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The search for long-range correlations among air showers is one of the main goal of the Extreme
Energy Events (EEE) Project. The existence of such events has only been supposed theoretically
through several physical mechanisms, the most convincing being the so-called GZ effect, based on
the photodisintegration of a heavy primary nucleus in the solar field. Even with a large detector
coverage, current rate expectations are of few events per year.

To measure time correlations among distant air showers, sparse arrays of detection stations spread
over large areas are needed. A very limited number of experimental setups can perform this
measurement and few experimental results have been reported over the past years.

Started in 2004 the EEE project is a network of about 60 cosmic muons tracking telescopes
made by 3 wide area Multigap Resistive Plate Chambers (MRPCs), sensitive to the direction of
incident charged cosmic particles. The telescopes are distributed over the whole Italian territory,
thus making the EEE array an ideal tool for the detection of long-range time correlations among
extensive air showers.

In this paper we will describe the analysis strategies adopted to search for such rare correla-
tion events, together with the results obtained analysing the full statistics collected by the EEE
telescopes.
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1. Physics motivations

Since their discovery, cosmic rays represent one of the most fascinating field of research
because of their unique characteristics. One way of learning about cosmic rays is using detectors
on Earth’s surface to observe aspects of the Extensive Air Showers (EASs) produced by primary
cosmic rays impacting our atmosphere. The study of longitudinal and lateral profiles of EASs
provides an indirect information about the energy, direction and composition of primary cosmic
rays generating them. The observatories currently in operation for the study of cosmic rays usually
consist of arrays of several detectors covering an area large enough to detect EASs induced by
extremely high-energy cosmic rays. However, they are usually not able to observe the arrival of
widely-separated simultaneous extensive air showers. In this sense, a globally-distributed network
of detectors would be an innovative instrument for the investigation of cosmic rays, providing the
possibility to reveal phenomena not yet experimentally observed on a planetary scale.

The mechanisms which are able to explain the existence of correlations between individual cosmic
ray showers at large distances are still not known, representing an interesting challenge in cosmic
ray physics. Basically, they may be classified into two different classes: one implying the existence
of two primary cosmics, originating from the same source and producing independent showers in
the Earth’s atmosphere; the other related to the possibility that a single primary interacts with the
interstellar medium and/or the radiation field, thus producing two intermediate products which in
turn produce the two showers. The second category is based on the assumption that the space
through which cosmics travel before interacting with the atmosphere is not an empty space; on the
contrary it is an extremely complex environment, where different processes may occur. A leading
example is the Gerasimova-Zatsepin (GZ) effect [1], which predicts the possibility to observe
correlation of individual cosmic showers at large distances — in the order of ten or hundred km —
resulting from the photodisintegration of ultra high-energy cosmic ray nuclei in the solar radiation
field. The distance among the showers, the influence of the Sun magnetic field and the probability to
observe such events depend however upon several factors. Detailed numerical simulations (see for
example Refs. [2—-10]) have been carried out in the past years but the existing estimates of the event
rate are subject to large uncertainties mainly because the nuclear composition of ultra high-energy
cosmic rays is poorly known: current rate expectations range from 1073 to 1 event per km? per
year. Moreover, the GZ effect is just one of the phenomena which can explain the observation of
simultaneous widely-separated showers. As a consequence, the true rate of long-range coincidences
between EASs is essentially unknown.

To date, no certain evidence of these mechanisms has been experimentally confirmed, possibly
owing to the limitations of existing observational technology. In the past, the LAAS [11-13]
and ALTA/CZELTA [14, 15] Collaborations have reported on preliminary large-scale coincidences
between extensive air showers, whereas other detector networks, employing a large variety of
technologies, are currently performing campaigns to detect simultaneous showers. In this scenario
the EEE Project [16] has built a sparse array of cosmic ray telescopes, spread over the Italian
territory, with the ambitious goal of looking for long-range correlations between EASs.

In Section 2 a detailed description of the EEE experiment and its detection setup is given, while the
analysis strategy and the first preliminary results are addressed in Section 3 and 4 respectively.
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2. The EEE experiment

The EEE experiment was born from an initiative of the Enrico Fermi Research Center in Rome,
in collaboration with INFN (Italian National Institute for Nuclear Physics), CERN and MIUR (the
Italian Ministry of Education, University and Research). The EEE experiment design features an
array of charged-particle tracking telescopes, based on MRPC technology, which are very similar,
conceptually, to the chambers developed for the Time-Of-Flight system of the ALICE experiment
at LHC. Currently, with about 60 telescopes installed across Italy and CERN, the EEE network
is the largest and longest-living MRPC-based system. Except for few cases, where telescopes are
installed in the same metropolitan area, the separation distance between telescopes pairs exceeds
the size of individual EASs, thus allowing to search for potential rare coincidences between two
different air showers detected in sites placed hundreds of kilometres apart. Moreover, thanks to
such a configuration, the research program of the EEE experiment also includes the study of the
properties of the local muon flux measured by each telescope and the detection of high-energy
extensive air showers by looking at the coincidences between telescopes in the same metropolitan
area.
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Figure 1: Sketch of a EEE telescope.

