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1. Introduction

One of the main goals of modern astronomy is to resolve the particle acceleration mechanisms
at place at distant astrophysical sources. The measurement of a diffuse flux of cosmic neutrinos
can provide an insight to this endeavor. Responsible for the diffuse astrophysical neutrino flux
observed at Earth are: a) the high energy cosmic rays which produce neutrinos through pp and py
interactions while traveling at cosmic distances and b) the collection of emitters that can not be
detected individually.

At source, the ratio of the neutrino flavours is typically assumed to be ve : vy, : vy =1:2:0.
The probability of a certain flavour « oscillating to a different flavour S depends on the distance
traveled (L) and the neutrino energy (E): P,z ~ L/E. Neutrinos traveling over cosmic distances
are expected to reach the Earth with a ratio v. : v, : v = 1 : 1 : 1. The energy spectrum of
these neutrinos is typically modeled as a power-law, ® = ®yE~Y. In this work, the following
parametrization is assumed:
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2. Detection method

2.1 KMB3NeT detector

The KM3NeT [1] infrastructure currently hosts two Cherenkov neutrino detectors under
construction in the Mediterranean Sea: KM3NeT/ARCA, offshore Capo Passero (Italy) and
KM3NeT/ORCA, offshore Toulon (France). KM3NeT/ORCA is designed for studying atmospheric
neutrino oscillations, while KM3NeT/ARCA is optimized for detecting neutrinos of astrophysical
origin.

ARCA is located at a depth of 3500 m and, when complete, will consist of 2 Building Blocks
of 115 Detection Units (DUs) each. Every DU is a vertical, string-like, structure anchored to the
seabed and carrying 18 Digital Optical Modules (DOMs). A DOM [2] is the main detector element,
housing 31 3"-PMTs (photo-multiplier tubes). DOMs are spaced by 36 m along a DU, with an
horizontal spacing between DUs of 90m. Both ORCA and ARCA share the same design, only
differing in the spacing between DUs (20 m for ORCA) and DOMs along a DU (9 m for ORCA),
since the two detectors are optimised for the detection of neutrinos of different energy ranges.

Currently, the ARCA detector consists of 21 DUs and the ORCA detector of 18 DUs.

2.2 Data taking periods

Data taking periods refer to the number of deployed DUs at running time. A stable data
taking period starts after the new DUs are commissioned and calibrated. In this study, the full data
sample of the ARCA6/ARCAS running periods is analyzed. ARCA6 ran from May 2021 through
September 2021 for a total of 102 analyzed days and ARCAS8 from September 2021 through June
2022 for a total of 212 analyzed days. The analysis has been then extended for the recent detector
configurations, ARCA19 (July 2022 - September 2022) [51 analyzed days] and ARCA21 (September



Search for a diffuse astrophysical neutrino flux with KM3NeT/ARCA Vasileios Tsourapis

2022 — December 2022) ! [67 analyzed days] and the final results are presented. The event selection
for those two periods is described in Section 5.

3. Event selection

A collection of photons that impinge on PMTs (hits) that occur within a certain distance and
a specific time window, constitute an event. The underwater environment produces noise hits to
the PMTs, mainly through 4°K decays and bioluminescence. These contributions can easily be
eliminated by applying appropriate constraints on the reconstruction variables. Signal events come
from neutrinos and anti-neutrinos of astrophysical origin of all 3 flavours and both interaction
channels (CC and NC) reconstructed as tracks. Atmospheric (anti)neutrinos and muons represent
the physics background.

3.1 Preselection

Extensive data-MC comparisons have been performed to evaluate the description of the detector
performance. Several reconstruction variables are used during the preselection in order to remove
the contribution of noise, as well as of events with a poor reconstruction performance, based on the
previous analysis on the diffuse astrophysical neutrino flux [3]. Constraints are applied on the basis
of the goodness of fit of the event reconstruction, the length of the track in the detector volume, the
angular error estimate from the event reconstruction, the number of triggered DOMs, and the value
of the energy estimate of the event.

