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Abstract
Data taken during 1997 with the AMANDA-B10 detector are searched for a diﬀuse ﬂux of neutrinos of all ﬂavors
with energies above 1016 eV. At these energies the Earth is opaque to neutrinos, and thus neutrino induced events are
concentrated at the horizon. The background are large muon bundles from down-going atmospheric air shower events.
No excess events above the background expectation are observed and a neutrino ﬂux following E2, with an equal mix
of all ﬂavors, is limited to E2U(1015 eV < E < 3 · 1018 eV) 6 0.99 · 106 GeV cm2 s1 sr1 at 90% conﬁdence level. This
is the most restrictive experimental bound placed by any neutrino detector at these energies. Bounds to speciﬁc extraterrestrial neutrino ﬂux predictions are also presented.
 2004 Elsevier B.V. All rights reserved.
PACS: 95.55.Vj; 95.85.Ry; 96.40.Tv
Keywords: Neutrino telescopes; Neutrino astronomy; UHE neutrinos; AMANDA

1. Introduction
Neutrino telescopes like AMANDA [1] are unique astronomy tools, originally designed to look
downwards for Cherenkov light emitted by upward traveling muons from charged-current
muon–neutrino interactions. The Earth is used to
ﬁlter the muon ﬂux from cosmic ray air showers.
As muons cannot pass through the Earth, any upward traveling muon in the vicinity of the detector
is neutrino induced. Due to the sparse instrumentation of the detection medium and the optical

properties of the medium itself, misidentiﬁcation
of the direction of the muon by the reconstruction
algorithm is possible. To reduce the amount of
down-going muons, and therefore the probability
for misidentiﬁcation, these detectors are located
under as much overburden as feasible.
As the energy of the neutrino increases, the neutrino–nucleon cross section and the muon range
grow. Both eﬀects result in a large detection probability for high energy neutrinos. Above 40 TeV,
the Earth diameter exceeds the neutrino chargedcurrent interaction length and high energy neutri-
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nos are signiﬁcantly absorbed [2]. At UHE 1 the
Earth is essentially opaque to muon- and electron–neutrinos [3] and only downward to horizontally traveling neutrinos can be detected. The
overburden above the AMANDA detector is limited, which limits the interaction probability for
neutrinos, concentrating the muons from UHE
neutrinos at the horizon. Klein and Mann [3] estimate that a few muons per year above 1015 eV
from UHE neutrino sources might be detected
with an 0.1 km2 detector, an eﬀective area that is
achieved by this analysis (as shown in [4]). The energy range above 1016 eV is interesting, as experimentally there are currently no strong limits on
neutrino ﬂuxes from models describing active
galactic nuclei (AGN) at these energies. At higher
energies, above 1018 eV, one expects the guaranteed ﬂux of neutrinos from interactions of high
energy cosmic rays with the cosmic microwave
background, or the more speculative ﬂux from decays of topological defects (for an overview see
[5–7]). Cosmological sources are expected to produce neutrinos in pp or pc collisions, resulting in
a ﬂavor ratio of me:ml:ms = 1:2:0 at the source. As
these neutrinos propagate over cosmological distances, oscillations between the diﬀerent ﬂavors result in a ratio at Earth of me:ml:ms = 1:1:1 [8].
Therefore all three ﬂavors are initially of the same
importance for detection, but for muon–neutrinos
the detection probability is higher, due to the long
path length of the resulting muons.
The search for a neutrino signal in the upper
hemisphere has to be performed in the presence
of the large ﬂux of down-going atmospheric muon
bundles. This analysis exploits the fact that these
events have diﬀerent characteristics than neutrino
induced events. The primary cosmic ray spectrum
(protons and heavier elements) falls rapidly with
energy, following approximately E2.7 below the
knee and steepening thereafter to E3.1. An atmospheric air shower produced by an UHE primary
particle results in a muon bundle consisting of
hundreds to thousands of muons. At 1016–
1020 eV approximately 90% of the primary energy
is consumed by the electromagnetic cascade of

