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Search for neutrino-induced cascades with five years of AMANDA data

Introduction

The production of high-energy cosmic rays is most likely accompanied by astrophysical neutrinos [1]. High-energy neutrinos may be produced in astrophysical sources that accelerate protons and light nuclei and provide a dense environment of matter and radiation for interactions within or near the source. Source candidates include supernova remnants and micro-quasars in our Galaxy, as well as extragalactic sources such as Active Galactic Nuclei and Gamma-Ray Bursts (for a review, see [2,3,4]). For a generic astrophysical neutrino source, the neutrino flux is expected to be produced with a flavor ratio ν e : ν μ : ν τ ∼ 1 : 2 : 0. After propagation to Earth, neutrino flavor mixing generally causes the ratio to be 1 : 1 : 1 at the detection site [5].

Deviations to this equal partition are expected only for neutrino production in dense astrophysical environments or strong magnetic fields [6]. Because of the presence of all neutrino flavors in a cosmic neutrino beam, an ideal neutrino detector has sensitivity to all neutrino flavors. The primary goal of the AMANDA detector was the search for extraterrestrial high-energy neutrinos. AMANDA was installed in the Antarctic ice cap at the geographical South Pole. The detector consisted of 677 optical modules (OMs) which were arranged in [START_REF] Feldman | [END_REF] These particles were mainly high-energy muons produced in cosmic air showers as well as muons and other charged particles produced by neutrino-ice interactions in or near the detector volume. Analog signals from the OMs were transmitted to a surface data acquisition system (DAQ) where leadingedge times and amplitudes of the PMT pulses were digitized. The main AMANDA trigger, used here, retained only events with pulses from at least 24 OMs recorded within 2.5 μs.

In this paper, we present a search for a diffuse neutrino flux from unresolved astrophysical sources. Charged-current ν e and ν τ interactions, and neutral-current interactions of all three neutrino flavors, will produce electromagnetic and/or hadronic showers (so-called "cascades") in the ice. In contrast, charged-current ν μ interactions produce a muon track. In AMANDA, electromagnetic and hadronic cascades are indistinguishable, although the average light level produced for a given shower energy is slightly different for each [7]. For cascades, the direction of the incoming neutrino is difficult to reconstruct to better than a few tens of degrees, but the calorimetric properties of the detector allow the energy of these events to be measured to better than 0.2 in the log 10 E [8]. In the search for a diffuse high-energy neutrino flux, exclusion of track-like events eliminates most cosmic ray induced muon events, leaving mostly cascade-like events. An additional advantage in searching for cosmic ν e and ν τ compared to ν μ is the fact that the flux of background atmospheric electron-neutrinos is more than an order of magnitude lower than the corresponding ν μ flux and that the fluxes have different energy dependencies. The astrophysical high-energy neutrino sources are expected to have a spectrum of ∼ E -2 while the atmospheric flux decreases with ∼ E -3.7 .

Previous efforts to search for neutrino-induced cascades [9] used data collected in 1997 with the 10-string AMANDA-B10 detector. A further search [8] used data taken in 2000 with the completed 19-string AMANDA detector. Other limits on the diffuse flux of astrophysical muon-neutrinos were derived by searching for track-like events [10] or by searching for events depositing a very large amount of energy [11]. These analyses used data from 2000-2003 and 2000-2002, respectively and are briefly discussed in section 4.5 below. With five years of data, this paper presents the final AMANDA results on the search for cascades from interactions of astrophysical neutrinos.

In 2006, AMANDA was integrated into the IceCube neutrino telescope [12].

Data was taken by the combined detector for three years, until AMANDA was decommissioned in 2009. 

Experimental Data and MC Simulation

The experimental data used here were recorded during the austral winters (February through November) in the years 2000 through 2004, i.e. they include the previously published year 2000 data of the cascade analysis [8].

Only data from periods with a stable operating detector were used for this analysis. This was a total livetime of 1001 days, after correction for DAQ deadtime between events. A total of 8.9 • 10 9 events were recorded at an average trigger rate of 103 Hz (Table 1). Although the yearly trigger rates in Table 1 differ by up to 20 %, the characteristics of the data, taken with the high multiplicity trigger, do not change appreciably. The different reconstruction steps will be described in the following section, but one of the essential cascade parameters is used here to illustrate the consistency between the annual data samples. Figure 1 shows the reconstructed energy of cascade candidates for the different years. There are only ∼5 % differences, which confirms that the data can be used for a combined 5-year analysis.

