L A Fusco 
email: fusco@cppm.in2p3.fr
  
Search for a diffuse flux of cosmic neutrinos with the ANTARES neutrino telescope

A

: An excess of high-energy events has been found in previous ANTARES searches for a diffuse flux of cosmic neutrinos, consistent in spectral slope and normalisation with the cosmic neutrino signal detected by the IceCube Neutrino Observatory. The analysis of ANTARES data can provide valuable information in the study of this high-energy neutrino signal, especially in the case of soft-spectra solutions. To improve previous ANTARES results, a new event selection has been developed for cascade-like events, relying on a Boosted Decision Tree multivariate-analysis technique. This yields a 5-fold increase in event statistics, while also reducing the surviving foregrounds and the related systematic uncertainties. This contribution will report on the status of the analysis and the prospects emerging from the use of this new event sample in the search for a diffuse flux of cosmic neutrinos.

Introduction

The ANTARES neutrino telescope, a large-volume Cherenkov detector located under the Mediterranean Sea, 40-km off-shore Toulon, France, aims at detecting cosmic neutrinos. A diffuse flux of high-energy cosmic neutrinos can come from either ensemble of unresolved individual neutrino sources, from cosmic ray propagation effects, or both. This flux has been detected in multiple analyses of data collected by the IceCube Neutrino Observatory. Under the hypothesis of equipartition between the three neutrino flavours and under the assumption of an unbroken power-law (dΦ/dE ∝ E -Γ ) describing its energy spectrum, this signal is compatible with the hypothesis of isotropy over the whole sky. The four main analyses that have been carried out by the IceCube Collaboration are: the High Energy Starting Events (HESE) search [1], the search for through-going muons from the Northern Sky [2], the analysis of cascade events [3] and the all-sky combined analysis [4]. HESE searches report the observation of a rather soft energy spectrum (Γ 2.9 ± 0.2) as best-fit for the cosmic signal. The analysis of muon neutrinos from the Northern Sky finds a hard energy spectrum (Γ 2.3 ± 0.1). The cascade search falls in between the two, with a best-fit Γ 2.5 ± 0.2. The HESE signal is dominated by cascade-like events at energies between 50 and 200 TeV, mostly coming from the Southern sky. The muon neutrino sample in IceCube is most sensitive above a few hundreds of TeV, and only contains events coming from the Northern sky.

Multiple hypotheses could explain this mild tension [5], such as a Galactic component that would be mostly visible in Southern Sky analyses. On the contrary, hard-spectra sources (such as blazars [6]) would be present in the extra-galactic fields, dominating the Northern hemisphere. The contribution of the inner Galactic Plane diffuse neutrino emission to the all-sky IceCube neutrino signal has been severely constrained by an ANTARES-IceCube joint search [7].

Hints of a cosmic diffuse flux signal in ANTARES have been spotted in the analysis of 2450 days of high-quality ANTARES data-taking time collected between 2007 and 2015 [8]. That analysis had been updated adding to the data sample 880 days of data-taking time acquired by ANTARES between January 2016 and June 2018, as presented in [9]. In both, track-like and cascade-like events were analysed. In this contribution, further upgrades of the ANTARES diffuse analyses are discussed. In particular, a new event selection chain developed for the measurement of the atmospheric neutrino energy spectrum [10], boosting the event statistics in the cascade channel, can be exploited thanks to its higher purity with the respect to the previous samples.

The ANTARES neutrino telescope has been collecting data since 2007. Most of the events that are detected by the detector are downward-going atmospheric muons. These muons can penetrate to the large depths where the detector is located, and produce Cherenkov light that is detected by the PMTs in ANTARES. Neutrinos coming from the same cosmic ray air showers, as well as cosmic neutrinos, are less frequent by a factor of 10 5 and 10 7 respectively. The so-called track-like neutrino events are induced by charged current weak interactions of muon neutrinos, while cascade-like events are given by all-flavour neutrinos, interacting via all weak interactions channels.

A large quantity of downward-going muons is removed by selecting events coming from below the detector, since only neutrinos are able to traverse the Earth. In the case of track-like events, the event selection procedure mainly aims at removing wrongly-reconstructed atmospheric muons by selecting on the quality parameter of the likelihood reconstruction and the estimated angular error from the same algorithm [11]. This yields approximately an event rate of one atmospheric neutrino per day with a negligible contamination from wrongly reconstructed atmospheric muons.