1

Ultra High Energy is used here for energies above 1016 eV.
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the air shower and only a fraction of the remaining
energy is carried by the resulting muons [9]. When
comparing a single muon and a muon bundle of
the same energy, the bundle spreads the generated
Cherenkov light over a larger volume. In the detector, both classes of events can result in a large
number of photomultiplier tubes (PMT) being hit
by photons, but neutrino induced events have
more photon hits overall, i.e. more multiple hits
are found in single PMTs. Often, however, single
photons cannot be resolved. This can be compensated for by exploiting the afterpulse behavior of
the PMTs. Each photoelectron has a small probability to generate an afterpulse delayed by several
microseconds. These afterpulses are used as a
‘‘low gain’’ outlet to identify high energy events
with a large number of photons incident on the
PMT. Using this and other event properties, it is
possible to reduce the number of events caused
by down-going atmospheric muons to a level
where a search for a signal from UHE neutrinos
becomes feasible. In [4] and [10] part of the data
taken in 1997 with the AMANDA-B10 array was
used to establish this technique and a preliminary
limit was set. In this analysis an improved neutrino
simulation is used, selection criteria are reﬁned,
systematic uncertainties are assessed and the analysis is applied to the full 1997 data set.

2. The AMANDA-B10 detector
The data used in this analysis were taken with
the AMANDA-B10 detector [1] in 1997. This
detector consists of 302 Optical Modules (OMs)
on 10 vertical strings. The instrumented parts of
the strings are located between 1500 m and
2000 m below the South Pole ice surface. The
strings are arranged in two concentric circles.
The outer circle with a diameter of 120 m is formed
by six strings equipped with a total of 216 OMs
connected to the surface via twisted pair cables.
The vertical separation of the OMs located on
these strings is 10 m. Three strings lie on a 60 m
diameter inner circle, the remaining string being
located at the center. These strings use coaxial
cable to connect 86 OMs, with 20 m spacing, to
the surface. The coaxial or twisted pair cable
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supplies the PMT inside the OM-pressure-sphere
with high voltage power and transmits the signal
to the ampliﬁer and data acquisition electronics
(DAQ) located at the surface. The electrical signal
from the PMT is dispersed in the cable, which
strongly limits the capability to resolve single photons arriving at the PMT separated by less than a
few hundred nanoseconds. The PMT and/or the
ampliﬁer saturate when more than some tens of
photoelectrons are generated in the PMT. Each
photoelectron produces an afterpulse with an
approximately 3% probability, well separated by
approximately 6 ls from the initial pulse. These
late afterpulses appear when residual gas mole-

Fig. 1. A simulated horizontal 2 · 1019 eV muon passes the
AMANDA-B10 detector. The diﬀerent colors of the OMs
correspond to diﬀerent hit times from yellow (early) to blue
(late). Only the hits depicted in yellow, orange and red are
generated by the muon, while the green and blue colored hits
are caused by afterpulses. In this event, all working OMs are hit
and nearly all of them report at least one hit from afterpulsing.
(For interpretation of the references in color in this ﬁgure
legend, the reader is referred to the web version of this article.)

cules, ionized by electrons from the electron multiplier, travel back to the cathode and release
additional electrons [11,12]. The AMANDA-B10
detector and its response to a simulated horizontal
2 · 1019 eV muon is shown in Fig. 1.

3. Signal and background simulations
3.1. UHE neutrino simulation
The neutrino generator ANIS [13] is used to
generate neutrinos and anti-neutrinos of all ﬂavors
following an E1 spectrum between 1013 eV and
1020 eV. All relevant standard model processes,
like charged- and neutral-current mN interactions,
resonant me e scattering and tau–neutrino regeneration are simulated. Cross-sections are evaluated
up to 1021 eV following the framework of pQCD
and with structure functions according to CTEQ5.
The neutrinos are propagated through the Earth
with a density proﬁle taken from the Preliminary
Reference Earth Model [14]. In case of a
charged-current interaction in the vicinity of the
detector, the resulting lepton and hadronic energy
deposition is simulated. Throughout this paper a
neutrino ﬂavor ratio at Earth of me:ml:ms = 1:1:1
and a ratio of m=m ¼ 1 2 is assumed. The events,
generated by ANIS, are re-weighted to a diﬀuse
AGN-like ﬂux E2U = 106 GeV cm2 s1 sr1 or
other UHE neutrino ﬂux predictions. Fig. 2 shows
the zenith angle distribution for muon–neutrinos
which underwent a charged-current interaction
within the muon path length from the detector.
With increasing neutrino energy, the absorption
of the neutrino ﬂux becomes stronger and the
resulting muon ﬂux concentrates near the horizon.
The event selection is developed using a simpler
single muon simulation, re-weighted to an E2
neutrino spectrum. In this simulation the Earth is
assumed to have the density of ice and the hadronic energy deposition from the charged-current
interaction is neglected. Nevertheless, this simpliﬁed simulation leads to a good agreement in the
2

The production of high energy me is suppressed in
pc ! np+ interactions, altering the ratio m=m. For a discussion
of this eﬀect see [35].