Upgoing events, with zenith > 90, are selected, in order to suppress the background from
atmospheric muons since only (anti)neutrinos can survive passing through the Earth.

3.2 Usage of a Boosted Decision Tree

A Boosted Decision Tree (BDT) classifier, using ROOT TMVA [4], was developed, based
on the previous diffuse analysis [3], in order to better reject the atmospheric muon background.
Since only upgoing events are selected, all remaining atmospheric muons are wrongly-reconstructed
events.

The BDT is trained using as class 0 well reconstructed (WR) (1_/)# CC interactions (the dominant
track-like channel) and as class 1 badly reconstructed (BR) muons; this definition relies on the
amplitude of the angular difference, AQ, between the neutrino direction from Monte Carlo (MC)
simulations and the reconstructed track.

The model was trained using a combination of a special MC production dedicated for machine
learning and a 10% of the standard MC production of the ARCAS dataset. The rest of the MC
was used for the evaluation. As input to the BDT, 15 variables extracted from the output of the
event reconstruction were used, as the ones with the best separation power and smallest correlation
with each other. Using the Grid Search technique, the best combination of hyper-parameters for the
BDT was selected. After thorough tests, the classifier was deemed suitable to be applied also to the
ARCAG6 dataset.

ARCAZ21 detector configuration is expected to complete its uptime on September 2023, when new detection units
will be added. The dates here refer to the time period analyzed in this contribution.
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A blind policy has been followed, in order to avoid any biases, according to which all cuts are
optimized only on the MC and 10% of the data.

The performance of the classifier can be seen in Figure 1. For atmospheric (anti)neutrinos
the Honda [5] and Enberg [6] models were used, once a correction for the presence of the cosmic
ray knee was applied. For all the optimizations, the cosmic neutrino flux used, following the
normalization of eq. 1, is the one presented by IceCube [7] with ¢¢9 = 1.44 and spectral index
vy =2.37.

. KM3NeT/ARCAG preliminary, 102 days , KM3NeT/ARCAB8 preliminary, 212 days
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Figure 1: The BDT score distribution for all events for the ARCA6 and ARCAS periods. 100% of the data
is shown in this Figure.

The choice of the optimal BDT score cut was made after evaluating on a 3-flavour signal,
based on the requirement that an efficiency more than 70% is reached, and that the Model Rejection
Factor (MRF) is optimised [8]. The MRF procedure, based on the Feldman-Cousins [9] upper limit
estimations, is also used to select the optimal energy cut value that selects the cosmic signal.

In order to account for the low statistics of the atmospheric muon MC simulation for high
BDT scores and high muon energies, the atmospheric muon contribution is extracted by fitting
the estimated energy spectrum after the BDT score selection. Also, after the BDT selection, the
atmospheric muon contributions were scaled up by 40% to compensate for the data-MC differences.
Consequently, a systematic error of 40% was assigned as referenced in Section 4.2.

The energy resolution for events surviving the BDT score cut is shown in Figure 2.

3.3 Final sample

The BDT score for ARCA6 dataset was required to be more than 0.35 and for ARCAS8 more
than 0.27. The optimal threshold on the logarithm of the energy estimate is 4.20 and 4.04 for
ARCAG6 and ARCAS, respectively.

The number of the events surviving the final selection for each category, after unblinding, is
shown in Table 1 and the corresponding energy distributions in Figure 3.

4. Analysis method

4.1 Binned-Likelihood method

Data are analyzed using a binned-likelihood method, described in [10]. Based on the Bayesian
interpretation of probability, the possibility of a certain hypothesis to be true, given some experi-
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Figure 2: Energy resolution for cosmic neutrinos, after the BDT score cut is applied for ARCA6 (score >
0.35) and ARCAS (score > 0.27), versus the true (MC) neutrino energy.

