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The KM3NeT Collaboration is constructing two deep-sea Cherenkov detectors in the 

Mediterranean Sea, aiming at neutrino oscillation measurements with the ORCA array, while the 

ARCA array aims at neutrino astronomy in the TeV range. In April 2021, 5 additional detection 

units were deployed in the ARCA site. The KM3NeT/ARCA instrumented volume is currently 

similar to the one of the ANTARES neutrino telescope. In this contribution, an analysis of the 

data obtained with the detector before April 2021 is presented as well as the analysis of the very 

first data from the new KM3NeT/ARCA configuration. The performance is demonstrated using 

atmospheric muons and the first atmospheric neutrinos are shown.  
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1. Introduction 
 

KM3NeT is a research infrastructure that will host two neutrino detectors: ARCA 

(Astroparticle Research with Cosmics in the Abyss), located at a depth of 3500 m offshore Capo 

Passero (Italy), and ORCA (Oscillation Research with Cosmic in the Abyss), located at a depth 

of 2450 m offshore Toulon (France). Their location in the Mediterranean Sea offers an optimal 

window for the observation of the Southern sky, where the Galactic Centre and most of the 

Galactic Plane are located. The KM3NeT/ARCA detector, optimised for the neutrino energy range 

from few TeV to 100 PeV, focuses on high-energy neutrino astrophysics. The KM3NeT/ORCA 

detector, optimised for neutrino energies from few GeV to 100 GeV, will be dedicated to the study 

of neutrino oscillations. ARCA and ORCA share the same technology. The main detector 

component is the digital optical module (DOM), a pressure-resistant glass sphere housing 31 3-

inch photomultiplier tubes (PMTs) and their associated electronics. The lower hemisphere of each 

DOM contains 19 PMTs, therefore downwards looking, whereas the other 12 PMTs look upwards. 

The DOMs are arranged in string-like structures, called detection units (DUs), anchored to the 

seabed, and held vertically by the buoyancy of the DOMs as well as a dedicated buoy at the top. 

As the two detector designs are optimised for different targeted neutrino energy regimes, they 

differ in the density of the arrayed photosensors. The vertical spacing between the DOMs along a 

DU is 36 m for ARCA and 9 m for ORCA. The horizontal spacing between the DUs is ∼ 90 m 

for ARCA and ∼ 20 m for ORCA. In their final configurations, ARCA will consist of 230 DUs 

instrumenting a volume of ∼ 1 km3 of seawater, and ORCA will consist of 115 DUs 

instrumenting ∼ 7 Mt of seawater. In this contribution, the very first data from the 

KM3NeT/ARCA configuration will be presented. 

 

2. Different detector configurations and data taking periods 
 

The first KM3NeT/ARCA DU was deployed in December 2015. Out of the two additional 

DUs deployed in May 2016, only one was operational. Therefore, data were collected with two 

DUs (ARCA2 period). After the commissioning and calibration of ARCA2, a stable and reliable 

detector performance was achieved. The first data used for analysis were collected on the 23rd of 

December 2016. Different analyses have been performed in the past concerning ARCA2 as shown 

in [1],[2]. Due to consecutive upgrades of the seabed network infrastructure, ARCA detector 

operation was on hold between April 2017 and January 2019, after which, data taking continued 

with only one operating DU (ARCA1 period). Data from 14 February to 11 November 2019 

correspond to this one DU. In mid-April 2021, five more DUs were deployed at the ARCA site 

and a new data taking period started operating with 6 DUs (ARCA6 period). Once the 

commissioning and calibration of the detector was carried out, reliable data are being taking 

steadily. The first data used for analysis were collected on the 12th of May 2021.  

The data taking period for ARCA2 in operation has an effective livetime of ~ 53 days. The 

total livetime of the reconstructed data for the second period analysed, ARCA1, is ~ 207 days. 

The atmospheric neutrino candidates presented concern the combined ARCA2 and ARCA1 data 

taking periods. To demonstrate the performance of the current ARCA configuration, data from the 

first days of operation with 6 DUs have been reconstructed. The total livetime of ARCA6 data 

corresponds to ~ 19 days. 
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3. Simulation and reconstruction for the atmospheric muon and neutrino 

samples 

 
The data were analysed with the standard reconstruction software of KM3NeT [6]. High-

quality data (in terms of detector conditions) are selected for all the considered data taking periods. 

