UHE) [10] is shown as grey horizontal line. Less stringent
limits were set by Auger (PAO) [11], ANITA [12], and the
|ceCube 22-string detector (1C-22) [5].

simulated atmospheric background events. For both signal
and background events, thelight yield is strongly correlated
with cos ©. For down-going atmospheric muon events, the
expected N PFE rapidly decreases with increasing inclina
tion of primary particletrack, because with increasing slant
depth the muons will lose more energy before reaching the
detector. Below the horizon (cos©® < 0), low energy at-
mospheric neutrinos arriving from the opposite hemisphere
are the only expected background. The detection probabil-
ity of GZK neutrinos is highest for directions close to the
horizon, because of the relatively short neutrino interaction
length at EHE energies.

Exploiting the correlation between the event light yield
and the track direction, the data selection criteria to sep-
arate signal from background events in IceCube's EHE
neutrino searches have routinely been designed as two-
dimensiona boundaries in the N P E-cos ©-plane [5, 6].
Simple geometric fit methods, whose performance proved
robust against systematic uncertainties in the detector re-
sponse, were used to infer the track directions. In thisanal-
ysis, we follow the same strategy, but we use a different
fitting algorithm than previous analyses to determine the
track direction.

Following a blind analysis procedure, the selection criteria
are optimized on ssimulated signal and background events.
A subset of 10% of the experimental data, evenly dis-
tributed throughout the data taking period, is used to val-
idate the detector simulation. After the selection criteria
are developed, the data selection is applied to the blinded
90% of the data, which for the 2009/2010 data-taking pe-

riod roughly comprises 330 days of detector livetime. The
10% subset is discarded, in order to avoid statistical bias.

3 Monte Carlo smulations

The dominant background at the final data selection lev-
els is high multiplicity muon bundles induced predomi-
nantly by heavy cosmic ray primaries with PeV to EeV
energies. This background was simulated with the CoRr-
SIKA air-shower simulation [13] usingthe siByLL 2.1[14]
hadronic interaction model. Two primary types, proton
and iron, with energies between 104 and 10! GeV were
simulated. The primaries were sampled from a power-law
energy spectrum following dN/dE o E~2, in oder to
over-sample the high energy end of the cosmic ray spec-
trum, which is most important to this analysis. Proton and
iron components are then re-weighted to broken power-law
spectra, whose combination approximates the all particle
spectrum at PeV energies and above [15].

Signal events induced by EHE neutrinos in the energy
range between 10° and 10'' GeV were simulated with
the JuLieT package[16]. The charged secondary particles
were sampled from an energy spectrum oc £ ~'. Theevents
can be re-weighted to various GZK neutrino flux predic-
tions. In these proceedings, we use the predictions from
references[7] and [8] (c. f. YT and ESSin Figure 1). The
quoted event rates correspond to the sum of all three neu-
trino flavors, ve, v, and v;.

4 Event selection

The first data selection for the various |ceCube analyses is
performed on-line at the South Pole, before data are sent to
the northern hemisphere. For this analysis, the on-linefilter
required a minimum of 630 photo-electronsto be recorded
in an event.

Following the analysis strategy that was developed for the
40-string detector [6], further data reductionis achieved by
requiring at least 200 DOMs to have registered light within
atime window of [—4.4us, 6.4us] around the largest local
light deposition in the detector. The latter is defined as the
time at which 10% of the largest PM T pulse was captured.
Further, we require the total number of photo-electrons
recorded in this time window to be larger than 3200. With
these requirements, the atmospheric background is reduced
by two orders of magnitude, while 75% of the signal is re-
tained (Table 1). While the previous EHE search used the
linefit algorithm [17, 5] to reconstruct the track directions,
we use a different algorithm in this analysis, the dipole-
fit [17]. The dipolefit assigns a dipole moment, M, to the
light pattern recorded in each event:

- 1 Npom i — 7:;_ Npowm
D D )
Lo |7 — 7 Npo |

i="DoM 11 L
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Figure 2: Expected light yield (logarithm of the number of detected photoelectrons, log ;,(N PE)), for smulated signal
and background events and a subset of the experimental data set (left) and the correlation with the cosine of the zenith
angle of the primary particle tracks for simulated atmospheric background events (middle) and GZK neutrinos (right).
The background prediction includes cosmic ray induced muons, assuming a cosmic ray spectrum according to [15], and
atmospheric neutrinos according to [18] with a contribution from prompt neutrinos according to [19]. The GZK neutrino

spectrum is simulated according to [7] (c. f. YT in Figure 1).