ARCAG6 ARCAS8

BDT score>0.35 | logE stimare >4.20GeV | BDTscore >0.27 | logEcstimare > 4.04 GeV
atm. v+ v 117.68 16.08 185.18 33.04
atm. u 150.91 39.07 49.12 25.39
all atmospheric 268.59 55.15 234.30 58.43
cosmic v + v 2.54 1.40 4.76 3.06
data 223 26 365 61

Table 1: Events at final selection level. Cosmic (1;) with ¢9 = 1.44 and y = 2.37

mental data, is given by:
- L(x;0)n(0
p(6;x) = (x; O)m(6) (2)

[ L(x;6)n(B)dd

with x being the experimental data, 6 a set of parameters describing the hypothesis under test,
71'(5) the prior distribution and L(x; 5) the likelihood function, which is the joint probability of the
experimental data corresponding to the the hypothesis. The maximum of the likelihood will give

the best estimation of the parameters for the hypothesis.

In our case:

L(N;S(). B. o) = | | Poisson(Ni, B; + 0Si(7))

3

where, N; is the number of data events in bin i, S; is the number of expected signal events for

a given spectral index vy, with ¢o = 1 and B; is the number of expected background events. The

product runs over all bins of the energy estimate.
The marginalization of the posterior probability, that is to integrate out the nuisance parameters,

gives:

P00 yi) = [ LNS).Bodw) - wB1) - 2SO - w60 7) - [ [ aias)

“

The prior distributions incorporate the uncertainties of the MC estimates. Here: n(B;) =

Gaussian(u = B;,0 = op,), n(Si(y)) = Gaussian(y = 1,0 = o,) are used, and m(¢o,y) = 1,
since no previous knowledge of ¢ and 7y is assumed.
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Figure 3: Distributions of the energy estimate for ARCA6 and ARCAS after applying the BDT score cut.
The total background of atmospheric neutrinos and muons (purple) and signal (blue) are shown with their
total uncertainties. The vertical line in each plot shows the optimal threshold of the energy estimate.

4.2 Uncertainties

Statistical and systematic uncertainties are taken into account through the gaussian priors of
eq. 4. For both the ARCA6 and ARCAS running periods, the same uncertainties were considered.
For the signal, an overall uncertainty of 20% for every energy bin is assumed. For the background
the total uncertainty, for every energy bin, is given as:

oB; = \/0_1%/11' + ‘Ti,- = \/O—sztat,(Mi) + ‘Tyzlam/mc,(Mi) + O-sztaz,(Ai) * 0—s2imulation,(Ai) ®)

since the background (B) consists of of atmospheric v + ¥ (A) and atmospheric y (M).

Here, 0rar,(m;) and Orar,(4,) is the statistical error for atmospheric muons and atmospheric
(anti)neutrinos respectively. 0yara/me,(M;) is the systematic uncertainty for the atmospheric muon
background estimation equal to 40% due to the difference between data and the expected events
from MC simulation. o;mutarion,(A;) is the collective uncertainty on the atmospheric (anti)neutrino
simulation, equal also to 40%. Uncertainties on the (anti)neutrino simulation come from the effect
of uncertainties on the water properties, the uncertainty on the PMTs efficiency and the atmospheric
(anti)neutrino flux normalization [11].