The data are dominated by the background of high-energy muons produced by cosmic ray interactions in the atmosphere. By removing track-like events, most of this atmospheric muon background can be eliminated. Muons may also lose energy by bremsstrahlung, direct pair production and photonuclear interactions. Therefore, a fraction of high-energy muons remain, mainly those that radiate energetic bremsstrahlung photons resembling cascade events. Since the atmospheric muon background simulation with the air shower simulation package CORSIKA [13] produces many lower-energy muons that do not radiate bremsstrahlung, computing time constraints made an optimization necessary to increase the statistics for high energy muons (see Table 2). The internal energy thresholds of CORSIKA were raised relative to those used in the standard AMANDA atmospheric muon simulation for the primary cosmic ray energy, the muon energy evaluated at the surface, and the energy released into a single secondary cascade near the AMANDA detector. For simulated events with more than one muon, these thresholds were applied to the highest energy muon and the secondary cascade which released the most energy. Two optimized samples were generated. The parameters of these simulations are summarized in Table 2, along with those of the standard simulation used in muon-focused AMANDA analyses. Figure 2 shows that the high-energy part of the spectrum is well represented by the optimized simulations. For the further analysis the second optimized sample with an equivalent livetime of 4670 days was used compared to 1001 days of real data.

Neutrino events of all flavors (ν e , ν μ , ν τ ) with energies between 100 GeV and 100 PeV were simulated with the neutrino generator code ANIS [14] teraction volume. For this analysis the interaction volume was defined as a cylinder with a radius of 300 m and a height of ±300 m from the detector center. These events were then re-weighted to a hypothetical E -2 signal flux, as well as to several astrophysical neutrino model predictions with other energy spectra. For astrophysical neutrinos we assume equal flavor for neutrinos and antineutrinos. The steeper atmospheric neutrino spectrum was simulated by re-weighting the same events according to the atmospheric flux model [15], having a power law spectrum ∼ E -3.7 .

In the next step of the simulation chain, for all events with final state muons (atmospheric background muons, signal and atmospheric background muon-neutrino events), the muons were propagated through the ice using the Muon Monte Carlo program MMC [16]. In this step the energy loss of muons due to ionization losses, bremsstrahlung, pair production, and photo-nuclear interactions is simulated.

Analysis

The goal of the analysis was to identify astrophysical neutrino-induced cascade events within the large background of atmospheric muon events. The analysis applied the same reconstruction algorithms to the experimental and simulated data sets. The algorithms were used already for the previous year 2000 cascade analysis [8]. To a good approximation, cascade events are pointlike Cherenkov light emitters since the longitudinal cascade size of a few meters is short compared to the typical distance between OMs. Cherenkov light emission in ice peaks at an angle of 41 leave long tracks of light along their path through the detector. Most of these muons can easily be rejected, but a fraction of muon tracks produce large bremsstrahlung cascades in the detector, leading to a cascade-like pattern of OM pulses ("hits"). In addition to hits from Cherenkov photons, uncorrelated random hits are caused by photomultiplier dark noise and electronics noise. Non-physics hits are also produced by cross-talk along the cables as well as in the surface electronics. A hit cleaning procedure removes most of the random and cross-talk hits prior to event reconstruction [17].

First Reconstruction Steps

Most of the nearly 9 billion triggered events are atmospheric muons which dominate clearly the background. A simple and fast reconstruction algorithm is needed to reduce the size of the data set. We used a fast 'first guess' event reconstruction with an analytic algorithm to estimate the cascade vertex position and time from the hit times and hit positions [8]. Two variables from this reconstruction were then used in the cascade event selection. The The two variables from a first-guess event reconstruction used in early data reduction for experimental data, signal and background Monte Carlo. Left: The number of direct hits N dir , with time residuals 0 < t resid < 200 ns. Right: The ratio of early (t resid < 0) hits, N early , to the total number of hits, N hits .

first variable was the number N dir of direct hits, defined as hits with times delayed relative to the arrival times expected for unscattered photons from the reconstructed interaction vertex by less than 200 ns. The second variable was N early , the number of hits which occured earlier than the direct hits, that is hits with 'negative delay' times. The number of early hits should be small for real cascades, since such hits would violate causality for photons actually emitted at the cascade vertex position and time. Early hits in cascade events can only result from random dark noise, or from misreconstruction of the cascade vertex position. Relative to these incorrectly classified cascades, hits produced by light emitted farther back along the muon track will be classified as early hits. Figure 3 shows both variables for the data as well as for the simulated atmospheric muon background and signal. The cut values for the background reduction are presented in Table 3 together with the corresponding efficiencies. The large discrepancies between experimental data and simulated atmospheric muon background seen in table 3 are less visible in Fig. 3 due to the normalization. They are mainly caused by the simplified description of ice properties in the Monte Carlo simulation. The influence on the systematics error will be discussed in section 4.1.