cut Experimental Background GZK YT[7] GZK ESS[§]
NPE > 630 6.20 x 107 (6.86 +0.18) x 107 2.35+0.01 1.814+0.01
NPE > 3200 and Npom > 200 6.65 x 10° (7.68 £0.12) x 10° 1.80 4+ 0.01 1.38 +0.01
log,,(NPE)—-0.5-D >4 336 3656 1.39+0.01 1.07+0.01

Table 1: Expected event rates at various selection levels for 330 days of detector livetime. The signal rates correspond to
the GZK neutrino models accordingto [7] (YT) and [8] (ESS). Errors are statistical only.

where 7; is the vector of spatia coordinates of the DOM

that recorded the ith light signal in time, and Npoy isthe
total number of DOMsfired in the event. The magnitude of

the dipole moment | M| takes values between 0 and 1, and
provides ameasurefor the directionality of thelight flow in
the event: large values of | M| indicate a track-like signal,
while small values indicate a rather spherical light pattern.
EHE neutrino interactions typically yield small dipole mo-

ments. Cascades induced by v, and v, interactions natu-
rally generate spherical light patterns, and the light pattern
from v, induced EHE muons has a broad radial distribu-

tion. Low energy atmospheric muon events on the other

hand, typically have dipole moments closeto 1.

Figure 3 shows the correlation between the magnitude
and the direction (cos ©y) of the dipole moment for at-
mospheric background events and GZK neutrino signal.
Background events cluster in the region with large dipole
moments and down-going directions. A combination of
both magnitude and direction of the dipole moment, D =
cos Oy + 2 - | M|, is used as a measure of the similarity
of an event to a down-going track. Compared to a cut on
the reconstructed direction only, alarger fraction of the ex-
tremely bright EHE neutrino signal eventsis preserved.

Background events with low values of D are predomi-
nantly induced by low energy neutrinos and atmospheric
muons that pass outside the instrumented volume and de-
posit only very little Cherenkov light. Figure 4 shows
the correlation of D with the light yield NPE. Signa
and background events are well separated in the D-N PE-

plane. A two-dimensional cut in this plane defined by
(log1o(NPE) — 0.5 - D) > 4 reduces the atmospheric
background by two more orders of magnitude, while the
expected GZK neutrino signa still exceeds one event in
330 days (Table 1).

Additional selection criteria to separate the GZK signal
events from the remaining background are being investi-
gated. A redlistic chance to detect a GZK neutrino signal
requires the further selection criteria to keep the signal ex-
pectation above 1 event, while suppressing the background
to alevel of O(0.1) expected events per year. The GZK
neutrino search with the 40-string detector [6] achieved
a signal expectation of 0.5 events for GZK models pre-
sented here, above an expected background of roughly 0.1
events at the final selection level. With the larger 59-string
detector, improved event selection criteria, and better un-
derstanding of the detector response, the required signal
to background ratio to either detect GZK neutrinos or to
constrain the here considered flux predictions seemswithin
reach.

5 Conclusions

The detection of GZK neutrinos with |ceCube seems tan-
talizingly close. The analysis of data taken with an inter-
mediate construction stage of the detector, in which half
the in-ice detector was deployed, allowed to place the most
stringent limits on EHE neutrinos to-date. Data taken with
later construction stages are presently being analyzed. Al-
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Figure 4. Correlation of the combined dipole observable D = cos©y + 2 - |J\7[ | with NPE for simulated background
events (left) and ssimulated signal events (middle). The linear combination of D and N PE that is used as a cut parameter
is shown in the right panel. The separating boundary defined by log (N PE) — 0.5 - D > 4 is shown as black linesin

the two dimensional plots.

ready the next construction stage, which roughly 70% of
the detector components deployed, may reach the sensitiv-
ity to probe current models of GZK neutrino fluxes.
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Abstract: The detection of cosmogenic (GZK) neutrinos with IceCube requires the ability to discriminate very rare and
energetic signal events from an abundant background of cosmic ray induced muons. High energy cosmic ray air showers
produce high numbers of muons densely packed around the shower core trajectory. These bundles of muons emit large
amounts of Cherenkov light in the ice that constitutes the detection volume. We present several techniques to improve
background rejection while keeping a large fraction of the GZK neutrino signal. The differences in the light distributions
around a neutrino-induced muon track and a muon bundle are exploited. The photon hit-time pattern in the detector
differs slightly for the two event types and is used for identification of muon bundles. The surface array, IceTop, is used
to tag the background with high efficiency but limited zenith range. The efficiency of this method was studied using data
from the partially completed detector.

