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Nuclearites are hypothetical, massive particles of Strange Quark Matter (SQM) introduced by E.
Witten in 1984. They are composed of approximately equal quantities of up, down, and strange
quarks. Due to the third quark flavor component which leads to a total energy lower than in
the case of nuclear matter, SQM could represent the ground state of Quantum Chromodynamics
(QCD). The detection and characterization of nuclearites could also bring important contributions
to the Dark Matter physics. KM3NeT is a network of deep-sea neutrino telescopes placed in the
Mediterranean Sea, optimized for the search for high-energy cosmic neutrinos (KM3NeT/ARCA)
and the study of neutrino properties with atmospheric neutrinos (KM3NeT/ORCA). Nuclearites
above a mass threshold of 10'> GeV/c? having velocities of approximately 250 km/s could reach
the ground and interact in the detector through elastic collisions. A fraction of the energy generated
in these collisions is dissipated as visible blackbody radiation. A customized Monte Carlo (MC)
program was used to simulate the propagation and the signal of nuclearites inside the KM3NeT
detector. The background considered for this study is represented by the “°K decay, which is
added during the filtering stage of the MC output, and by the simulated atmospheric muons. The
analysis uses selection cuts in order to remove the main background of atmospheric muons and
to estimate the sensitivity of the detector. Preliminary results on the sensitivity of the KM3NeT

neutrino telescope to a flux of massive down-going nuclearites will be presented.
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1. Introduction

Nuclearites, or Strange Quark Matter (SQM) aggregates, are hypothetical slow (~250 km/s at
the entry in the atmosphere), massive, and compact particles introduced by E. Witten in early 1984
[1, 2]. The theory assumes that they are composed of three quark flavors (up, down, and strange)
[2] and their structure is similar to that of an atom (nucleus and electronic shell) [2, 3]. Due to the
third quark flavor component which leads to a total energy lower than in the case of nuclear matter
[4, 5], the strange quark matter could be the ground state of the Quantum Chromodynamics (QCD)
[1, 6, 7]. The confirmation of this hypothesis could bring an important contribution to fundamental
physics.

The detection of nuclearites could be done through the blackbody radiation emitted in the
visible spectrum as a result of the elastic collision with the atoms of the transparent media along
their paths [2]. Considering this feature, nuclearites could be detected in large-volume underwater
neutrino telescopes.

As the Coulomb repulsion does not allow direct nuclear interactions with atoms due to the
electronic shell, nuclearites interact predominantly through elastic and quasi-elastic collisions. The
energy emitted in these collisions overheats the medium along the particle trajectory. In transparent
media, such as water, a part of this energy is dissipated as blackbody radiation in the visible
spectrum, denoted luminous efficiency (17 ~ 3 - 1073) [2]. The energy loss follows Equation 1 [2]:

E
fl—x = —opv’, (1)

where o is the cross-section of the nuclearite, p is the medium density and v is the velocity of the
particle. The velocity follows the Equation 2 [2]:

o (L
v(L) =vp - eW’ﬁ’ pdx, )

where L is the length of the path, v is the nuclearite velocity at the entry into the atmosphere and
M is the nuclearite mass.

The cross-section of the nuclearites can be computed as a function of their mass (see Equation
3) 2]
ﬂ(:ﬁ’;’v)% cm?, for My > 8.4-10'% GeV
o= 3)
n-1071% cm?, for My < 8.4-10'* GeV

where py = 3.6 - 10'* g/cm? is the density of the nuclearite.

The number of emitted photons per unit length is given by Equation 4 [2]:

dN, dE [ dx

o E) 4)

where (E,) =~ 3.14 €V is the average energy of the photons emitted in the visible spectrum.
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A very important aspect regarding the detection of nuclearites with such instruments is the
constant background present at the detectors level [10]. The main background component for
nuclearites at the detector depth is represented by atmospheric muons [8, 10], while the *°K decay
and the bioluminescence (in the case of ORCA) also play an important role [8, 9].

2. The KM3NeT sensitivity to nuclearites

The KM3NeT detector is composed of two configurations of photomultiplier (PMT) arrays,
currently under construction in the Mediterranean Sea: ARCA (Astroparticle Research with Cos-
mics in the Abyss) and ORCA (Oscillation Research with Cosmics in the Abyss). KM3NeT/ARCA
will have two building blocks with 115 detection units (DUs) each, with the goal of identifying
the high-energy cosmic neutrino sources. KM3NeT/ORCA will have a single, and more compact
building block with 115 DUs. Its goal is to find a solution for the neutrino mass hierarchy problem.
The two arrays are similar, both comprising DUs with 18 digital optical modules (DOMs) and 31
PMTs per DOM. However, the main differences are in the distribution of the detection instruments,
size, and depth.