Maximum Likelihood Methods

For events remaining after the cuts described above, the cascade vertex and the energy were reconstructed with more sophisticated maximum likelihood methods [9,17,[START_REF] Kowalski | Taboada for the AMANDA Collaboration, 2nd Workshop Methodical Aspects of Underwater/Underice Telescopes[END_REF] which take into account the scattering and absorption of Cherenkov photons in ice.

Vertex Position Reconstruction

For the observation of the residual or delay time of photons (t res ) as a function of the distance d between a hit OM and the reconstructed vertex position, a normalized probability density function (PDF) p(t res , d) was developed. This PDF allows to construct the likelihood function:

L = all hits hit=1 p(t res , N, d), L = -log(L) N hits -N free . ( 1 
)
The vertex position and time are reconstructed by minimizing the likelihood function L in analogy to a reduced χ 2 . N hits is the total number of hits and N free = 4 is the number of free vertex parameters (3 space coordinates x, y, z and time t). The resulting vertex resolution is about 4 m in the transverse coordinates x, y and slightly better in the depth coordinate z.

Energy Reconstruction

A maximum likelihood method is also used for the energy reconstruction. Here, the likelihood is given by the probability to identify special hit patterns relevant for cascades. The hit-probability can be expressed by the number of expected photo-electrons η as a function of the distance d from an isotropically emitting point-like cascade:

η = I 0 E d e -d/λatt , (2) 
where λ att = λ eff scat λ abs /3 is the attenuation length which is ∼ 29 m for Cherenkov wave lengths. For distances larger than the photon scattering length, d λ scat , the information on the direction of the photon vanishes because of multiple scattering. The scattering of light is then described by the effective scattering length λ eff scat . The normalization constant I 0 depends on the OM orientation and the direction of the cascade.

With the expression for the expected number of photo-electrons one can calculate for each OM the probability to observe a hit:

P casc hit = 1 -P casc nohit = 1 -e -η , (3) 
For a realistic definition of the hit probability, one has to add the probability for the detection of noise hits:

P hit = 1 -P nohit = P casc hit + P noise -P casc hit P noise . ( 4 
)
A likelihood function can be constructed as a product of the probability functions P hit and P nohit :

L = all hit OM i=1 P hit (E, d) all nohit OM i=1 P nohit (E, d), ( 5 
)
L = - L N OM -N free . ( 6 
)
N OM is the total number of hit OMs and N free = 1 is the number of fit parameters. The resolution of the energy reconstruction is energy dependent.

In log 10 E units it is 0.13 at 100 GeV, rising to 0.22 at 1 PeV.

Selection Criteria for Likelihood Parameters and Vertex Position

The vertex and energy likelihood parameters were used for the further event selection. These variables contain the information about the quality of agreement between the best-fit hypothesis and the event. For the vertex position, the cut value is L vertex < 7.1. Since the cut variable L energy is energy dependent, the cut criterion is:

L energy ≤ 1.
1, log 10 (E reco ) ≤ 3.9 -0.625 × log 10 (E reco /GeV) + 3.54, log 10 (E reco ) > 3.9

. (7) With the radial distance ρ xy an additional cut variable was introduced which is defined as the distance of the cascade vertex from the central axis of the detector:

ρ xy = x 2 reco + y 2 reco (8)
The radial distance cut is softened in dependence on the cascade energy. For events inside the instrumented AMANDA detector volume of 100 meters radius, the energy cut is fixed to remove misreconstructed atmospheric muons.

For bright cascades (high energies), the background contamination is less severe and the cut is softened with increasing energy:

ρ xy ≤ 100 m, log 10 (E reco ) ≤ 3.1TeV 42.3 × log 10 (E reco /GeV) + 43.8 m, log 10 (E reco ) > 3.1TeV . (9)
These three selection criteria are summarized in Table 3 with the corresponding cumulative cut efficiencies for data, background and signal events.

Final Selection Criteria

For the final event selection, three cut variables (see Fig. 4) were combined into a multivariate quality parameter. The first variable is the vertex likelihood parameter L vertex , which possesses additional discriminative power after the cut shown in In the first vertex reconstruction all hits were included; in the second, hits at a radius of more than 60 m from the first vertex were excluded. For a signal cascade event one expects only small differences in vertex position between the two reconstructions. Background muons that reach this stage of the analysis often have a bright bremstrahlung induced shower. For these events the difference Δρ 60 xy is typically larger than for signal cascades. The third variable that enters the multivariate quality parameter is cos θ μ , where θ μ is the zenith angle obtained by fitting the event to a muon track hypothesis. As can be seen in Fig. 4, the distribution peaks near cos θ μ = 0 for neutrino-induced cascades. When roughly spherical cascades are reconstructed as muon tracks in the tall cylindrical AMANDA detector, they appear mainly as horizontal tracks, whereas the atmospheric muon background is downward-going with cos θ μ > 0.