Detailed Monte Carlo (MC) simulations are used to simulate the detector response to atmospheric 

muons and neutrinos. The simulation chain used for the analyses to be presented in this 

contribution is similar to the one described in [3], with the addition also of the simulation of the 

PMT response and the readout as well as of the onshore data filtering. The digitized PMT output 

pulses are called as hits in the following. 

The reconstruction chain applied to simulated events follows the same procedure as for the 

data. For both atmospheric muon and atmospheric neutrino samples, MC events were simulated 

in run-by-run mode which takes into account the time evolution of the data acquisition, in 

particular the conditions in terms of optical background rates and photon detection efficiencies 

for each PMT. The PMT photon detection efficiencies are measured and monitored in-situ. The 

neutrino MC events were weighted with the atmospheric neutrino flux according to the Honda 

and Enberg models and a ”knee” correction is also applied as described in [3]. 

Analyses were performed separately for the two detector configurations, ARCA2 and 

ARCA1 using detailed DATA - MC comparisons and dedicated requirements have been studied 

and applied to select a clean sample of neutrino candidates. Concerning ARCA6 and due to the 

limited effective livetime, selection requirements were studied and applied in order to demonstrate 

the performance of the current configuration in context with the ongoing production plans. 

 

4. Analysis 

 
The main goal of ARCA will be the search of astrophysical neutrino sources and the 

detection of the diffuse astrophysical neutrino flux. For detectors focusing on neutrino astronomy, 

the background comes mainly from the contribution of atmospheric muons and neutrinos; 

therefore, the suppression of these contributions, as much as possible, is crucial for cosmic 

neutrino searches. Currently ARCA is at the construction phase therefore, the instrumented 

volume is still too small for significant studies in terms of neutrino astronomy. The purpose of 

this analysis is to demonstrate that with the present configuration of ARCA it is possible to reject 

the atmospheric muon background and detect atmospheric neutrino candidates. This task is quite 

challenging for the first ARCA configurations with a low number of DUs, since the final ARCA 

configuration has been optimised for the detection of high energy neutrinos. 

 

4.1 Event selection criteria 

 
As already reported, the main physical background for identifying neutrino candidates 

comes from the atmospheric muon contribution. Atmospheric muons, produced in CR interactions 

in the atmosphere, can penetrate to the detector volume if their energy at the sea surface is in the 

TeV range or above. The observed rate of the reconstructed atmospheric muons is 0.1 Hz and 0.2 

Hz for the ARCA1 and ARCA2 configurations respectively, while only 0.2 and 0.5 atmospheric 

neutrino events per day are expected to be reconstructed, respectively. Atmospheric muons reach 
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the detector in a downward direction (from the upper to the down-most part of the detector) as 

those coming through the Earth interact and are absorbed. Sometimes though, atmospheric muon 

events are misreconstructed as upward going, particularly when the detector volume is very 

limited. This analysis aims to reject those misreconstructed atmospheric muon events which 

constitute a primary step for all the physics analyses in such experiments.  

As a first step, detailed comparisons between data and MC were carried out in order to assess 

the detector performance. The distribution of the cosine of the reconstructed zenith angle is shown 

in Fig. 1 for all the reconstructed events for data (black), atmospheric muon simulated events 

(blue) and atmospheric neutrino simulated events (red) combined for the two detector 

configurations. As expected, the contribution of the atmospheric muons dominates the observed 

rate. Atmospheric muon MC events misreconstructed as upgoing are populating the 

cos(𝜃zenith) < 0 region. Since atmospheric neutrinos are isotropically distributed, the main goal 

is to differentiate them from the observed misreconstructed atmospheric muons. 

 

 
Figure 1. Distribution of the cosine of the zenith angle for all reconstructed events. 

 

In order to do that, the first step is focused on studying and applying requirements to reject 

poorly reconstructed events. As a second step, dedicated requirements and a cut on the 

reconstructed zenith angle are applied in order to isolate atmospheric neutrino candidate events. 

Variables indicating the quality of the track fit are: 

• The likelihood L value of the maximum-likelihood fit. For both configurations, a loose 

L requirement is applied to reject misreconstructed events. 

