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The 28th International Cosmic Ray Conference 1

Search for High Energy Neutrinos of All Fla vors with
AMAND A I I

Marek Kowalski1 for the AMAND A Collaboration2

(1) DESY-Zeuthen,Platanenallee 6, D-15738Zeuthen,Germany
(2) completeauthor list in G.C. Hil l et al., theseproceedings

Abstract

We report on a search for electro-magneticand/or hadronic showers (cas-
cades)inducedby a di�use ux of high energyneutrinos using the data collected
with the AMAND A II detector during the year 2000. The observed event rates
are consistent with the expected rate of atmosphericneutrinos and muons. We
place preliminary upper limits on a di�use ux of extraterrestrial electron, tau
and muon neutrinos. A ux of neutrinos following a E � 2 spectrum and consisting
of an equal mix of all a vors is limited to E 2� (E) = 9 � 10� 7GeVcm� 2s� 1sr� 1

(for a neutrino energyrange80 TeV to 7 PeV). The presented boundsare ruling
out several existing ux predictions for extraterrestrial neutrinos.

1. In tro duction

For neutrino uxes from genericastrophysical beam dump scenariosone
expects a a vor ratio of � � e : � � � : � � � � 1 : 1 : 1 due to a vor-mixing during
propagation from the sourceto the earth. The signatureof a chargedcurrent in-
teraction of � e and � � is a hadronic and/or electro-magneticcascade.Additional
cascadeevents from all neutrino a vors are obtained from neutral current inter-
actions. For cascadeevents contained within the geometricalvolumeof the array,
AMAND A canbe thought of asa calorimeter. Good energyresolution, combined
with low intrinsic background from atmosphericneutrinos as well as a uniform
sensitivity to all neutrino directionsmake a search for extraterrestrial high energy
neutrinos feasible. Here we report the results of the search for a di�use ux of
high energy� e, � � and � � using the data collectedwith the AMAND A II detector
[1] during the austral winter 2000.

2. Exp erimen tal and Mon te Carlo Data

The data usedwerecollectedbetweenFebruary and November 2000.After
correcting for dead time (17 %) we are left with a lifetime of 197 days. A total
of 1:2 � 109 events were recorded,of which the great majorit y consistsof muons
producedin the atmosphere.

pp. 1{4 c 2003by Universal Academy Press,Inc.
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Fig. 1. Fraction of events from trigger
level passingthe cuts, as a function
of the cut number. Shown areexper-
imental data and Monte Carlo (MC)
simulations for atmospheric muon
background and � e signal.
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Fig. 2. Energy spectra of events pass-
ing the cascade�lter. Shown are ex-
perimental data, atmospheric muon
MC and a hypothetical E � 2 ux of
� e. The arrow indicates the �nal cut
value.

The background of atmospheric muons was simulated using CORSIKA
and propagatedusing MMC (see[2,3] for details). With a simulation optimized
for this analysis, we generateda sampleequivalent to 900 days of atmospheric
muon data above TeV energies.The generationof � e; � � and � � events was done
using ANIS [5]. Simulation of the detector responsewasdescribed previously [2].

3. Analysis

The reconstructionof cascade-likeevents wasdescribedin [2,4]. The vertex
resolution for cascade-like events is about 5 m and the visible energyresolution is
0.1-0.2in log(E). The performanceof the reconstruction has beenveri�ed using
in-situ light sources.

A dedicated�lter reducesthe experimental data sampleby a factor � 105.
The fraction of events passingthe �lter steps is summarized in Fig. 1. After
application of the �lter, one is left with background events due to atmospheric
muons, which radiate (mainly through bremsstrahlung)a large fraction of their
energyinto a singleelectro-magneticcascade.The steeply falling energyspectra
of remaining experimental and Monte Carlo (MC) events are shown in Fig. 2.
The background MC distribution has been normalized to the experiment. In
order to separatea potential signal from the background, we introduce a cut on
the reconstructedenergy. The �nal energycut value, E reco > 60 TeV, is obtained
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for details). The falling lines repre-
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by using MC data to optimize the sensitivity towards a hypothetical ux of � e

with an energy spectrum falling as E � 2 (according a method from [6]). Two
experimental data events passedall selectioncriteria. The expected number of
atmosphericmuon events is 0:45+0 :5