We combined the three variables shown in Fig. 4, into one quality variable, the likelihood ratio:

Q S = i p s i (x i ) i p s i (x i ) + i p b i (x i ) , ( 10 
)
where 0 < Q S < 1 and i runs over the three variables with a spectral slope Φ(E) ∝ E -2 . They are obtained from simulations and shown in Fig. 4.

x i = L vertex ,
The distribution of the variable Q S (Fig. 5a) peaks close to one for the simulated cascade signal and close to zero for the simulated muon background (and experimental data). In addition to a cut on Q S , which does not fully separate signal from background, the reconstructed cascade energy E reco (Fig. 5b) was used to further reduce the background.

A discrete optimization procedure was used to find the cut values for Q S and E reco which maximized the separation of cascades from an E -2 neutrino spectrum from background muons. A two-dimensional grid was formed in the two variables, with bounds 0.90 < Q S < 0.99 and 4.35 < log 10 (E reco /GeV) < 6 and step sizes of 0.01 and 0.05 respectively. At each grid point, the sensitivity, defined as the average upper limit for a ν e flux in the absence of a signal [START_REF] Feldman | [END_REF], was calculated. The optimum sensitivity was found with the cuts Q S > 0.92 and log 10 (E reco /GeV) > 4.65 yielding an average upper limit on the ν e flux which will be given in section 4.4.

The efficiencies of all applied cuts are summarized in Table 3 for experimental data, the simulated background from atmospheric muons and at- mospheric neutrinos, and a hypothetical astrophysical electron-neutrino signal with a flux of Φ = 10 -6 E -2 GeV s -1 sr -1 cm -2 used as a benchmark for an extraterrestrial flux. All selection criteria were developed using only 20% of the experimental data, sampled evenly throughout the 5 years, and the remaining 80% were analyzed only after the cuts had been finalized in the manner described above. This blind analysis technique [20] was adopted to prevent possible biases in the selection procedure due to statistical fluctuations in the data. The results discussed in the following section were obtained with the full sample.

Results

Systematic Uncertainties

Several sources of systematic uncertainties must be evaluated and considered in calculating a limit on the astrophysical neutrino flux. Uncertainties in the detector parameter description and in the simulation and analysis chain were studied in detail in [17]. In the following we will discuss the major sources of systematic uncertainties in this analysis.

The detector configuration and trigger conditions changed slightly over the five year period, resulting in year-to-year variations in the event rate of ple, a much simplified simulation model PTD [START_REF] Karle | Proceedings of the International Workshop on Simulations and Analysis Methods for Large Neutrino Telescopes[END_REF] was used in this analysis.

In PTD the ice is divided into horizontal layers of homogeneous ice, such that each OM only sees a sheet of ice with depth-independent absorption and scattering properties typical of its own depth. In this approximation, the simulation propagates photons consequently through homogeneous ice only and are not subjected to the vertical variations in ice properties. An additional simplification is that all photon scattering is modeled assuming an average wavelength of 420 nm. To investigate the uncertainty due to the simplified photon propagation in PTD, lower statistics Monte Carlo samples were generated using the more realistic PHOTONICS tables. A comparison of both photon propagation simulations yields uncertainties in event rate due to the photon propagation with PTD tables of 19 % for atmospheric muons, 23 % for atmospheric ν μ and 28 % for atmospheric ν e . For simulated E -2 signal events the uncertainty of 2 % is less crucial, since the higher energy of the signal events confers a certain amount of immunity to the specific optical properties of the ice. Meanwhile, PHOTONICS is the standard package for photon propagation in the ice of the AMANDA and IceCube detectors.

The reconstruction steps and selection criteria of the analysis (summarized in Table 3) yield different passing rates for data and simulated atmospheric muon background. Relaxing the Q S cut for the background Monte Carlo sample to Q S > 0.83 results in the same efficiency as for the experimental data. The number of signal events increases by 12 %, which is taken as a measure of the uncertainty in the cut efficiency.

Finally, the theoretical uncertainties were considered. For the simulation of the atmospheric muon background there is uncertainty in the shape of the energy spectrum. Variations in the spectral energy slopes by Δγ = 0.1, a value somewhat larger than the current uncertainties [START_REF] Hörandel | [END_REF], change the number of events passing the energy cut by 5 %, which is negligible relative to the other systematic and statistical uncertainties. Another theoretical uncertainty comes from the primary atmospheric neutrino flux prediction [25].