A specialised strategy has been developed in [12] for the selection of shower-like events. In this case, events not surviving the track selection are considered, and the reconstructed shower vertex is required to be within about 300 m from the detector centre. Furthermore, a likelihood ratio test is performed between a track-like and a shower-like hypothesis for detected hits, and events where the shower-like solution is preferred are kept. However, the amount of events from this approach was limited (∼ 0.06 atmospheric neutrinos per day) and a large fraction of atmospheric muons were still surviving it (20-40% depending on the energy). In order to boost the results coming from this channel, a new selection has been developed taking advantage of a Boosted Decision Tree algorithm to reject more efficiently atmospheric muon events from data while producing a larger sample of neutrinos passing the selection. An event rate of about 0.3 atmospheric neutrino events per day is obtained, with a negligible residual contamination of atmospheric muons. This sample has been used for the first time in the recent ANTARES measurement of the atmospheric neutrino flux [10].

In this sample, mostly upward-going neutrinos are selected at the end of the procedure.

Previous ANTARES results were based on one-dimensional binned methods. The event selection was optimised on the basis of a model rejection factor procedure [13] to obtain the best sensitivity to the reference cosmic diffuse flux could be achieved. Assumptions were made on the atmospheric foregrounds, with the atmospheric neutrino flux described by the Honda [14] and the Enberg [15] fluxes. The atmospheric muon contribution, simulated in ANTARES with the MUPAGE software [16] was also considered. The counting analyses yielded a total of 50 (27 tracks and 23 cascade) events observed in data in 3300 days of effective livetime, with an expected atmospheric foreground of 36.1 ± 8.7 (stat. + syst.) from Monte Carlo simulations (of which 19.9 tracks and 16.2 showers). The distribution of events surviving the pre-selection was fitted by means of a binned maximum likelihood method, as previously done in [4] and [8]. Templates of the cosmic signal and of the atmospheric foreground were built using Monte Carlo simulations. The distribution of data and templates were compared considering Poisson statistics, with a Gaussian penalty factor to account for systematic effects on the Monte Carlo input parameters. The resulting best-fit parameters for the per-flavour cosmic flux normalisation and spectral index were

Φ 0 (100 TeV) = (1.5 ± 1.0) × 10 -18 [GeV -1 cm -2 s -1 sr -1 ] Γ = 2.3 +0.4 -0.4 (2.1)
The significance of this excess over the background-only hypothesis had been estimated as of 1.8 .

In order to improve the results of the analysis an unbinned maximum likelihood approach is investigated with the updated event selection strategy. A test statistic T S is built as:

T S = log L sig + bkg -log L bkg (2.2)
The likelihood function L sig+bkg is defined as follows:

L sig+bkg = ∈ {tr, sh} ∈ sig • sig ( , ) + bkg • bkg ( , ) (2.3) 
where product sequences are over the event topology (track-like and shower-like neutrino events) and over each event belonging to the sample . The is the reconstructed energy while is the reconstructed zenith of the event. The sig parameter is the number of signal events which maximizes the likelihood function while bkg is the number of background events in the sample.

The signal and background probability density functions (PDFs), sig and bkg , are built from the Monte Carlo after the selection cuts defined for the track-like and cascade-like samples.

The test statistic T S distributions are then built by means of pseudo-experiments (PE), in which the search method is applied to pseudo data-sets varying the number of signal events sig injected in the neutrino sample. The T S distributions are then used to estimate the median "sensitivity" flux at 90% confidence level and "discovery" potential flux at 3 .

Detector systematics are not included in the evaluation, but all normalisation factors for both signal and background are left free in the likelihood fitting. As shown in [8] and [9] the main source of systematic uncertainties in ANTARES was the limited knowledge of the surviving atmospheric muon component in the fit: this is completely removed since the new sample is so pure in neutrinos that atmospheric muons can be safely neglected.

Results and outlook

The unbinned method produces the sensitivity and discovery potential fluxes shown in figure 1 Understanding of the low-energy regime of the diffuse cosmic flux is crucial since energy spectra that are too soft would overshoot the -neutrino correlation when considering the diffuse extra-galactic photons detected by Fermi-LAT [17]. Secondly, softer spectra might be tracing more 

  for three spectral indices (Γ = 2.0, 2.4, and 2.8). The energy ranges for the sensitivity and discovery fluxes reported in figure are computed by taking the region in which the central 90% of signal events is expected from the Monte Carlo. The new cascade sample is more sensitive to low energies with respect to any previous search, thus this new analysis expands the sensitivity energy range down to the TeV range, while previous results from IceCube and ANTARES were mostly sensitive around 100 TeV. This would allow testing for the first time if also a break in the spectrum is present below 10 TeV.

Figure 1 .

 1 Figure1. Cascade analysis sensitivity (dashed) and discovery potential (dotted) for three spectral indices (2.0 -red, 2.4 -green, 2.8 -violet) of this analysis compared to the best fit cosmic fluxes (solid lines) from ANTARES previous search[9] (black), IceCube tracks[2] (olive green) and IceCube cascade analyses[3] (turquoise).

7 -10 6 -10