M. Ackermann et al. / Astroparticle Physics 22 (2005) 339–353

343

Fig. 3. The two-component model describing the averaged
measured primary cosmic ray ﬂux taken from [17] is used to
simulate the cosmic ray air shower events.
Fig. 2. Zenith angle distribution for muon–neutrinos which
produced a muon able to reach the detector (A zenith angle of
180 corresponds to a upward-going particle). The probability
distribution is shown for a muon–neutrino ﬂux following E2
and energies above 1014 eV and between 1015–1016 eV, 1017–
1018 eV and 1019–1020 eV.

ﬁnal neutrino energy and angular distributions
when compared to the results using the ANIS
generator.

the averaged measured primary cosmic ray ﬂux
with proton and iron primaries. As the developed
selection criteria reject events generated by low energy primaries, the higher energy threshold and the
softer spectral slope allows to reduce the required
cpu time while generating a large number of high
energy air shower events.
3.3. Lepton propagation

3.2. Cosmic ray air shower generation
Cosmic ray air showers are generated using the
CORSIKA program (version 5.7001, 1988) [15]
with the QGSJET interaction model. To develop
the selection criteria, two sets of simulations are
performed. The ﬁrst uses the primary composition
and the spectral slopes for the individual elements
from [16], with energies of the primary particles
ranging from 8 · 1011 eV to 1020 eV. This simulation corresponds to the standard AMANDA
background simulation. The second set is tailored
to more eﬃciently simulate events generated by
high energy primaries. Protons and iron primaries
are sampled from an E2 spectrum from
8 · 1013 eV to 1020 eV. Events resulting from
315 · 106 proton- and 145 · 106 iron-primaries
are re-weighted to the model taken from [17],
which is shown in Fig. 3. This model describes

Muons and taus produced in charged-current
neutrino interactions are propagated through
the ice and rock using MMC [18] while for
muons generated in cosmic ray air showers an
algorithm developed by Lipari and Stanev [19]
is used. The simulation takes into account the response of the detector to additional Cherenkov
photons generated by energy depositions due to
ionization and radiative processes. Table 1 shows
the mean path length of muons in ice as evaluated with the algorithm presented in [19]. At

Table 1
The mean path length for muons (hLli) with energies from
1015 eV to 1020 eV
El (eV)

1015

1016

1017

1018

1019

1020

hLli(kmwe)

17

21

26

30

33

37
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UHE energies, muons can travel up to several
tens of kilometers, which allows to monitor large
volumes of ice.

4. Data selection and analysis
During the 1997 data taking period a total of
1.05 · 109 events satisﬁed a majority trigger of at
least 16 hit OMs within about 2 ls. The data taking rate was 100 Hz. Out of the 302 OMs, 41
(14%) were either not functioning or showed
abnormal behavior and were excluded from the
analysis. Signals with a short time over threshold
(TOT) are mostly caused by electrical cross talk
between OMs on the same string and are removed
from the analysis. In order to enhance high energy
events, events that deposited a large amount of
photons in and around the detector are selected
by requiring hits in more than 95 OMs, with four
of them located on the inner strings. During the
detectorÕs operational time of 174 days, 4 · 106
events fulﬁlling these criteria were collected. Taking into account the detector dead time of 25%
the data taking period corresponds to 131 days
of live time. The goal of this analysis is to reject
atmospheric air shower events and retain a maximum number of UHE neutrino induced events.
Due to the long path length of UHE muons (see
Table 1), it is expected that events caused by
muon–neutrinos contribute a larger fraction to
the ﬁnal event sample than electron– or tau–neutrino induced events. The development of selection
criteria is therefore performed with simulated
muon–neutrino induced events and only for the
optimization of the ﬁnal criterion the electron–
and tau–neutrino induced events are added to
the analysis.
4.1. Variables
To separate UHE neutrino induced signal
events from air shower induced background events
eight variables are used. Two neural nets (NN)
combine subsets of these variables to achieve better separation. The variables are deﬁned as
follows:

1. NCH
Number of hit OMs
2. NHITS Number of hits for all OMs
3. F1H
Fraction of hit OMs with exactly
one hit
4. MA
Mean amplitude for hit OMs
5. h(FG)
Zenith angle obtained from
ﬁrst guess
6. h(LR)
Zenith angle obtained from
likelihood reconstruction
7. L
Likelihood for likelihood
reconstruction
8. S
Smallest moment of tensor of inertia