This uncertainty was estimated to be less than 20 % and does not contribute significantly to the total theoretical uncertainty, as the atmospheric neutrino event rate is a very small fraction of the total background rate. The 5 % uncertainty of the neutrino signal is caused by the uncertainty of the neutrino cross section at high energies [26]. In Table 4 the contributions to the systematic uncertainties are summarized and added in quadrature to get the total value.

Final Event Sample

After applying all cuts given in Table 3, six experimental events remain (see Fig. 5b). For these events the characteristic data and reconstructed variables are summarized in Table 6. The expected background at this final analysis level is 6.5 events, mostly from atmospheric muons (6. 0.065 ± 0.023 0.016 ± 0.006 20.9 ± 4.4

Table 5: The number of experimental events remaining after all cuts and the corresponding expected numbers of background and signal events from Monte Carlo simulations. The quoted errors include systematic uncertainties. For the ν e signal a benchmark flux of Φ = 10 -6 E -2 GeV s -1 sr -1 cm -2 is assumed.

a small component from atmospheric muon neutrinos (0.065) and electron neutrinos (0.016).

Also shown in Fig. 5 is the expectation from the benchmark E -2 (ν e + νe ) signal Monte Carlo simulation. Normalized to the 1001 days of livetime, the final cut yields 20.9 signal ν e events. Table 5 summarizes the final event numbers. The errors include the systematic uncertainties given in Table 4.

Only the number of atmospheric muons has in addition a statistical error since the simulation was limited by statistics. This uncertainty was estimated with the upper and lower bounds for the 68.2 % C.L. using the method of Feldman and Cousins [START_REF] Feldman | [END_REF] to N μ atm = 6.4 +1.8 -1.5 events.

Since no excess over the expected background was observed, an upper limit on the diffuse flux of astrophysical neutrinos was deduced. Following the method of Feldman and Cousins for constructing the confidence belt, the event upper limit before considering systematic uncertainties is μ = 4.99 at 90% C.L. A Gaussian systematic error distribution was assumed for both signal and background. For the signal, the width is set to the estimated systematic uncertainty of ±21%. Since the error distribution for the background is asymmetric, its peak position is chosen in the center of the uncertainty interval. The systematic uncertainties on the signal and background expectations were then included in the calculation of the event upper limit with the software package POLE++ [27]. This results in an event upper limit of 6.7 events at 90% confidence level.

AMANDA Effective Area

The sensitivity of the AMANDA detector to all three neutrino flavors can be expressed as an effective area. This measure incorporates the neutrino interaction probability, the detector sensitivity to events, the daughter lepton's range and the efficiency of the selection cuts. Neutrino event rates for any assumed neutrino flux can be computed from the effective area by integrating the flux times the effective area, with respect to energy. 0 when E ν ≥ 100 TeV. This also affects the Glashow resonance which is not visible for upward-going (ν e + νe ). Tau neutrinos are not absorbed in the Earth but instead are regenerated, emerging with lower energies [28].

Because of this, the effective area for upward-going ν τ does not decrease with higher energies.

Flux Upper Limit

The upper limit of 6.7 events deduced in Section 4.2 was combined with the effective area to constrain neutrino flux models. For a given model, we computed the ratio of the event upper limit to the expected neutrino event rate for that model. If this ratio, the Model Rejection Factor (MRF) [29], is less than one, the model is ruled out by the data at 90% CL. For example, an E -2 power law total flux of neutrinos of all flavors, Φ = 10 -6 E -2 GeVs -1 sr -1 cm -2 , distributed equally over all neutrino flavors would produce 7.0 events due to electron-neutrinos i.e. 1/3 of the value from Table 5, 2.3 due to muonneutrinos, and 4.0 due to tau-neutrinos for a total of 13.3 neutrino events. Comparing these 13.3 events to the experimental limit of 6.7 events, one obtains an MRF of 0.5. Rescaling the model flux by the MRF leads to the flux upper limit E 2 Φ 90%CL ≤ 5.0 • 10 -7 GeVs -1 sr -1 cm -2 . For this spectrum, the central 90% of the ν e signal events would fall into the energy range 40 TeV to 9 PeV. This upper limit on the total flux assumes a flavor ratio of 1 : 1 : 1 and is equivalent to a limit of E 2 Φ 90%CL ≤ 1.7 • 10 -7 GeVs -1 sr -1 cm -2 on each individual neutrino flavor. A more conservative upper limit on the flux of electron neutrinos that does not depend on the assumption of a 1 : 1 : 1 flavor ratio is derived by assuming that the ν μ and ν τ fluxes are zero. An upper limit of E 2 Φ νe ≤ 3.3 • 10 -7 GeVs -1 sr -1 cm -2 at 90% C.L was obtained.