• The number of DOMs with signal-like hits. Signal-like hits are those hits with a small-

time residual between the recorded and the expected Cherenkov photon arrival time, i.e., with 

Cherenkov photons impinging the photocathode surface of the PMT and travelling a small path 

from the expected emission point along the muon track to the PMT. This requirement suppresses 

the contribution of background or scattered hits since a sufficient number of DOMs was required 

to be used for the reconstruction. Well reconstructed events fulfill this condition. 

• The track length. Events with longer track lengths are better reconstructed. The track 

length is calculated as the distance from the reconstructed vertex to the last emission point of a 

photon with an in-time hit (small time residuals).  

• The ratio of the likelihood L value over the number of the hits used for the muon 

reconstruction Nhits, referred to as Q or L/Nhits, was investigated. In Fig. 2 (left), the distribution 
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of the Q values for upgoing events combining the two detector configurations is shown for data 

(black), atmospheric muon MC events (blue) and atmospheric neutrino MC events (red), after 

applying the requirements described before. Applying a cut on Q > 2.0, a high rejection of 

misreconstructed atmospheric muons is achieved while the majority of the atmospheric neutrino 

events has higher Q values. 

 

 
Figure 2. (Left) Distribution of the likelihood over the number of hits used for the muon track reconstruction in 

an intermediate level of the analysis. (Right) Ratio of the number of PMTs having signal-like hits over all PMTs 

in an intermediate level of the analysis. 

 

• The ratio of the number of PMTs having signal-like hits over all PMTs used for the 

track reconstruction. For both detector configurations events were accepted if at least 

70% of the PMTs used for the track reconstruction had signal-like hits. In Fig. 2 (right), 

the distribution of the ratio is shown for upgoing events combining the two detector 

configurations for the data (black), atmospheric muon MC (blue) and atmospheric 

neutrino MC (red) after the previously stated requirements are applied. One can notice 

that misreconstructed atmospheric muon events, after applying the requirements, have 

lower numbers of PMTs with signal-like hits compared to atmospheric neutrino events. 

 

4.2 Search for atmospheric neutrinos  

 

The final step of the analysis is focused on identifying upgoing atmospheric neutrino events. 

As mentioned before, a contribution from misreconstructed atmospheric muons could remain in 

the final sample of events. In order to reduce this contamination, two additional requirements to 

the final sample for both configurations are investigated: 

• The containment requirement. Tracks with an upward going direction usually 

have their reconstructed vertex at the lower half of the detector. An investigation of the 

upward going atmospheric neutrino MC events was carried out in order to set the 

maximum accepted height of the reconstructed vertex. No cut has been applied for the 

radial distance of the vertex from the DU. 

• The time residuals requirement. The time residuals between the recorded and the 

expected Cherenkov photon arrival time are investigated since, larger residuals are 

expected for misreconstructed atmospheric muons comparing to the atmospheric neutrino 

MC. Therefore, a time window was set in order to isolate neutrino events.  
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5. Detection of atmospheric neutrinos for ARCA1&ARCA2 

 
The distribution of the cosine of the reconstructed zenith angle is shown in Fig. 3 for all the 

events surviving the selection criteria. ARCA1 and ARCA2 operation periods have been 

combined for data (black), atmospheric muon MC (blue) and atmospheric neutrino MC (red). A 

powerful rejection of atmospheric muons misreconstructed as upgoing has been achieved as only 

one atmospheric muon event reconstructed with an upgoing track direction survives the final 

selection. A total number of 15 neutrino candidates have been found with cos(𝜃zenith) < 0, while 

8.1 is expected from the atmospheric neutrino MC sample in ~ 260 days of total livetime.  

 
Figure 3. Distribution of the cosine of the zenith angle for events surviving the neutrino selection criteria. 

 

An example of an event display is shown as recorded in Fig. 4, where the height of the DOM 

hit is shown as a function of the measured hit time. The height is given with respect to the lowest 

DOM. All DOMs with hits are represented by blue circles while DOMs with triggered hits are 

shown with red circles. The magenta dotted line shows, for direct Cherenkov photons, the arrival 

time to the DOM as expected from the reconstructed muon track. 

 

 
Figure 4. Height in the detector vs time of the recorded PMT hits for a selected event in ARCA2 configuration. 