Massive particles of SQM that propagate through water could be detected by the light emitted
from the blackbody radiation generated at the interaction of the particle with the atoms and molecules
of the medium.

In this analysis, nuclearite events were generated with a dedicated MC program [11] for a mass
range of My € [3- 103 = 10'7] GeV/c? for both of the KM3NeT configurations. The initial flux
of SQM particles considered in the simulation is 1000 events per mass. The MC production was
carried out using the GRID platform hosted by the IN2P3/CNRS Computing Center.

In [11] it is shown that nuclearites that are propagated through underwater detectors, like
KM3NeT or ANTARES, induce events that could be easily recognized by the large hits number and
signal duration (> 1 ms).

In order to determine the feasibility of nuclearite detection with the KM3NeT underwater
detector, the sensitivity of the detection instrument must be computed. This study takes into
account simulated background noise due to the atmospheric muon flux at the depth of the detector.
The background due to the “°K decay in sea water is also added in the processing step.

The strategy of the analysis aims to first establish the best selection criteria that could separate
the nuclearite signal from other background noise present in the seawater that could be recorded by
the detection instruments and then to determine the sensitivity of the detector to a flux of nuclearites.
In order to make the selection, the relevant selection criteria are chosen and then a series of cuts
are evaluated to establish the optimal ones for the considered selection criteria. This is done by
minimizing the rejection factor (MRF method) [13]. The MRF technique consists of varying the
cuts in small steps in order to obtain optimum cuts for the discrimination variables, that are leading
to the maximization of the sensitivity results.

A KM3NeT analysis software has been used to separate the nuclearite signal from the back-
ground noise. The package includes a program that filters the MC data by using two muon trigger
algorithms which are based on the maximum time-correlated light that can be observed on any
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DOM within the detector and the maximum time-correlated light that can be observed on any PMT
within the detector under a track assumption.

As it was mentioned before, in the case of nuclearite detection the flux of down-going atmo-
spheric muons is a crucial background component. To separate the muons signal from the nuclearite
MC data, a MC atmospheric muon production (10 TeV and 50 TeV energy thresholds for ARCA
and 1 GeV for ORCA) obtained with the MUPAGE software [12] was used.

Nuclearites are slow particles compared to atmospheric muons, which are relativistic. Thus,
due to the large signal duration and strong luminous signal relative to muons, a single nuclearite
can give rise to many triggered events. This nuclearite particularity can be observed also in Figure
1 and Figure 2 where it can clearly be seen that the distribution of the triggered events per timeslice
in the case of nuclearites has a relatively wide range. A timeslice is a collection of all frames of the
detector that correspond to the same timestamp.
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Figure 1: Distribution of the number of triggered events per timeslice in the case of KM3NeT/ARCA115.

Comparing Figures 1 and 2, one can observe there is an important difference regarding the
multiplicity distribution between ARCA and ORCA. There are ORCA events with multiplicity
values larger than for ARCA, particularly for smaller masses, as the triggered events are also more
numerous. The characteristics mentioned above are a consequence of the higher PMT density of
ORCA and are summarized in the first half of Tables 1 and 2.

After the filtering process, the next step is event selection. Three selection variables were
considered for the nuclearite events: the triggered hits (an L1 trigger that occurs when at least two
hits are detected in a given time interval at the same DOM), the snapshot hits (the raw hit information
on all hits in a time interval larger than the triggered event) and the snapshot duration (the time
interval between the first and the last snapshot hit: [Tazin7rig - TExtra» TMaxTrig + TExtral, where
TrinTrig 18 the time of the first triggered hit, Tazqx7rig 1S the time of the last triggered hitand Ty,
is the time offset for snapshot). The most promising discrimination variable to reduce atmospheric
muon background is the snapshot duration (see Figure 3), as a larger number of nuclearite events
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Figure 2: Distribution of the number of triggered events per timeslice in the case of KM3NeT/ORCA115.

pass this cut.

In the event selection of the data, it is very important to apply appropriate cuts in order to
discriminate better between the noise and relevant signal. In this matter, for the optimization of
the cuts, the atmospheric muon distributions were fitted and extrapolated by using a normalized
form of the Gaussian function in the case of the snapshot duration variable for KM3NeT/ARCA
and an exponential function for KM3NeT/ORCA. The optimal cuts for the two configurations are
illustrated in Figure 3 by the red dashed lines. In this figure, the snapshot duration distribution is
represented versus the MC events, considering the largest snapshot within the MC event.

