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Abstract—The analysis of atmospheric muons detected in the LVD underground experiment (Gran Sasso,
Italy) has been completed. Atmospheric muons and the low-energy background that the LVD detects
undergo annual (seasonal) variations. The background is created by gamma quanta from decays of 222Rn
daughter nuclei. Variations are due to seasonal fluctuations in radon concentration and additional injection
of radon from groundwater associated with tectonic activity. At the LVD, research is underway to identify
the relationship between the behavior of radon fields and seismic activity. The paper will discuss various
sources of variations associated with geophysical aspects (the influence of the moon’s motion; changes in
pressure, humidity and temperature; seismic activity).
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1. INTRODUCTION

The study of cosmic ray and background vari-
ations in underground experiments is important
for low-background experiments to search for rare
events. The dominant source of background in un-
derground laboratories at low energies (0.5–5 MeV)
is the spontaneous fission of uranium and thorium
nuclei and their daughter nuclei (mainly radon). In
the energy range (>5 MeV), the background source
is neutrons from the αn-reaction from radon and
neutrons from cosmic ray muons.

The connection between changes in the back-
ground in cosmic ray measurements and various geo-
effects and technogenic factors is observed and dis-
cussed in many works [1–3]. A change in the concen-
tration of radon in the air of an underground labora-
tory may indicate tectonic activity in the earth’s crust
[3–5]. Variations in radon concentration also depend
on meteorological parameters such as soil moisture,
precipitation, temperature, atmospheric pressure and
relative humidity [6–8]. The concentration of radon
is strongly influenced by seasonal and diurnal effects,
which were observed in several publications [2, 9].
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We show that by studying the background of the
LVD experiment designed to monitor supernova ex-
plosions, namely to detect neutrinos from collapsing
stellar cores, many effects can be observed associated
with variations in cosmic ray muons and radon un-
derground.

2. DETECTOR DESCRIPTION
The main scientific goal of the long-term LVD

experiment is the search for neutrino radiation from
stellar collapses [10]. The Large Volume Detec-
tor (LVD) located in the underground laboratory of
Gran Sasso (Italy, near the city of L’Aquila) at a
depth of 〈H〉 = 3650 m w.e., consists of 840 scintil-
lation 1.5 m3 counters filled with a liquid scintillator
(CnH2n). For different scientific tasks, the detector
has two energy thresholds: the upperEHET = 4 MeV,
and the lower ELET = 0.5 MeV [11]. The low-energy
threshold data is used to study the background of the
experiment and control the operation of the counters.

The LVD is capable of detecting all types of neutri-
nos by reactions of interaction with the nuclei of sub-
stances included in its structure—hydrogen, carbon,
iron. The main reaction of antineutrino interaction is
inverse beta decay (IBD reaction) ν̄e + p → e+ + n,
which creates two detectable signals: the first signal
is caused by a positron, and the next signal comes
from the capture of a neutron by a proton (Eγ =
2.2 MeV, average capture time of about 185 μs) or
iron, which is part of the setup structure (〈Eγ〉 ∼
7 MeV, τ ∼ 110 μs).
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Fig. 1. Variations in the count rate of vertical muons (a), all muons (b), and horizontal muons (c), epoch superposition method.
Bin for (a) and (c) is 5 days, for (b) is 1 day. Curves are approximation f(t) = P3 + P1 cos(2π(t− P2)/365).

To detect atmospheric muons in the LVD setup,
scintillation counters with an energy release of more
than 50 MeV are used, which worked in a time range
of less than 300 ns [12]. The average intensity of the
registered muons is Iμ = 3.35 × 10−4 m−2 s−1 [13].
The modular structure of the detector makes it pos-
sible to separate muons of the vertical and horizontal
directions using the arrangement of the [14] counters.

3. VARIATION OF ATMOSPHERIC MUONS

The flux of atmospheric muons underground un-
dergoes seasonal (annual) variations associated with
changes in atmospheric temperature and the passage
of muons through a thick layer of rock [15]. The
positive temperature effect is associated with seasonal
variations in the number of decays, mainly of the first
generation of pions, which increases with the expan-
sion of the atmosphere and decrease in the density of
its upper layers (at an altitude of ∼30 km) in summer
and vice versa—in winter.