NCH is the number of OMs that reported one
or more hits. The time-to-digital converters connected to each OM can distinguish up to eight hits.
The variable NHITS is the sum of all hits for all
OMs. Fig. 4(left) shows the NHITS distribution
of the experiment, air shower and signal simulations. The atmospheric air shower simulation
describes the experimental data well, while the signal simulation extends to larger values of NHITS.
For bright events with many photons arriving at
the OM, dispersion of the electrical signal in the
cables to the surface eﬀectively merges signals from
primarily unscattered or only slightly scattered
photons. F1H is the fraction of hit OMs with exactly one hit, divided by NCH. A faint signal induces mostly single photoelectrons in each hit
OM and F1H is close to one, while bright events
induce many photoelectrons per OM and therefore
more afterpulses, both eﬀects resulting in F1H closer to zero. This variable is therefore eﬀective in
selecting bright events. Fig. 4(right) shows F1H
for experimental data and simulated signal and
background. The air shower simulations describe
the experimental data and the simulated signal
events populate lower values of F1H. The mean
amplitude per hit OM, MA, is the sum of amplitudes in hit OMs divided by NCH. Bright events
have, on average, a higher mean amplitude. The
ﬁrst guess reconstruction (FG) and likelihood
reconstruction (LR) return directional information. The quality of the likelihood reconstruction
is reﬂected in the likelihood L. The underlying
model for the likelihood reconstruction is a mini-
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Fig. 4. The NHITS distributions for the experiment, air shower and signal simulation to the left and to the right F1H. At F1H = 0.65
the position of the selection criteria leading to the next level is shown.

mal ionizing muon that induces a comparatively
small amount of Cherenkov light in the detector
medium, while the ﬁrst guess assumes light traveling at a certain speed along a line 3. At high energies each OM receives hundreds to thousands of
photons, signiﬁcantly altering the arrival time
probability as a function of distance. This leads
to a poor resolution in the directional reconstruction for UHE events. Using the tensor of inertia
for the events, the diﬀerent shapes of the air
shower and UHE neutrino induced events can be
used. From the available variables the smallest
eigenvalue of the tensor of inertia S shows the best
discrimination power.
4.2. Level 1
Selecting events with F1H < 0.65 deﬁnes the Level 1 in this analysis. The experimental data sample is reduced to 263,000 events, or 6.5% of the
initial sample. These events are reconstructed with
the ﬁrst guess and the likelihood reconstruction.
The reconstructed zenith angles (h(FG), h(LR)),
the likelihood parameter L and the F1H variable
are used in the neural net NN1 to distinguish sim3
For more details on the reconstruction methods used in
AMANDA see [20].

ulated signal from background. The simulation of
air shower events gives reasonable agreement in
the zenith angle distribution, for both ﬁrst guess
and likelihood reconstructions (Fig. 5). The distributions show that the reconstructions are not able
to resolve the directional information of the UHE
neutrino induced events, which are predominantly
horizontal. Nevertheless, the direction of air
shower muon events is better reconstructed and
this is exploited by the neural net NN1. Fig. 6
shows the neural net output for experimental data,
signal Monte Carlo and the two sets of air shower
simulations. Both samples, the standard set of
CORSIKA generated data with a limited amount
of events (the outlier at NN1  0.95 corresponds
to one event) and the re-weighted high energy
CORSIKA sample using only proton and iron cosmic ray primaries, show good agreement with the
experimental data.
4.3. Level 2
Reducing the Monte-Carlo background to
approximately 1% of the previous level, Level 2 is
deﬁned by selecting events with NN1 > 0.37. The
experimental data set is reduced to 3326 events,
while the air shower simulation predicts 2976 ± 51
events. This is 11% lower and within the systematic
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Fig. 5. The zenith angle distribution for the ﬁrst guess (FG) (left) and the likelihood reconstruction (LR) (right).

NN2 output for the experiment, the air shower
and the combined electron–, muon– and tau–neutrino simulation. A Kolmogorov test, using the
CORSIKA generated events and the experimental
data yields a probability close to one for both cases
resulting from the same parent distribution.

Fig. 6. The normalized neural net (NN1) output for the two
sets of cosmic ray air shower simulation (weighted as dotted
crosses, unweighted as triangles), the experiment and the UHE
neutrino induced events.

Fig. 7. The experimental data and the prediction from the air
shower simulation for the neural net NN2. The number of
events expected from an 106E2 GeV cm2 s1 sr1 neutrino
source (all ﬂavors equally mixed) is superimposed.