Table 7 presents the expected number of events in 1001 days of livetime and the corresponding MRFs for several models of neutrino production in astrophysical sources and in the atmosphere. The spectra predicted by these models are shown in Fig. 8. With the exception of the Waxman-Bahcall model for neutrino production in GRBs [32], the astrophysical models con- MPR AGN jets [28] <1 model [28] γ n τ MPR W&B GRB model [29] AMANDA-II 2000-04 Cascades limit 7 gives the Model Rejection Factors for the individual models. sider neutrino production in AGN. The model by Mannheim, Protheroe and Rachen [31] provides an upper bound for AGN sources optically thin to neutrons (optical depth τ < 1). Since for this model the MRF is less than one, our experimental data can exclude this model, with most of the discrimination power derived from the region below 0.5 PeV. For the other astrophysical model predictions that were tested [30,31,32] one, i.e. the AMANDA flux upper limits do not constrain these other models.

This analysis is also sensitive to atmospheric electron-and muon-neutrinos produced in decays of short lived charmed mesons, the so-called prompt neutrinos, which have a harder spectrum than the conventional flux of atmospheric neutrinos. The model with the highest flux prediction that is considered here is based on a non-perturbative calculation for the cross section [33], would result in 2.7 events and is therefore close to being constrained.

This model was ruled out by the previous AMANDA diffuse ν μ study [10].

Other models for prompt neutrino production [34,36] predict significantly lower event rates and are hence not constrained by our data.

Comparison with other Results

This five years cascade analysis has an about 60 % higher sensitivity than the result published for the year 2000 [8]. The reconstruction algorithms and the selection criteria for cascade-like events were almost identical in both analyses. The five times larger number of triggered events and the considerably higher equivalent live time for the atmospheric muon background sample of about 4700 days allowed to improve the neutrino energy range. In Table 8, the essential parameters are summarized also for other diffuse analyses of the AMANDA and Baikal experiments. Fig. 9 shows the corresponding flux limits and the validity regions in neutrino energy.

The search for a diffuse flux of muon neutrinos [10] was performed for the The focus of the other AMANDA diffuse neutrino analysis was the ultrahigh-energy (UHE) part of the spectrum [11]. For energies above 10 7 GeV , the Earth becomes opaque to neutrinos. Therefore, this analysis investigates neutrinos reaching the detector from directions near to the horizon. At these energies the background of atmospheric neutrinos can be neglected, but bundles of atmospheric muons can produce enough light in the detector similar to UHE neutrino events. Monte Carlo studies have shown that OMs Analysis ν Flavors Livetime Energy Range Sensitivity (days) (PeV) Limit Cascades ν e , ν μ , ν τ 1001 0.040 -9 ≤ 5.0 • 10 -7 (this analysis) Cascades [8] ν e , ν μ , ν τ 197 0.050 -5 ≤ 8.6 • 10 -7 Diffuse ν μ [10] ν μ 807 0.016 -2.5 ≤ 7.4 • 10 -8 UHE ν [11] ν e , ν μ , ν τ 457 0.200 -1000 ≤ 2.7 • 10 -7 Cascades [41] ν e , ν μ , ν τ 1038 0.020 -20 ≤ 2.7 • 10 -7 (Baikal exp.) Table 8: Comparison of this cascade analysis with published results from different diffuse analyses of the AMANDA experiment and of the Baikal experiment. The upper limit of the sensitivity is defined as E 2 Φ ≤ ...... GeVs -1 sr -1 cm -2 at 90% C.L.. have more single hits for background muon bundles, whereas UHE neutrinos produce more multiple hits. In this analysis all three neutrino flavors are considered, which leads to a separation of cascade-like and muon-like events at higher reconstruction levels. After all selection criteria remain 1 data and 1.3 background events yielding the excellent diffuse all-flavour neutrino flux limit.

The Baikal experiment has published a search for diffuse neutrinos [41] where data are analyzed taken between 1998 and beginning of 2003. Their cascade analysis has the advantage that the scattering of Cherenkov photons is rather small in the water of the Lake Baikal which allows the reconstruction of the shower direction. This results in an improved background suppression and in a total all-flavor flux limit which is slighly better than the limit of our analysis.

Conclusions

A search for neutrino-induced cascades in 1001 days of AMANDA data yielded a result consistent with cosmic ray induced atmospheric background.

From this non-detection of an excess we derive an upper limit on the diffuse flux of astrophysical neutrinos with a spectrum Φ ∝ E -2 , as well as for other astrophysically motivated spectra. This analysis is sensitive to all three neutrino flavors. Since neutrino oscillations generally results in an equal flux of neutrinos of all three flavors at Earth [5], we constrain the total flux of astrophysical neutrinos to E 2 Φ ≤ 5.0 • 10 -7 GeVs -1 sr -1 cm -2 at 90% C.L. for a neutrino energy spanning 40 TeV to 9 PeV.