 

6. Current ARCA configuration – ARCA6 

 
ARCA is currently operating with 6 DUs with stable data taking since the middle of May 

2021. The data analysed in this contribution have an effective livetime of ~ 19 days. The 

distribution of the cosine of the reconstructed zenith angle is shown in Fig. 5 (left) for all the 

reconstructed events for data (black), atmospheric muon simulated events (blue) and atmospheric 

neutrino simulated events (red). The requirements to reject poorly reconstructed events are based 

on detailed Data/MC comparisons. The variables used to characterise the quality of the track fit 
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are similar to those used for the ARCA1&ARCA2 analysis. In addition, a requirement on the 

maximum accepted angular error of the track reconstruction fit was investigated and applied.  

After applying all the requirements, the distribution of the cosine of the reconstructed zenith 

angle is shown in Fig. 5 (right) for all the reconstructed events for data (black), atmospheric muon 

simulated events (blue) and atmospheric neutrino simulated events (red). 

  
Figure 5. Distribution of the cosine of the zenith angle for all reconstructed events (left) and for events surviving 

the neutrino selection criteria (right).  

 

A powerful rejection of atmospheric muons misreconstructed as upgoing events has been 

achieved. A total number of 15 upgoing events are observed with an upgoing track direction while 

7 events are expected from the atmospheric muon and 4 events from the atmospheric neutrino 

simulation. Focusing on the upgoing track direction with cos(𝜃zenith) < −0.8, 5 events are 

observed while 2 are expected from the atmospheric neutrino simulation without any contribution 

from the atmospheric muons.  

For all the reconstructed upgoing neutrino MC events in the low energy range (𝐸 < 10 TeV) 

ARCA6 is expected to have an effective area comparable to the current ORCA configuration (6 

operational DUs - ORCA6) and the ANTARES telescope. For the high energy range (𝐸 >

 100 TeV), for which ARCA is optimised, ARCA6 is expected to perform significantly better than 

ANTARES as shown in Fig. 6 (left). 

An excellent angular resolution of less than 0.1⁰ for 𝐸 >  100 TeV for the full ARCA 

detector is expected, due to the innovative multi-PMT DOMs of KM3NeT and the large scattering 

length of deep-sea water. For the current ARCA configuration, the angular resolution is shown 

after the quality selection requirements in Fig. 6 (right) as a function of the true (MC) neutrino 

energy. The median of the angular resolution is 0.75⁰.  

  
Figure 6. (Left) Effective area for all neutrino MC events reconstructed as upgoing for ARCA6 (green), 

ANTARES (blue) and ORCA6 (orange). (Right) Angular resolution for events surviving the selection criteria 

as a function of the true neutrino energy.  
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7. Conclusion and outlook 

 

For the past and current ARCA detector configurations, the search for atmospheric neutrino 

candidates is more challenging than for ORCA due to the higher neutrino energy detection 

threshold, the very limited detector volume and the small effective livetime of ARCA. Within a 

period of ∼ 260 days of effective livetime, with one (ARCA1) and two (ARCA2) operational 

DUs, 15 neutrino candidates have been observed, with one atmospheric muon expected from the 

MC surviving the final selection criteria. The data are in a reasonable agreement with the MC 

simulation before and after applying the selection requirements. 

With the current ARCA configuration of 6 operational DUs and an effective livetime of only 

19 days, 15 events were observed as upward going events while 4 are expected from the 

atmospheric neutrino simulation and 9 from the atmospheric muon simulation. Also in this case, 

data and Monte Carlo show a reasonable agreement before and after selection criteria is applied. 

The median of the angular resolution after the event selection is 0.75⁰. For the low energy range 

(𝐸 < 10 TeV) ARCA6 is expected to have comparable effective area to the current ORCA 

configuration (ORCA6) and to ANTARES. In the energy range of interest for ARCA (𝐸 >

 100 TeV), ARCA6 is expected to perform significantly better than ANTARES. 

The aim of this analysis has been to show that with a 1-3% of the full instrumented volume 

of the ARCA detector, it is possible to detect atmospheric neutrinos and to achieve a powerful 

reduction of the atmospheric muon contribution. Furthermore, a good data/MC agreement verifies 

the KM3NeT technology, the detector understanding and detector calibration demonstrating the 

capability of the future KM3NeT detectors. 
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