E

uncertainty, as discussed later. At this level, the ﬁnal selection criterion is deﬁned, based on a second
neural net (NN2) using the variables F1H, NCH,
NHITS, MA and S. Other variables and combinations have been investigated, but the ones used are
found to be the most eﬀective. Fig. 7 shows the
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4.4. The ﬁnal selection criterion and sensitivity
The ﬁnal selection criterion is based on the output of the neural net NN2. To ﬁnd the criterion
that puts the strongest constraint on a given theoretical model the procedure outlined by Hill and
Rawlins [21] is used. This method uses only information from Monte-Carlo simulations and is
therefore free from bias introduced by using experimental data. The simulated background expectation nb as a function of the selection variable is
used to calculate the average event upper limit
l90 (90% conﬁdence limit) as deﬁned in [22]. The
strongest constraint on a theoretical model corresponds to the selection criterion that minimizes
the model rejection factor l90 =ns where ns is the
number of events expected from this model that
satisfy the selection criteria. The average ﬂux
upper limit, or sensitivity, is deﬁned as U90 ¼
U ln90s , where U is the neutrino ﬂux predicted by a
speciﬁc theoretical model. The model rejection factor states how strongly, on average, a given ﬂux U
is rejected when performing repeated (hypotheti-
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cal) runs of the experiment. The actual experiment
will obtain a limit based on the observed number
of events. Fig. 8 shows the model rejection factor
for an E2U = 106 GeV cm2 s1 sr1 neutrino ﬂux.
As the neural net assigns signal-like events values
close to one, it is expected that the largest rejection
power is achieved for a selection close to this
value. Indeed, the inset in Fig. 8, using ﬁner binning, shows a minimum close to NN2 = 1. Here
NN2 > 0.9 is chosen, ignoring the loss of approximately 10% in rejection power compared to the actual minimum. For this selection, ns = 7.44 ± 0.14
and nb = 4.6 ± 1.2 is expected from simulations
for signal and background, respectively. This results in a sensitivity of 5.1 events (90% conﬁdence
level), or E2 U90 ðme : ml : ms ¼ 1 : 1 : 1Þ ¼ 0:69
106 GeV cm2 s1 sr1. At this level, by calculating
the number of equivalent events, the biased Monte
Carlo background simulation corresponds to
approximately 3 times the experimental live time.
4.5. Eﬀective detector area

M

The eﬀective area for neutrinos, Aeﬀ, represents
the area of an ideal detector capable of detecting
neutrinos with full eﬃciency. Using the eﬀective
area for neutrinos one can calculate neutrino induced event rates for a given neutrino ﬂux. The
number of events is calculated by:
Z
N event ¼ T
dEm dXUðEm ,Hm ÞAeff ðEm ,Hm Þ:

Fig. 8. The model rejection factor for an E2U =
106 GeV cm2 s1 sr1 neutrino ﬂux. The x-axis denotes the
selection with NN2 larger than the corresponding value.
Selecting events with NN2 > 0.9 leads to a model rejection
factor of 0.69.

With T the live time of the experiment, Em and
Hm denote the energy and the zenith angle of the
neutrino. Fig. 9(left) shows the eﬀective area for
neutrinos as a function of energy for the three ﬂavors averaged over the azimuth and zenith angles.
As the energy increases the muon–neutrino contribution dominates over those from electron– and
tau–neutrinos, because of the increasing path
length of the muons. At 1011 GeV the detector is
approximately 4–5 times more sensitive for
muon–neutrinos than for electron–neutrinos, the
sensitivity for tau–neutrinos being in-between.
Due to the angular averaging, this ﬁgure implicitly
averages the eﬀects of absorption and interaction
probability. Fig. 9(right) shows that for nearly
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Fig. 9. The eﬀective area for neutrinos of all three ﬂavors averaged over all angles (left) and for nearly horizontal events (right).

Table 2
Event rates (Hz) for the diﬀerent analysis levels for the experiment and the background simulation performed with CORSIKA
Selection criteria
NCH > 95
Experiment
CORSIKA

0.35
0.31

F1H < 0.65
0.023
0.026

horizontal events, the detection area is much larger
than the averaged area and exceeds 104 m2 for horizontal muon–neutrinos.
4.6. Event rates
The overall absolute sensitivity of the simulation
is veriﬁed by comparing the predicted event rate
from background simulations with the experimental rate. Table 2 shows the event rates for the diﬀerent selection criteria. The number of experimental
events drops from 4 · 106 to 5 and the simulated
background rate describes the experimental rate
at all levels within the systematic uncertainties.