Corresponding authors; Jan Auffenberg (jan.auffenberg@icecube.wisc.edu),

Shirit Coheri (shirit.cohen@icecube.wisc.edu), Keiichi Magmase@hepburn.s.chiba-u.ac.jp)
2University of Madison Wisconsin, 222 W. Washington, Madison, USA

3Laboratory for High Energy Physic&cole Polytechnique &kral, CH-1015 Lausanne, Switzerland
“4Chiba University, Yayoi-cho 1-33, Inage-ku, Chiba-shi, Chiba, Japan

Keywords. UHECR; GZK neutrinos; IceCube

1 Introduction compared to the expected neutrino signal, their flux de-
creases steeply with increasing energy. Therefore signal,
Ultra High Energy Cosmic Rays (UHECRSs) with en-expected to have a harder energy spectrum, may emerge
ergies abovel0'' GeV have been observed by severafrom the background above a certain critical energy. In ad-
experiments[1, 2]. The origin of UHECRs remains undition, muon multiplicity in bundles increases with the pri-
known, though there may be indications of a correlatiomary cosmic ray energy, which leads to more pronounced
of incoming directions with the close-by extra-galactidackground-event signatures and to increasing rejection ef-
source distribution [3]. The elucidation of the origin hagdiciency. Another difference between neutrinos and muon
been longed for from the first detection. UHECRs interaddundles is their arrival direction. While the muon bundle
with cosmic microwave background photons and necessd@te decreases with increasing zenith angle, near horizon-
ily generate neutrinos with energies in excesg@fGeV tal directions are favored for GZK events because of the
through secondary pion decays (GZK effect). Thereforéncrease of the neutrino cross section at high energies.
the detection of such Extremely High Energy (EHE) neuThe energy and arrival direction information has been used
trinos can shed light on the UHECR origin. in several EHE neutrino searches [7, 8] producing the best
The IceCube detector [4], completed in Dec. 2010, instruspper limit for EHE neutrinos in the relevant energy range
ments a huge volume ofkm? ultra transparent glacial ice around10? GeV.
and is suitable to search for rare EHE neutrino events. |n this paper we present methods which are being de-

The GZK neutrino flux prediction depends on the cosmoveloped to achieve higher signal efficiency and high-
logical source evolution, the source injection spectra an@ultiplicity muon bundle background rejection using the
the cosmic ray composition [5]. The expected GZK neucharacteristic differences between the two.

trino event rate in IceCube is about one event per year

5, 6]. N .

15, 6] . _ 2 Muon Bundle Rgection Techniques
The main background for EHE neutrino search comes

from muon bundles induced by cosmic ray interactions ipn Extensive Air Showers (EAS), more than thousands of

the atmosphere. While bundles are much more abundar%ons can be generated and reach the IceCube detector
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Figure 1: Top: Average number of recorded pulses dsigure 2: Top: Distribution of detected light perpendicu-
a function of the time residual for events with 10,000lar to a simulated neutrino-induced single muon track (red
<NPE<30,000. Bottom: negative time residual likelihoodmarkers) and the fitted function (black) for an event with
ratio distribution for the same events. Dashed rgdsig- 100,000 NPE. Bottom: light distribution likelihood param-
nal simulation, dotted blue: background simulation, blacketer ratio distribution for events with 10,000 NPE <
experimental data. 30,000.

depth, under an ice overburden of about 1500 m. Mo#&n event by the IceCube DOMs. The resulting likelihood

of these muons are concentrated in a dense core, but sopgameter distributions are shown in Fig. 1 (bottom).

may have relatively high transverse momeptaand are

therefore separated from the core of the bundle at the depifp  perpendicular Light Distribution

of IceCube by a distance p,/E,,. Multiple scattering and

deflection due to the Earth’s magnetic field can increasehe amount of detected light at perpendicular distances
the separation for near-horizontal events [9]. Observing tifeom a single muon track is a function of the muon energy,

separation of single muons within the bundle core is ndte properties and the detector noise level due to DOM
possible in IceCube as the photon scattering length in i@gdectronics. Its parameterization is described in [11] and
is too short and the detector’s string spacing is too large fig given by

this purpose. However, differences in the light distribution a4/

around the bundle core compared to that around a single w(d, 0, E) = a0, E)w * + bnoise @)

muon can be used to distinguish the two event classes. | . . DOM-track distanced: string axis-track opening

angle,F: energy of the track andy = 1 m. Parameter
2.1 Early Photon Hit Times a (in units of NPE) represents the light normalization and

is dependent on energy of the track in IceCube, the dimen-
The application of a single muon hypothesis track recorsionless parameterdescribes the shape of the falling light
struction [10] to a muon bundle event gives the location angrve and,,.;.. (in units of NPE) gives the expected noise
direction of the bundle axis. For each detected Digital Opevel of the DOMs. Parametesisandw are both dependent
tical Module (DOM) pulse and a given reconstructed trackn ice properties which vary with depth [12]. However,
we define the time residual.s as the difference between it is difficult to resolve the dependency as for each event
the measured pulse time and the expected arrival time pfht is emitted and detected at different ice depths and the
an unscattered Cherenkov photon from the single track hgependency is averaged in the fitted parameter values.