As shown in Fig. 9, the limit from this five year analysis, which is mainly sensitive to ν e and ν τ , provides competitive constraints on the flux of electron neutrinos and on the flux of all neutrino flavors. These new results for the limit and for the effective area are more stringent and supersede the older ones based on the data taken in the year 2000.

Since 2005 the IceCube neutrino telescope [12] is under construction, which once completed in 2011 will have an instrumented volume of one cubic kilometer. The search for a diffuse neutrino flux using the signature of isolated cascades is expected to significantly profit from the larger size and the improved readout technology of IceCube. First results, however not a limit, were presented for the 22 string IceCube data taken in 2007 [START_REF]Kiryluk for the IceCube Collaboration[END_REF]. For astrophysical neutrited when a 1-km 3 yr exposure is reached [START_REF] Kowalski | [END_REF].

  vertical strings. The OMs were frozen into the ice at depths from 1500 m to 2000 m with a vertical separation of 20 m for strings 1 to 4 and 10-12 m for the other strings. The resulting instrumented volume formed a cylindrical geometry of about 200 m diameter and 500 m height. Each OM contained a photomultiplier tube (PMT) which recorded the Cherenkov light emitted by relativistic charged particles.

Figure 1 :

 1 Figure 1: Reconstructed cascade energy for data of different years. For comparison, the curves are normalized to 1.

Figure 3 :

 3 Figure3: The two variables from a first-guess event reconstruction used in early data reduction for experimental data, signal and background Monte Carlo. Left: The number of direct hits N dir , with time residuals 0 < t resid < 200 ns. Right: The ratio of early (t resid < 0) hits, N early , to the total number of hits, N hits .

Figure 4 :

 4 Figure 4: Distributions of three variables which are used to construct the discriminating likelihood parameter Q S for the experimental data, the background and the signal MC. The left plot shows the vertex likelihood distribution. The plot in the middle shows the Δρ 60 xy distributions. The plot on the right is the cos θ μ distribution taken from the iterative muon likelihood reconstruction.

Figure 5 :

 5 Figure 5: Distributions of the final cut variables Q S and E reco for the experimental data, for background and signal Monte Carlo. Left (a): The discriminating parameter Q S . Right (b): The reconstructed cascade energy distribution E reco after application of all quality cuts and a cut on the discriminating parameter Q S > 0.92. The signal Monte Carlo distribution is normalized to the lifetime of 1001 days and a flux Φ = 10 -6 E -2 GeV s -1 sr -1 cm -2 .

about 10 %

 10 after the different analysis steps. The variation of the optical module sensitivity as one possible source was investigated in detail for the years 2001 and 2003. For most of the strings the sensitivity was stable or the decrease was less than 10 %. The efficiency was about 20 % lower only for strings 1-4 in 2003. Since the strings operated with normal efficiency until the AMANDA shut-down in 2009, photocathode aging can be excluded. The reasons are changes of the high voltage and signal amplification settings. Averaging the variation in OM sensitivity over the full detector, the systematic uncertainty was estimated to be 13 %.An essential component is the uncertainty in the modeling of photon propagation through the ice. A software package, PHOTONICS[21], was developed to simulate photon propagation through a turbid, translucent medium, taking into account the full wavelength and depth dependences of the scattering and absorption parameters. The required optical properties of deep ice at the South Pole have been measured by the AMANDA collaboration[22]. The inclusion of the full measured depth and wavelength dependencies in the photon propagation simulation results in very large lookup tables for use in the simulation of signal and background event topologies. Because of the computing time constraints to generate a large muon background sam-

Figure 6 Figure 6 :

 66 Figure 6 shows the neutrino effective area of the AMANDA detector as a function of energy for (ν e + νe ), (ν μ + νμ ) and (ν τ + ντ ) for the present analysis averaged over 4 π steradian. For ν e , the peak around 6.3 PeV is the Glashow resonance, due to resonant production of W -by neutrinos on atomic electrons. At 100 PeV the effective area reaches 0.3 -0.8 m 2 , depending on the neutrino flavor.