NN1 > 0.37
4

2.9 · 10
2.6 · 104

NN2 > 0.9
4.4 · 107
4.1 · 107

sult. Changes in these parameters inﬂuence the
number of expected signal or background events
for a ﬁxed set of selection criteria. In this analysis
the main uncertainties are related to the properties
of the ice as medium for photon propagation, the
muon propagation in the ice, the absolute detector
sensitivity, the neutrino cross section at high energies and the absolute ﬂux and composition of the
primary cosmic rays. The eﬀects of variations in
the simulation input parameters on the number
of events remaining after the ﬁnal selection are
studied. The derived systematic uncertainties are
included in the limit calculation using the method
of Conrad et al. [23], which is an extension of the
approach of Cousins and Highland [24].

5. Systematic uncertainties

5.1. Absolute detector sensitivity

Systematic uncertainties in simulation input
parameters lead to an uncertainty in the ﬁnal re-

There are three main uncertainties aﬀecting the
absolute sensitivity of the detector: the absolute
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sensitivity of the OMs, the shadowing of the
OMs by the string-cable, and the eﬀect of the exact optical properties of the re-frozen ice enclosing the OMs in the 60 cm wide drill hole. The
determination of the uncertainty in the absolute
sensitivity of the OM cannot easily be decoupled
from the uncertainty in the ice properties. Following the discussion in [25] the uncertainty in
the absolute sensitivity of the OM is estimated
to be 15%.
5.2. Optical ice parameters
High energy muons generate a large number of
photons in the ice. These photons are scattered
and absorbed. Due to the large number of photons, some photons can be detected over long distances in the ice. This analysis uses an average
eﬀective scattering and absorption length (keﬀ =
24 m, kabs = 130 m) to describe the propagation of
photons. The error on both parameters is estimated to be about 10%. The parameters are not
independent, i.e. a larger scattering length implies
a larger absorption length. To estimate the systematic eﬀect, we simulate the muon–neutrino signal
with (keﬀ = 19 m, kabs = 90 m), (keﬀ = 22 m, kabs =
110 m) and (keﬀ = 26 m, kabs = 145 m) in addition
to the standard combination. The variation of
the parameters span a wider range than allowed
by the estimated uncertainty, to account for an
overall shift seen in these values when comparing
earlier [1] and newer analyses [26] of experimental
data. The variation of the ice parameters changes
the absolute number of events predicted by the
simulation. If the number of events predicted by
the simulation were to diﬀer from the number of
observed events by signiﬁcantly more than allowed
by the overall error one would introduce a normalization procedure. This is taken into account when
determining the systematic uncertainty due to variation of the optical parameters, by normalizing
the number of events in the leftmost (most background like) bin in the NN2 distribution arbitrarily to 100. Using Table 3, the relative error of
the average number of events, 34%, is taken as systematic uncertainty introduced by the uncertainty
in the description of the optical properties of the
ice.
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Table 3
Number of events passing the ﬁnal selection criterion
NN2 > 0.9 for diﬀerent combinations of eﬀective scattering
and absorption length
Ice model
keﬀ = 19 m,
keﬀ = 22 m,
keﬀ = 24 m,
keﬀ = 26 m,

Events passing NN2 > 0.9
kabs = 90 m
kabs = 110 m
kabs = 130 m
kabs = 145 m

Average
Relative error

22.2
26.7
22.7
42.7
28.6 ± 9.6
34%

The relative diﬀerence in event numbers is an estimate of the
systematic error introduced by uncertainties in the description
of the optical ice properties.

5.3. Muon propagation
The path length and energy loss distribution for
muons during their passage through ice is subject
to uncertainties. To investigate this eﬀect, muons
caused by UHE neutrinos are propagated with
two diﬀerent muon propagation codes [19,18]
and the number of signal events passing the ﬁnal
selection NN2 > 0.9 are counted. From this, the
uncertainty related to muon propagation simulation is estimated to be 6%.
5.4. Neutrino cross section
In [27] neutrino cross sections are calculated up
to 1021 eV. Below 1016 eV all standard sets of parton distributions yield very similar cross sections.
Above this energy, the cross sections are sensitive
to assumptions made about the behavior for
x ! 0. The authors of [27] conclude that at
1020 eV the uncertainty reaches a factor of 2. Here
the charged-current cross section is multiplied/divided by a factor that increases linearly to 2 with
the energy increasing from 1016 eV to 1020 eV.
Again, the number of signal events passing the
ﬁnal selection NN2 > 0.9 is counted and an uncertainty of 8% is derived.
5.5. Primary cosmic ray ﬂux
The uncertainty in the absolute primary cosmic
ray ﬂux enters as a scaling factor for the number
of events expected from atmospheric air shower
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simulations. Ref. [28] summarizes the integrated
ﬂux averaged for diﬀerent experiments and gives
the spread between the data from diﬀerent experiments as error. In the energy range of interest the
error on the absolute ﬂux does not exceed 20%.
Diﬀerent elements of the same energy as primary
cosmic ray particles lead to a diﬀerent shower
development and can aﬀect the number of events
expected from these air showers. The model used
for the primary cosmic ray composition taken
from [17] is shown in Fig. 3. This model ﬁts a
‘‘heavy’’ composition for high energy primaries.
Using data from the combined SPASE-AMANDA experiment, a similar trend to heavier primaries at higher energies is seen [29]. To investigate
the sensitivity of the analysis to the composition
of the primary cosmic rays, the proton and iron
content was varied between 0% and 100%. The
two extremes, protons only or iron only, together
with the model from Fig. 3 are shown at Level 2
in Fig. 10. The shape of the distribution is not
inﬂuenced by the primary composition. After normalizing to the number of events in experimental