pothgsis. In the muon bundle case, the light generated %X(amples for the detected light distribution around a sin-
outlying muons may result in pulses with negaiyg val- le muon neutrino event and the fittedd, 0, E) function

ues, indicating photon arrival times inconsistent with th re given in Fig. 2 (top). The radial spread of the muons
single track hypothesis. We exploit the density of neggqgige the bundle can be up to 50 m, so the perpendic-
tive t,e; pulse distribution by means of a likelihood analysis, o |ight distribution at small distances is flatter around

where signal and'ml,.|on .bundle background hypot.heses Y%Bundle compared to a single muon track. The amount of
gompared. The d'St,”bUt'on of .number of pulses with neggge o cteq light at larger distances is higher for a single muon
tive tyes values_for simulated signal and background, COMgack compared to a bundle. This could be because muons
pare_d to expe_rlmental ‘_’at""_ events for the IceCube 40 St he bundle range out and do not reach the clearest ice at
configuration is shownin Fig. 1 (top). The observable NP,%he bottom of the detector and because of large stochastic

refers to the total Number of Photo-Electrons collected '@nergy losses in the single muon case. These differences
appear mostly in the value of the fittedparameter. For
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Figure 3: Combined\ In(L) cut signal efficiency vs. back- Figure 4: v, effective areas for a simple analysis using a
ground efficiency. For a signal cut efficiency of 90% thecombinedA In(L) cut on MC simulation of IceCube 40
background rejection efficiency ranges from 90%-98% fostring configuration. Full red: IceCube EHE events fil-
neutrino energies af0’5 — 10! GeV. The curves refer to ter level, dotted purple: MRF cut calculated on filter level
samples of events with increasing amount of light detecteslvent sample, dashed blue: MRF cut calculated after ap-
with the IceCube 40 string detector. plying a combined\ In(L) cut.

signal and background events in a GZK neutrino search th#n efficient IceTop veto against high energy EAS will im-
obtained 2-dimensional distributions of fittedversusa  prove the signal efficiency in a GZK neutrino search. The
values occupy different areas of the phase space. A liketlhree main parameters determining the EAS veto efficiency
hood parameter comparing signal and muon bundle backre:

ground hypotheses is constructed and its distributions f@imary Energy and Composition: The higher the pri-
the IceCube 40 string configuration simulated and expefinary energy of the EAS, the higher the probability to see a

mental data events are shown in Fig. 2 (bottom). signal in IceTop, as the number of secondary particles and
the lateral extension increases. A higher veto probability

23 Results for heavier primary particles is expected due to more sec-
ondaries.

The bundle rejection observables described in sections Jlstanceto I ceTop: The shorter the distance of the shower
and 2.2 were combined in a single likelihood parametegore from IceTop, the higher the probability to detect the
Background vs signal efficiency is shown in Fig. 3 as @vent by IceTop. The distance of the shower core can be
function of a cut on the combined likelihood ratioln(L) up to several km, depending on the geometrical hit posi-

defined asin(Lsig) — In(Lyng). In order to assess the tion in IceCube. This parameter is closely related to the
strength of the combined In(L) observable, a cut was setnclination.
at a fixedA In(L) value which gives signal passing rates of,

$8% — 97% depending on NPE range. A signal selectior%ndmatlon: With increasing inclination the air shower

NPE threshold was then calculated using the MRF tecl;?_ropagqtes through more atmosphere where the electro-
mdagnetlc shower component gets attenuated more than the

nique [14] on simulated and experimental data that PaSSEE dronic component. Thus for near-horizontal showers we
both the EHE event filter (NPE 630) and the combined ' .
.r?xpect IceTop to detect mainly muons.