Nuclearite Remaining Remaining Snapshot duration (MC)
mass (GeV/c?) MC events triggered events > 19000 ns
3-101 21 21 0
104 94 223 71
101 344 11737 319
1016 468 8645 430
107 609 8276 577
. 9060195 (10 TeV) | 9060195 (10 TeV) _
Atmospheric muons | ¢4 155 (50 Tev) | 3261452 (50 TeV) 4.92443 - 107

Table 1: Output of the optimal cuts on the discrimination variables for KM3NeT/ARCA.

Nuclearite Remaining Remaining Snapshot duration (MC)
mass (GeV/c?) MC events triggered events > 6700 ns
3-108 339 1062 1
101 252 2992 29
108 154 2832 62
1016 200 4651 101
10Y7 258 7792 144
Atmospheric muons | 103935982 (1 GeV) | 103941853 (1 GeV) 3.91748 - 1073

Table 2: Output of the optimal cuts on the discrimination variables for KM3NeT/ORCA.
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Figure 3: Distribution of the snapshot duration for MC events, considering the largest snapshot from the
MC event. The optimal cut is represented by the red dashed line.

After the evaluation of the cuts, the acceptance and sensitivity of KM3NeT/ARCA and
KM3NeT/ORCA to a flux of down-going nuclearites were computed and the sensitivities were
compared to the upper limits obtained for MACRO [14], SLIM [15] and ANTARES (839 days
of 2009-2017) [16]. The sensitivities at 90% C.L were computed by using the Feldman-Cousins
formula [17] (Equation 5), considering nuclearite events with a Poisson distribution.

P90 = %, )
where g9 was determined from the expected background using the extrapolation of the atmospheric
muon distribution, T corresponds to 1 year of live time, and A is the effective acceptance of the
detector (see relation 6) [17]:

— S-N, nucl

A ,
Nsim

(0)
]I\\’]’ii‘;’ is the ratio of the number of nu-
clearite events that passed the selection cuts to the number of simulated events. The results for
KM3NeT/ORCA115 and KM3NeT/ARCA230 are presented in Figure 4.
The results regarding the optimized cuts for ARCA and ORCA applied to the MC data for the
snapshot duration variable are listed in Table 3 and 4 together with the background, MRF values
and the sensitivity of the KM3NeT detector to massive nuclearites.

where S is the area of the simulation hemisphere and

Nuclearite Remaining Remaining Background MRF Sensitivity 1yr
mass (GeV/c?) | MC events triggered events (cm~Zsr1s71)
10 71 109 4.92443.107° | 0.0343732 | 2.0856- 10"

1015 319 3698 4.92443 - 107° | 0.00765047 | 4.642-10718

1016 430 2410 4.92443 - 107° | 0.00567558 | 3.4437-107'8

10"7 577 2450 4.92443 -107° | 0.00422964 | 2.5664 - 10718

Table 3: Output of the applied cut (19000 ns) on snapshot duration variable and the sensitivity estimation
for KM3NeT/ARCA115 configuration to a flux of massive down-going nuclearites.
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Figure 4: Preliminary sensitivities of ARCA and ORCA to a nuclearite flux compared to MACRO [14],
SLIM [15], and ANTARES [16] upper limits.

Nuclearite Remaining Remaining Background MRF Sensitivity 1yr
mass (GeV/c?) | MC events | triggered events (cm™2sr~1s71)
31013 1 2 3.91748-107> | 2.44003 | 4.10061 - 1071
1014 29 377 3.91748-1075 | 0.084139 | 1.414-107'6
1013 62 391 3.91748 - 107 | 0.0393553 | 6.61388 - 1017
106 101 650 3.91748 - 107> | 0.0241587 4.06- 10717
107 144 939 3.91748 - 107 | 0.0169447 | 2.84764 - 107

Table 4: Output of the applied cut (6700 ns) on snapshot duration variable and the sensitivity estimation for
KM3NeT/ORCA115 configuration to a flux of massive down-going nuclearites.

3. Conclusions

The background noise is an important aspect in the detection of nuclearites with an underwater
neutrino telescope. The nuclearite signal is influenced mainly by the continuous atmospheric muon
flux, but also by the luminous signal produced by the decay process of “°K always present in
seawater. The signal produced by the bioluminescent organisms in the Mediterranean Sea also
affects the signal of interest, but it was not considered in this analysis.

The preliminary sensitivity of KM3NeT/ARCA, determined for a flux of massive down-going
nuclearites at 90% C.L. is comparable to and could improve the ANTARES upper limits obtained
in [16] for 839 days of 2009-2017 data. The estimated sensitivity for KM3NeT/ORCA includes
also the lightest simulated nuclearites, but is poorer than the sensitivity of KM3NeT/ARCA and
ANTARES. At this point in the analysis, we can say that KM3NeT/ARCA configuration presents
better characteristics for the detection and characterization of these exotic particles.
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