data (3326 events), the variation in the number
of events passing the NN2 > 0.9 selection while
varying the proton/iron content is used to determine the uncertainty. Allowing the two extremes
(proton or iron only) this uncertainty is about
25%. This is an overestimation, as the proton or
iron only compositions are contradicted by other
experiments. Allowing a minimum of 20% of protons or iron as extremes decreases the uncertainty
to about 15%, the value used in this analysis.
5.6. Summary of systematic uncertainties
This analysis accounts for the major sources of
systematic uncertainties, including uncertainties in
the background simulation. The variation of the
optical properties leads to the largest error of
34%, the absolute sensitivity of the OM contributes 15%, the neutrino cross section 8% and the
muon propagation 6%. Treating these errors as
independent and adding them quadratically, the
signal uncertainty becomes 39%. For down-going
atmospheric air showers (i.e. background), we
add in quadrature the statistical uncertainty of
26% (4.6 ± 1.2 expected events), uncertainties from
composition of 15% and normalization of the
absolute ﬂux of 20% yielding a total uncertainty
of 36%.

6. Neutrino ﬂux limits

Fig. 10. NN2 for cosmic ray air shower simulations and
diﬀerent primary compositions at Level 2. The composition
from [17] is also shown in Fig. 3, the other two represent the
extreme cases of only proton or iron primaries. The total
number of events is normalized to the experimental number of
events.

Fig. 7 shows the distribution of NN2 for
experimental data, the simulated air showers,
and a neutrino ﬂux simulation with E2U =
106 GeV cm2 s1 sr1. Applying the selection criterion NN2 > 0.9, the simulation gives a background expectation of 4.6 ± 1.2 events while the
experiment yields 5 events for a live time of 131
days. Using the tables by Feldman and Cousins
[22] and disregarding systematic uncertainties, this
results in an upper limit of 4.7 events at 90% conﬁdence level. With this, an all ﬂavor neutrino
source with a spectrum proportional to E2 is
limited by E2U = 0.63 · 106 GeV cm2 s1 sr1.
Including the systematic uncertainties as evaluated
above and following the method described in [23],
the event upper limit increases to 7.35 (90% conﬁ-
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Table 4
Number of events expected (ns) for 131 days after applying the
selection NN2 > 0.9 for a generic E2 source and four diﬀerent
predicted AGN models (references given in the text)
Model

ns NN2 > 0.9

mrf

mrf excl.
sys.

mrf incl.
sys.

106E2
S91
S96
P97
M95
UL

7.44 ± 0.14
7.56 ± 0.25
30.5 ± 1.0
13.45 ± 0.21
6.17 ± 0.04
–

0.69
0.67
0.17
0.38
0.83
5.1

0.63
0.62
0.15
0.35
0.76
4.7

0.99
0.97
0.24
0.55
1.19
7.35

The model rejection factor is the factor by which the source
strength needs to be multiplied to equal the event upper limit
(UL). The middle column ðmrfÞ gives the sensitivity, while the
last two columns give the experimental results for the model
rejection factor excluding and including systematic uncertainties. A rejection factor <1 indicates an exclusion of the neutrino
ﬂux caused by the model at 90% conﬁdence level.