Aln(L) cut. The resulting effective areas are shown in’ S )
Fig. 4. Single tank hits in IceTop are used to establish the IceTop

veto [13]. These IceTop hits have to be within the time
window of several:s of a high energy event that triggered
3 IceTop Veto on Cosmic Ray Showers IceCube. In order to find hits in coincidence with the air
shower front, we reconstruct the shower front in time and
An EAS event in the IceCube detector may be precedeapace. Here the center of gravity of the IceCube event and
by hits recorded in the surface detector IceTop. Therefotbe direction from the track reconstruction are used. A pla-
another promising technique to discriminate muon bundlg¥r shower front is a good approximation to find coinci-
from EHE neutrinos is to use IceTop to veto muon bundleslent hits and can be corrected by a parameterization of the
IceTop uses the same DOMs as IceCube to detect the elétower front curvature. Fig. 5 shows the principal idea of
tromagnetic and muonic part of EAS. For the IceTop vetthe IceTop veto.
the electromagnetic part plays only a minor role. Inclinedhe distribution in Fig. 5 is used to fix the size of the veto
EAS are mostly tagged by detection of highmuons far  time window to 400 ns covering the coincidence peak. For
away from the shower core. comparison, we take a background time window of the
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Figure 5: Sketch illustrating the veto principle. The right

plot shows the IceTop hit distribution over time relative to OB A Coneident loeTop Hits

the shower front. The sharp peakZat= 0 in the plot is

caused mainly by coincident IceTop hits. The second pegkyre 6: Top: Illustration of the chosen coincidence time

after the shower front has passed is caused by after-pulsgsdows for events with NPE- 30,000. The background

of the photomultipliers. time window contains hits due to background from uncor-
related cosmic ray showers. Bottom: The number of events

same length before the shower front reaches IceCube ! 7 o : o
that only hits from uncorrelated cosmic ray showers are irf? lCETOP hits. _Th? d.|s_,tr|but|on for eYeﬁtS n the coinct-
cluded.” The upper plot of Fig. 6 shows the time windo ence WlndO\.N.IS S|gn|.f|cantly flatter, indicating a prelim-
selection strategy. The lower plot shows the number Jpary veto efficiency higher than 85% for NP 30,000.
events as a function of hits for both the random and real co-
incidence time windows. The ratio of the number of events
in the real coincidence time window over the number ofiant lower energy muon bundles passing well within the
events in the random coincidence time window for a givefiducial detector volume since both of them yield similar
number of hits gives the probability of the event to havelPE. Time-over-threshold of the recorded charge for each
correlated hits. Due to the low statistics of the availabl®OM was found to be a good proxy for the distance of light
test data (10% of IceCube data taken in 2010 with 79 stringource from the DOM. This information will be used in a
configuration), no detailed systematic analysis of the vetiture EHE neutrino search as well as utilizing the IceTop
efficiency is possible yet. The random coincident backyeto power.
ground is following Poisson statistics and is independent
of the coincident hits. We assume that our data contains
exclusively cosmic ray induced events and neglect all oth&R€ferences
background contributions. Estimates of the veto efficiency
have to take into account the full dependences on enerdy] R. Abbasi et al., Astropart. Phys., 20082, 53-60.
inclination, and distance to IceTop. All events with an NPH2] J. Abraham et al., Phys. Lett. B, 201885: 239-246.
value exceeding0® in the IceCube 2010 test data fulfill the [3] P. Abreu et al., Astropart. Phys., 201833 314-326.
99.99% coincidence probability (5 hits in the coincidencé4] H. Kolanoski, IceCube summary talk, these proceed-
time window). We conclude that the high veto efficiency ings.
at very high energies makes the IceTop veto a powerful in5] IceCube Collaboration, paper 0773, these proceedings.
strument for GZK and diffuse neutrino searches. [6] IceCube Collaboration, paper 0949, these proceedings.
[7] R. Abbasi et al., Phys. Rev. D, 20182: 072003.
. [8] R. Abbasi et al., Phys. Rev. D, 20183: 092003.
4 Possible Future Improvements [9] L. Gerhardt et al., Proceedings of the 31st ICRC, Lodz,
Poland, July 2009. arXiv:0909.0055v.1.
Other variables are under investigation with the aim of furf10] J. Ahrens et al., Nucl. Inst. Meth., 2004624 169-
ther improving the sensitivity to EHE neutrinos. The longi- 194,
tudinal distribution of the amount of detected photons hgg1] M. Ribordy, Nucl. Inst. Meth., 2007A574: 137-143.
been found to differ between a single muon derived fro2] M. Ackermann et al., J. Geophys. Res., 2006]:
a neutrino and muon bundles [15]. The observed distribu- D13203.
tion along muon bundles is rather smooth while the onf13] R. Abbasi et al., Nucl. Inst. Meth. A, 200601: 294-
around single muons fluctuates much more and exhibits 316.
DOMs that detect very low PE values, which do not existin14] G. Hill et al., Astropart. Phys., 20039: 393-402.
the bundle case. It is important to separate EHE neutrings5] IceCube Collaboration, paper 0085, these proceed-
passing far away from the detector center from the abun- ings.

the background time window falls steeply as a function
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