5. ARCA19/ARCAZ21 samples

A similar procedure, as the one described in previous sections, was followed for the ARCA19
and ARCA21 data samples. After some tests, the same Preselection as for ARCA6/8 periods was
applied to the ARCA19/21. A special MC production dedicated to be used in machine learning (ML)
techniques was made for both the ARCA19 and the ARCA21 periods. A BDT was trained on the
combination of the two ML samples with the same class 0 and class 1 as for ARCA6/8. The model
used the same hyper-parameters and similar input variables. An additional constraint based on a
different way of calculating the length of the track was applied for ARCA19/21. The optimization
of the BDT and the MRF procedure returned a BDT score > 0.45 and 1ogE¢stimare > 4.12 GeV,
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and BDT score > 0.40 and logE ., s/imare > 4.36 GeV for ARCA19 and ARCA21 respectively. The
same statistical analysis strategy was followed for those two periods. After applying the BDT score
cut, a fit to the atmospheric muon energy distribution was performed for both periods. No other
modifications to the MC were made (in contrast to ACA6/8). Following eq. 5, a conservative
systematic uncertainty of 40% was applied to the atmospheric muon contribution, and also a 40%
systematic uncertainty on the atmospheric (anti)neutrino simulation. A 20% total uncertainty was
applied to the signal. The same binned-likelihood method was exploited for the ARCA19/21 periods
and their combination with ARCAG6/8.

6. Results

For the computation of the Likelihood, 8 bins for the logE,ssimare € [4,6] were used for each
period. The spectral index was scanned in the range [1,4], and the flux normalization, ¢g, in
[0.001,10].

By profiling the posterior (eq. 4) to specific spectral indices, the upper limits (U.L.s) to the
diffuse astrophysical neutrino flux are found. In Table 2, the 90% confidence level (C.L.) U.L.s are
given for our baseline y = 2.37 and also for v = 2.0 and 2.5 in order to compare with the values
reported by ANTARES’ all-flavour search for a diffuse flux with 9 years of data [12].

ARCA6+8 | ARCA19+21 | ARCA6+8+19+21 | ANTARES || 5% quantile | 95% quantile
v=2.0 5.11 3.13 2.09 4.0 15.07 TeV 11.71 PeV
v =237 6.92 4.68 3.06 5.88 TeV 1.73 PeV
vy=25 6.76 4.94 3.12 6.8 4.43 TeV 1.03 PeV

Table 2: 90% C.L. upper limits for ARCA6+ARCAS and ARCA19+ARCAZ21 periods and their combination
compared with 9 years of ANTARES, computed for the central 90% energy range of the signal events.
Numbers reported are x107'8[GeV~'em™2s~!sr™!] in accordance to eq. 1. Energy quantiles refer to the
combined ARCA6+8+19+21 period.

The convolution of sensitivities and U.L.s for selected spectral indices in the range [2.1,2.5]
in terms of energy-flux E>®(E) versus the (anti)neutrino energy, calculated for the central 90%
energy range of the signal events, can be seen in Figure 4.

7. Conclusions and outlook

In this work, an analysis of the full dataset collected from the first KM3NeT/ARCA config-
uration of appreciable volume, namely ARCA6 & ARCAS, and also of the recent configuration
ARCA19 & ARCAZ21 was presented, focusing on the search for a 3f diffuse astrophysical neutrino
flux. Calculations were performed using as a baseline the one-flavour IceCube neutrino flux with
®y = 1.44 - 107'® and y = 2.37 at 100 TeV normalization. An event selection was applied for all
periods with a similar preselection and by considering only upgoing events. A BDT was used to
further discriminate signal from background. The MRF procedure was applied for selecting the
BDT score and the cut on the optimal energy estimate for each period. A binned likelihood method
was used for the statistical analysis of the signal properties. Statistical and systematic uncertainties
were taken into account. The 90% upper limits set on the cosmic neutrino flux for various spectral
indices are reported, and compared with the ones obtained with 9 years of ANTARES data. The
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Figure 4: (Left) Convolution of sensitivities at 90% C.L. for selected y in range [2.1,2.5] for
ARCAG6+ARCAS8, ARCA19+ARCA21 and their combination, computed for the central 90% energy range
of the signal events. (Right) Convolution of U.L.s at 90% C.L. for the same spectral indicies and energy
ranges. As a comparison, IceCube’s and ANTARES’ 1-flavour best fit flux is drawn.

results are within expectations and demonstrate the potential of KM3NeT/ARCA for measuring a

diffuse astrophysical neutrino flux.
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