0.97, while M95 is not quite excluded (see Table
4). Other models generally predict lower ﬂuxes,
while neutrinos from cosmic ray interactions with

E

dence level) and the upper ﬂux limit to E2U =
0.99 · 106 GeV cm2 s1 sr1. This is 57% above
the limit without systematic uncertainties. Fig. 11
shows the energy distribution for a diﬀuse neutrino
ﬂux corresponding to the above limit. Ninety percent of the events are contained in the energy region from 1015 eV to 3 · 1018 eV, with peaks just
above 1016 eV for the muon–neutrino contribution
and at the Glashow resonance (6.3 PeV) for the
electron–neutrino contribution.
The experimental data can be used to set limits
on neutrino ﬂux predictions other than a generic
E2 spectrum. Several AGN models in the literature predict ﬂuxes that might be detectable with
the sensitivity derived above. The pioneering
AGN core model by Stecker et al. (S91) [30] has
been updated by the more recent model (S96)
[31]. Others are the AGN jet model by Protheroe
(P97) [32] and a model by Mannheim (M95) [33].
With systematic uncertainties included, this analysis excludes at 90% conﬁdence level the neutrino
ﬂuxes predicted by the models S91, S96 and P97
with model rejection factors between 0.24 and
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Fig. 11. Energy distribution for the sum and the individual contributions of the three neutrino ﬂavors for a diﬀuse E2
neutrino ﬂux with a strength of E2U = 0.99 · 106
GeV cm2 s1 sr1 after the ﬁnal selection criterion. The number of events from me, ml and ms are 2.2, 3.6 and 1.5.

Fig. 12. Three models of AGN neutrino emission, S91 [30], S96
[31] and P97 [32] which are excluded by this analysis and the not
quite excluded model M95 [33] are shown as well as the
experimental 90% conﬁdence level upper limit to an diﬀuse E2
all ﬂavor neutrino ﬂux as a bold solid line. The dotted line
shows the sensitivity of this analysis. The thin line to the left
shows the AMANDA-II all ﬂavor limit [35] for lower energies.
The range of the presented limit corresponds to the region that
contains 90% of the expected signal.
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the microwave background or from decays of
topological defects are too high in energy and
too low in ﬂux for the achieved sensitivity.

7. Summary and discussion
Data recorded with the AMANDA-B10 detector in 1997 are searched for leptons caused by a
diﬀuse ﬂux of UHE neutrinos. In contrast to the
analyses [26] and [34] which used the AMANDA
detector to search for an upward traveling ﬂux of
neutrinos, or the analysis [35] which optimized
for cascades at lower energies, this analysis
searches for a UHE signal from horizontal and
down-going events. Restricting the analysis to very
bright events, the ﬂux of down-going muons
caused by atmospheric air showers can be suﬃciently suppressed while retaining a large sensitivity to neutrinos. At all levels, the experimental
data are described well by the air shower simulation. The sensitivity (excluding systematic errors)

of this analysis to an equally mixed all ﬂavor neutrino ﬂux is E2 U ¼ 0:69 106 GeV cm2 s1 sr1.
Including a combined error (statistical and systematic) of 36% for the background and 39% for the
signal simulation, this analysis sets a ﬂux upper
limit for 131 days of E2U(me:ml:ms = 1:1:1) =
0.99 · 106 GeV cm2 s1 sr1 at 90% conﬁdence
level, shown as bold line in Fig. 12. The energy
range 1015–3 · 1018 eV contains 90% of the neutrino induced events, with the remainder being
equally divided above and below this range. This
energy range is well suited to exploring neutrino
emission models from AGN blazars, and three
speciﬁc model predictions, two by Stecker et al.
[30,31] and one by Protheroe [32], are excluded.
The recent analysis [35] has excluded the two models by Stecker et al., but not the model by Protheroe. An extension to even higher energies would be
desirable in order to explore neutrino emission
from the decay of topological defects or to search
for the guaranteed UHE neutrinos from interactions of the highest energy cosmic rays with the

Fig. 13. The same UHE muon–neutrino event in the AMANDA-B10 detector (left) and the IceCube array (right), illustrating the
amount of additional information gained by the larger size of the detector and the larger number of optical modules in IceCube.
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microwave background radiation. This is prevented by the limited size and relatively small
number of OMs of the AMANDA-B10 detector,
where saturation eﬀects become visible. However
the larger AMANDA-II detector [36] equipped
with optical ﬁbers for dispersion free signal transmission and its advanced technique of waveform
capture will improve the analysis of UHE neutrinos, as will the IceCube detector [37] on a longer
time scale. Fig. 13 shows the simulated response
to a muon caused by an UHE neutrino interaction
passing the AMANDA-B10 and IceCube array,
respectively. In particular the IceCube array, with
construction beginning during 2004/2005, will dramatically increase the amount of information
exploitable in the UHE regime.
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