Figure 7

 7 Figure 7 shows the neutrino effective area for different zenith angle (θ) bands. Neutrino absorption in the Earth reduces the effective area for cos θ <

Figure 7 :

 7 Figure 7: The neutrino effective area for AMANDA as a function of the neutrino energy for four different ranges of the zenith angle. Distributions for electron-, muon-and tauneutrinos are shown separately. The tau regeneration effect is mainly visible in the two lower plots, which are for up-going neutrinos.
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Figure 8 :

 8 Figure 8: Flux prediction per neutrino flavor. a) For several models of astrophysical neutrino sources. b) For atmospheric neutrinos from pion and kaon decays and due to charm production. Table7gives the Model Rejection Factors for the individual models.

  this work (all flavors/3) IceCube prediction, 80 strings,1y[START_REF]Kiryluk for the IceCube Collaboration[END_REF] 

Figure 9 :

 9 Figure 9: The upper limit on a diffuse neutrino flux from sources with an E -2 energy spectrum are shown for muon neutrinos and all-flavor analyses. All-flavor upper limits were divided by three, assuming the flavor ratio at the Earth to be ν e + νe : ν μ + νμ : ν τ + ντ ≈ 1 : 1 : 1.

  

Table 1 :

 1 Effective detector livetime, number of triggered events and trigger rate for the 5 years of data used in the analysis. The year to year trigger rate variations are caused by changed settings of the photomultiplier voltages and discriminator thresholds as well as by modifications of other triggers than the high multiplicity trigger used for the cascade analysis.

	Year livetime (days) Triggered Events Trigger Rate (Hz)
	2000	197	1.37 ×10 9	80.5
	2001	193	2.00 ×10 9	120.0
	2002	204	1.91 ×10 9	108.4
	2003	213	1.86 ×10 9	101.1
	2004	194	1.72 ×10 9	102.6
	Total	1001	8.86 ×10 9	

Table 2 :

 2 The atmospheric muon background samples used in this analysis. The equivalent livetime may be compared to the total detector livetime of 1001 days.

/GeV) reco (E 10 log 2 2.5 3 3.5 4 4.5 events / lifetime -1 10 1 10 2 10 3 10 4 10

  

	optimized sample 1
	optimized sample 2
	regular MC
	Figure 2: Reconstructed cascade energy for various background Monte Carlo samples. All
	events shown here have passed the vertex likelihood cut L vertex < 7.1 (see the follow-
	ing section). At high energies, there is good agreement between the standard and the
	optimized samples.
	• relative to the cascade longitudinal
	axis, but because of photon scattering in the ice, the directional informa-
	tion is mostly lost by the time of detection. Unlike cascades, muons typically

Table 3 .

 3 The second variable (Δρ 60

xy ) is the distance in the horizontal xy plane between vertex positions reconstructed with different hit selection criteria: Δρ 60 xy = (x recox 60 reco ) 2 + (y recoy 60 reco ) 2 .

Table 3 :

 3 The cumulative cut efficiencies for experimental data, several types of background and an E -2 (ν e + νe ) signal. The cut variables L energy and ρ xy are energy dependent.

	Cut Variable	Data	μ atm	ν atm e	E -2 ν e Signal
	N early /N hits < 0.05	0.054	0.030	0.53	0.38
	N dir ≥ 8	0.032	0.015	0.49	0.33
	L vertex < 7.1	6 .5 × 10 -4	3.7 × 10 -4	0.32	0.24
	L energy (E)	1 .3 × 10 -4	1.0 × 10 -4	0.27	0.17
	ρ xy (E)	8 .7 × 10 -5	5.9 × 10 -5	0.12	0.10
	Q S > 0.92	3.5 × 10 -6	2.1 × 10 -6	0.01	0.08
	log 10 (E reco /GeV) > 4.65 4.8 × 10 -10 5.2 × 10 -10 3.0 × 10 -5	0.02

Table 4 :

 4 Different contributions to the systematic uncertainties of the number of events for the muon background, the atmospheric and signal neutrinos.

	4 events) with

Table 6 :

 6 The observables and reconstructed variables for the six events which passed all analysis cuts.

  , the MRFs are greater than Model ν e + νe ν μ + νμ ν τ + ντ all-flavors MRF 10 -6 E -2

		6.97	2.32	3.99	13.30	0.50
	SDSS (2005) [30]	1.08	0.37	0.60	2.05	2.58
	MPR (AGN jet) [31]	1.07	0.50	0.72	2.29	2.29
	MPR (τ < 1)[31]	8.52	7.56	2.77	18.85	0.28
	WB GRB [32]	0.03	0.02	0.01	0.06	89.50
	Charm D [33]	2.06	0.68	-	2.74	1.92
	Naumov RQPM [34]	0.42	0.15	-	0.57	9.24
	Martin GBW [36]	0.04	0.01	-	0.05	112.34

Table 7 :

 7 Summary of the expected number of events in 1001 days of lifetime from various astrophysical and atmospheric prompt neutrino models. A flux ratio of 1 : 1 : 1 is assumed. For the event upper limit the estimated value of μ 90% = 6.7 is used which includes all systematic uncertainties.
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