A typical EEE telescope, sketched in Fig.1, consists of 3 large area MRPCs, that have been
specifically designed in order to fulfil several requirements: large detection area (~ 80 X 160 cm?),
contained cost, long term operation, high efficiency and good time resolution. Each MRPC has six
gaps obtained by a sandwich of 7 glass plates spaced 300 yum, flushed with a small but continuous
flow of gas mixture made of CoHyF4 (98%) and SF¢ (29%). The high voltage applied to the outer
glasses, typically in the range 18-20 kV, is provided by a set of DC/DC converters and generates
a uniform electric field between glass electrodes. The ionization signal produced by a charged
particle traversing the detector is induced on the 24 readout copper strips (2.5 cm wide with 0.7
cm pitch), that are laid out on both sides of the stack. The signal drifts to both the ends of the
strip and is read by front-end cards: the y coordinate (short side) is determined by the strip on
which the signal is induced, whereas the time difference of the signals arriving at the two strip
ends, measured by commercial multi-hit TDCs, provides the x coordinate (long side). The impact
position is reconstructed on each chamber with a resolution of the order of 1 cm on the transverse
coordinate (as expected due to the strip pitch) and 1.5 cm on the longitudinal coordinate, in very good
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agreement with the expectations. The average time resolution is approximately 240 ps, allowing
a precise measurement of the time of flight between the top and bottom chamber. An efficiency
better than 90% is reached by 77% of the chambers, with possible sources of inefficiencies related
to ageing effects or/and dead strips [17, 18]. The trajectory of the charged particles crossing a
telescope is obtained by fitting the impact points reconstructed on the 3 MRPCs, which are placed
at a distance of 50 cm from each other. Each telescope is equipped with a Spectracom PCI Global
Positioning System (GPS) card, that provides the event time stamp with a precision of the order of
40 ns, guaranteeing the synchronization between the telescopes.

The EEE network has grown over the years, starting its operation in 2004 with a set of only 7 pilot
sites and now running at full operation with up to 62 telescopes in simultaneous and centralized
data taking. The detector performance and the statistics collected so far by the EEE telescopes
allow a large variety of studies, which include for example the measure of the local cosmic ray
flux and its space weather-correlated features [19, 20], the search for anisotropies in the muon
angular distribution [21] and the detection of extensive air showers producing time correlations in
EEE stations in the same metropolitan area [22]. In addition to these studies, the extension of the
EEE network opens the possibility to measure time correlated events at distances never addressed
before. The separation distances between all possible pairs of EEE telescopes is reported in Figure
2, showing that the largest distance between the telescopes of the EEE array is about 1200 km
(between CERN and Catania).

Finally, it must be mentioned that the peculiarity of the EEE Project is its innovative outreach
approach: almost all the telescopes are installed in Italian high-schools, where young students and
teachers play a primary role in the experiment, actively participating to the construction, operation,
data taking and maintenance of their detector [23].
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Figure 2: Distribution of the distances between any telescope pair in the EEE array, arranged with a bin size
of 20 km.

3. Analysis strategy

The main challenge in the search of long-range correlations between distant air showers is
related to their rare occurrence, which makes them easily confused with spurious coincidences. As
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a consequence, different strategies have been adopted, aiming at selecting a pure sample of EAS
events and thus reducing the huge amount of spurious coincidence events between telescopes. A
first attempt was performed limiting the study of time correlations to those sites of the network that
host at least two close telescopes (at a distance of few km): in these sites (in total 10), EAS events
are selected requiring the coincidence between close telescopes; once EASs are selected, we looked
for possible time correlations among these sites, for an equivalent data taking time of more than
4000 days. Even if such strategy led to the observation of 5 candidate events of EAS correlations
with unusually low p-value [24, 25], the analysed data correspond to a small fraction of the whole
statistics available, since most of the telescopes were not included in the analysis.