� 0:3, where the largest contribution to the error
is due to limited MC statistics. The expectednumber of events from atmospheric
neutrinos is about 0:1� 0:05 wherethe largest contribution to the error is due to
uncertainties in the optical properties in the ice. The e�ective volume, after all
selectioncriteria applied, is shown in Fig. 3 asa function of the neutrino energy,
for all three neutrino a vors. The e�ective volume peaksfor energiesabove the
threshold energiesand is then slowly falling for higher energiesdue to detector
saturation and neutrino absorption e�ects.

Comparedto the AMAND A-B10 cascadesearch [2], the improvements of
this analysisare the signi�cant larger e�ective volumeand an angular acceptance
which is now nearly uniform over 4� .

4. Results

The observed events are statistically consistent with the expected back-
ground, and hencewe place upper limits on the ux of astrophysical high en-
ergy neutrinos. The expectedevent numbers from a di�use ux with an assumed
spectrum of 10� 6E � 2GeV� 1cm� 2s� 1sr� 1 areabout 9.3 � e, 6.2 � � and 3.8 � � events
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within the data setof the year2000.The error is smallerthan in the caseof atmo-
sphericneutrinos, due to the reducedthreshold e�ects. 90 % of the contributing
neutrinos have an energybetween 80 TeV and 7 PeV. We estimate an error of
25 % on the signal expectation. The preliminary limit on a ux of � e(� � =� � ),
taking into account the uncertainties on signal and background (according to
a previously described method [3]), is 6(9=15) � 10� 7E � 2GeV� 1cm� 2s� 1sr� 1 (at
90 % C.L.). Assuming a a vor ratio of � � e : � � � : � � � = 1 : 1 : 1 one can limit
the total ux of neutrinos of all a vors to 9 � 10� 7E � 2GeV� 1cm� 2s� 1sr� 1. No
events have beenobserved with E reco > 1 PeV, the energyregion of the Glashow
resonance[5] resulting in a limit on the di�erential ux of � e at 6.3 PeV of
2:3 � 10� 20 GeV� 1cm� 2s� 1sr� 1.

5. Conclusion and Outlo ok

Present experimental boundsonastrophysicalneutrinosareshown in Fig. 4.
The limits on a di�use ux of high energy� e, as well as the sum of neutrinos of
all a vors, in the energyregion80 TeV to 7 PeV are currently the most stringent
available, being about 4-5 times better than limits reported by BAIKAL [7] and
about a magnitude better than the previousAMAND A-B10 limit [2]. The limits
for � e and � � arealsocompetitiv e with the limits for � � resulting from AMAND A-
B10 [3]. One should note however, that this analysis is probing higher energies.
Assuming a a vor ratio � � e : � � � : � � � � 1 : 1 : 1 one obtains a more than two
times better sensitivity by setting limits on the sumof all a vors. Certain models
for a di�use ux from AGNs are excludedat 90 % C.L. by the limit on the ux of
� e alone(the quasarcoremodels of references[8] and [9]). The blazar jet model
of [9] is excludedby the limit on the sum of all a vors.

Summarizing,it canbesaidthat the cascadedetectionchannelis an impor-
tant complementation of the abilit y of AMAND A to observe astrophysical muon
neutrinos. AMAND A has now the potential to e�ectively observe astrophysical
neutrinos of all a vors over a large rangeof neutrino energies.

1. WagnerW. et al., theseproceedings.
2. Ahrens J. et al., Phys.Rev.D67:012003(2003), astro-ph/0206487.
3. Ahrens J. et al., acceptedfor publication in PRL (2003), astro-ph/0303218.
4. Kowalski M. and TaboadaI., Proc. of 2nd WorkshopMethodical Aspects of Un-

derwater/Underice Neutrino Telescopes, Hamburg, Germany (2001), DESY-
PROC-2002-01,(http://area51.b erkeley.edu/manuscripts/).