Alternatively, thanks to the large detection area and acceptance of the EEE telescopes, sometimes
two or more cosmic particles can be simultaneously detected by single telescopes in the same event.
Such a circumstance can be related to secondary cosmics belonging to the same EAS or to particles
originated from interactions of cosmic rays in the building surrounding the detector. Regardless
of their origin, the selection of multi-track events allows the reduction of the spurious coincidence
level when looking for time correlations between telescope pairs. As deduced from the histogram in
Figure 3, which shows a typical distribution of the number of tracks per event in one EEE telescope
(CERN-01), the number of events with 2 or more tracks corresponds to a few percent of the total
number of events. As a consequence, if the average acquisition rate of each telescope ranges from
15 to 50 Hz, depending on several factors (like the altitude and the detector plane distance), the
multi-track count rate is of the order of 1072 Hz if N,,4cks > 3. This leads to a level of spurious
coincidences of the order of few events per year in a time window of 1 ms, that is low enough if
compared to the probability to observe rare coincidences between EASs.
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Figure 3: Distribution of the number of tracks per event, reported as a percentage of the total number of
events.

All the statistics collected during the coordinated data-taking period (2015-2020) were pro-
cessed at CNAF in order to pre-select coincident multi-track events among all possible pairs of EEE
telescopes within a + 2 s time window. At this stage basic quality cuts were applied: the tracks
reconstructed in each event must have a y? < 10 and be approximately parallel to the seed track (i.e.



Looking for long-range correlations among the EEE telescopes P. La Rocca

the track with the best y? in the event), requiring that the cosine of the relative angle between each
track and the seed track is greater than 0.8. Under these conditions a sample of about 25 million
of coincidences was selected, almost all being spurious events due to the large coincidence time
window used. An additional cut on the separation distance among the involved sites (d > 5 km)
was applied in order to exclude coincidences between telescopes placed in the same town, which
are most likely due to the detection of a single EAS by two close telescopes.

The analysis strategy is based on the comparison of the experimental coincidences observed in a
small time window with respect to the expected background of spurious coincidences. An excess
of events could indicate the possible existence of long-range correlations between EASs. Such
comparison was performed for different values of time window, lower than 5 ms (i.e. the light-time
corresponding to the largest distance covered by the telescope pairs of the EEE array), and investi-
gating different conditions on the number of tracks per event, on the distance between the sites, on
the y? of the tracks and on the parallelism of the tracks in each telescope.

4. Results and outlook

The optimization of the cuts discussed in the previous Section led to the result shown in Figure

4, which was obtained imposing the conditions d > 5 km (to exclude true coincidences produced by
two telescopes detecting the same EAS) and Ny, 4cks > 3. In the plot the number of experimental
coincidences as a function of the time window (black points) is compared to the expected number
of accidental coincidences (red line), which was estimated scaling the number of coincidences
observed in + 1 s by a factor equal to the given coincidence time window.
For time windows larger than 1 ms, the experimental coincidences are compatible, within the
statistical uncertainties, with the expected spurious events. When smaller time windows are se-
lected, an excess of coincidences is observed: the maximum signal significance was obtained for
AT = 6.4 x 1077 s, at which we measured 48 events, against 29 accidental coincidences. An excess
of 19 + 9 events is abundantly higher than statistical fluctuations, being the corresponding p-value
of the order of 1073.

A more in-depth study of the characteristics of these 48 events shows that they seem to be
randomly distributed in terms of time of occurrence and distance of sites involved. Moreover, since
we have access to the direction cosines of the tracks reconstructed in each telescope, it is possible
to check if the candidate events are correlated in orientation as well as in time. Assuming that
the average direction of the tracks in a multi-track event is a good approximation of the EAS axis,
we studied the distribution of the relative angle between the axes of the coincident EASs. From a
first evaluation, the relative angles obtained for the candidate events do not significantly differ from
those obtained for accidental coincidences. It is worth mentioning that such result can be affected
by the finite angular resolution of the EEE telescopes in the reconstruction of the tracks (~ 1°) and
by the approximation done estimating the EAS axis as the average direction of the tracks.
Additional investigations are still ongoing, aimed at understanding the origin and characteristics of
multi-track events and to study the features of the candidates events, exploiting all the information
provided by the EEE telescopes.

The results discussed in this paper suggest a promising hint of the first detection of time correlated
EASs. The characteristics of the EEE array and its performance, together with the huge amount
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Figure 4: Number of coincident events (in black) as a function of the time window, compared with the
expected number of accidental coincidences (red line). The cuts d > 5 km and N, 4cks > 3 were applied.

of data already available, allows to conclude that the EEE array is an ideal system to perform the
search of rare long-range EAS coincidences.
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