5. Kowalski M. and Gazizov A., theseproceedings.
6. Hill G.C., Rawlins K., Astropart. Phys. 19 393(2003).
7. Domogatskii G.V. et al., astro-ph/0211571.
8. Stecker F.W. et al., Phys.Rev.Lett. 66, 2697(1991),Errata, ibid 69, 738(1992).
9. Stecker F.W. and SalamonM.H., SpaceSci. Rev. 75, 341(1996).
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Abstract

Wepresent a search for point sourcesof high energyneutrinos in the north-
ern hemisphereusingAMAND A-I I data collectedin the year 2000. AMAND A-I I
demonstratesimproved performance,especially near the horizon, over its prede-
cessorAMAND A-B10 [1]. Included are preliminary ux limits on several can-
didate sources,as well as preliminary results from a full-sky search for excesses
above a background of cosmic-ray-induced atmosphericneutrinos and misrecon-
structed downgoingcosmic-ray muons.

1. In tro duction

The search for sourcesof high-energyextraterrestrial neutrinos is one of
the primary scienti�c missions of AMAND A. The mechanism for accelerating
cosmicrays to energiesin excessof 1019 eV remainsa mystery. Cosmic rays are
thought to be acceleratedin the shock fronts of objects like supernova remnants
and microquasars,and in compactregionscontaining high magnetic�elds, which
might exist in the coresof active galaxies, magnetars, or gamma ray bursters
(GRB).

High energyprotons will collide with the ambient gasand radiation sur-
rounding the accelerationregion or with CosmicMicrowave Background (CMB)
photonsto producecharged(and neutral) pions,and �nally , highly energeticneu-
trinos. Acceleration in shock fronts by the Fermi mechanism naturally leadsto
power-law spectra, E � � .

A muon-neutrino interacting with the ice or bedrock in the vicinit y of the
AMAND A-I I Cherenkov detector [2] will produce a muon that propagateshun-
dredsof meters. The angularmismatch betweenthe path of the muonand incident
neutrino goesas 1=

p
E � and is about 1:75� at E � = 1TeV. After reconstruction,

the neutrino pointing resolution is 2 - 2.5� .
Also produced in the atmosphereare cosmic-ray induced neutrinos. At-

mosphericneutrinos are an important sourcefor calibration in AMAND A [2],
but are also background to a search for extraterrestrial sources.A point source

pp. 1{4 c 2003by Universal Academy Press,Inc.
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Fig. 1. Left: Skyplot in equatorial coordinates of 1555AMAND A-I I events recorded
in year 2000. The thick band of events below the horizon shows the onset of the
down-going cosmic ray muon background contamination. Right: Sensitivity (aver-
ageupper limit above 10 GeV) vs. declination.

search is conductedby looking for an excessof events above this background of
atmospheric neutrinos and misreconstructeddown-going muons, which can be
experimentally measuredby looking o�-source in the sameband of declination.

2. Data Pro cessing and Detector Simulation

The data set collectedFebruary through November, 2000,corresponding
to 197.0days livetime, comprises1:2 � 109 triggered events. 2.1 million events
with reconstructedzenith larger than 90� remain in the experimental sampleafter
application of an iterativ e seriesof reconstructionalgorithms.

To prevent human bias basedon the appearanceof random upward or
downward uctuations, the data are \blinded" by randomizing the reconstructed
azimuth of each event during cut optimization. The original directional informa-
tion is then restoredfor the calculation of the actual limits and signi�cances.

A Neural Network (NN) with six input variables (such as the number of
direct, i.e. unscatteredphoton hits, track length, likelihood of the muon track
reconstruction,and topologicalvariables[2] wastrained usingroughly equalnum-
bers of well reconstructedsimulated signal events following an E � 2 energyspec-
trum and simulated background (atmosphericmuon) events which passlow level
�lters. The singleNN output quality parameteris usedtogetherwith a cut on the
ratio of likelihoods between the standard muon track �t and one weighted with
an atmosphericmuon prior [7]. The �nal choiceof cuts and the optimum sizefor
a circular search bin are determinedindependently in each 5� band of declination.

A full simulation chain including neutrino absorption in the earth, neutral
current regeneration,muon propagationand detector responseis usedto simulate
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Fig. 2. Neutrino and muon e�ectiv e areasvs energyfor di�eren t declinations (Dec.).

neutrino point sourcesin the center of each declination band. The limits obtained
in this analysis are a function of the measuredbackground, nb, as well as the
expected number of events, ns, from a simulated point source of known ux
�( E): � l imit (E) = �( E) � � 90(nobs; nb)=ns wherenobs is the number of observed
events in the search bin around a candidatesource,and � 90 is the upper limit on
the number of events following the uni�ed ordering prescription of Feldman and
Cousins[6].

3. Calibration and Systematic Uncertain t y

Wecomparethe number of observedupward goingevents to the prediction
from atmosphericneutrino simulation under much more stringent cuts than for
the point sourcesample to obtain a normalization factor of 86% for simulated
events. This is consistent with the theoretical uncertainty of 25% on the atmo-
sphericneutrino ux and systematicuncertainties due to ice properties (< 13%).
Having normalized the number of simulated signal events to the data, the 25%
ux uncertainty carriesover as an e�ective uncertainty on the signal e�ciency .

Systematicuncertainty is incorporated into the limits using the Cousins-
Highland [4] prescription with uni�ed Feldman-Cousinsordering [3,6] but with a
more appropriate choiceof the likelihood ratio test [8].

4. Results

The �nal sampleconsistsof 697upward reconstructedevents (Fig. 1.). A
comparisonto the normalizedatmosphericneutrino Monte-Carlo revealsthat for
declinations � > 5� about 97% of the sampleconsistsof atmosphericneutrinos.
The sensitivity, de�ned as the averageupper limit obtained in an ensemble of
identical experiments in the absenceof a signal source,is alsoshown.
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A binnedsearch for excessesin the region0� < � < 85� hasbeenperformed.
The search grid contains 301rectangularbins with zenith-dependent widths rang-
ing from 6� to 10� . The grid is shifted 4 times in declination and right ascension
to fully cover boundariesbetweenthe bins of the original con�guration. No sta-
tistically signi�cant excessesare found.

In addition to the binned search, we place limits on a number of extra-
galactic and galactic candidate sources.In Table 1., we present ux limits for a
selectionof northern hemisphereblazarsand microquasars.For the microquasar
SS433the limit is closeto a theoretical prediction [5]. The limits are computed
basedon an assumedE � 2 energy spectrum. One can compute limits for other
spectral indicesusing the neutrino or muon e�ective areasas shown in Figure 2.

Candidate Dec. [� ] R.A. [h] nobs nb � l im
� � l im

�

SS433 5.0 19.20 0 2.38 0.8 0.6
M 87 12.4 12.51 0 0.95 1.1 0.9

Crab Nebula 22.0 5.58 2 1.76 2.1 2.1
Markarian 421 38.2 11.07 3 1.50 2.6 3.1
Markarian 501 39.8 16.90 1 1.57 1.3 1.6

Cygnus X-3 41.0 20.54 3 1.69 2.5 3.1
QSO 0219+428 42.9 2.38 1 1.63 1.1 1.4
Cassiopeia A 58.8 23.39 0 1.01 0.7 1.1

QSO 0716+714 71.3 7.36 2 0.74 2.4 3.8

Table 1. Preliminary 90%CL upper limits on candidatesources.nobs is the number of
events observed within the search bin, and nb is the number of expectedbackground
events determined by measuringthe background o�-source in the samedeclination
band. Muon (and neutrino) limits � l im

� (� ) are for an assumedE � 2 spectral shape,
integrated above E � (� ) = 10GeV, in units of 10� 15cm� 2 s� 1 (10� 8cm� 2 s� 1).
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