Characteristics of seasonal variations in muon
fluxes of different directions in the period from 2001
to 2018 were obtained from LVD data. The am-
plitude and phase of seasonal variations (Fig. 1)
for horizontal and vertical muons were determined
by the method of “independent simple hodoscopes.”
The modulation amplitude for horizontal muons is
δIh = (1.7 ± 0.3)%. The modulation amplitude for
vertical muons is δIv = (1.0 ± 0.2)% [14]. The
variation amplitude of δItot = (1.56 ± 0.08)% for the
total number of muons (all directions) detected by the
setup was obtained [13].

4. LOW-ENERGY BACKGROUND VARIATION

Seasonal (annual) changes also experience a low-
energy background, which is detected by the LVD

(Fig. 2). This background is created by gamma
quanta from decays of daughter nuclei of radon 222Rn.
Gamma radiation is generated mainly by bismuth nu-
clei, which, due to β-decay, transform into polonium
with a characteristic time of 19.7 min. The energy
spectrum of gamma radiation covers the range from
0.6 to 2.5 MeV. Based on experimental data from
2008 to 2016, using the epoch superposition method,
the amplitude (4 ± 2)% and phase (8.1± 0.4) month
of seasonal variations in the background associated
with the release of radon from the soil were obtained.
Since radon is mainly carried by groundwater, its
maximum concentration in the atmosphere of the hall
is reached during the period of maximum water flow
in the surrounding soil, that is, in September.

The detector also observes daily and weekly back-
ground variations [16]. As a result of the analysis
of the data of the LVD on the low-energy threshold
ELET, the dependence of the radon concentration on
the daily production activity in the underground halls
of the Laboratory was established [17]. Weekly vari-
ations are associated with working and non-working
days, and daily variations are associated with opening
doors at the beginning and at the end of the working
day.

The average concentration of radon 222Rn in hall
A, where the LVD detector is located, is 25 ± 8 Bq/m3.
We have observed a fairly noticeable correlation
between background signals in the LVD and alpha
decays due to 222Rn [18].

A long-term analysis of the low-energy pulse
(C(r)/〈C(r)〉) was carried out from 2001 to 2021.
Figure 2 shows the time series of observations nor-
malized to the average for 2019.
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Fig. 2. Variations in low-energy background according to LVD data for 2019. There is 1 day in the bin.
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Fig. 3. Variations in high-energy background according to LVD data for 2019. There is 1 day in the bin.

5. HIGH-ENERGY BACKGROUND
VARIATION

Another source of background in the energy range
(above 5 MeV) are neutrons from the αn-reaction
from radon decay and isolated neutrons from cosmic
ray muons. These muons pass through the rock and
do not enter the detector. Isolated are neutrons, the
appearance of which is not associated with muons
either in time or space. The spectrum of isolated neu-
trons underground is formed at the boundary between
the rock and the experimental hall. Being equally
likely generated over the volume of the rock, these
neutrons pass through its various thicknesses and
reach the walls of the hall. The total neutron flux from
muons in the rock of the Gran Sasso laboratory is
4.58 × 10−10 cm−2 s−1 [19].

To find changes in the counting rate of high-
energy (trigger pulses with EHET > 5 MeV) back-
ground events, we excluded muons and muon groups.
We selected events in which only one triggering pulse
was activated inside the detector (80 counters × 3
LVD towers). By this selection, we isolated pulses
from gamma quanta from captures of neutrons on
iron (〈Eγ〉 ∼ 7 MeV) and pulses from recoil protons
from the interaction of fast neutrons generated by

muons that passed near the detector. In the analysis,
we took into account only stable working counters,
therefore the number of pulses is given per counter.
Figure 3 shows the data of the high-energy back-
ground (C(tr)/〈C(tr)〉), normalized to the average
value for 2019.

6. EFFECT OF GEOPHYSICAL,
TECHNOGENIC FACTORS
AND SEISMIC ACTIVITY

The change in radon concentration is influenced
by geophysical, technogenic factors and seismic ac-
tivity, which leads to an accelerated release of radon
from the rock (especially in sedimentary rocks).

Supply ventilation creates an excess of pressure,
when the gate is opened, the pressure drops down
and radon begins to come out of the walls intensively.
Thus, opening and closing the gates to the room
where the installation is located affects the counting
rate of the detector. The passage of cars through
the transport tunnel causes vibration of the ground,
as a result of which the release of radon into the
atmosphere of the hall increases. These sources of
variation were studied on the LVD detector from low-
energy background data in [20].
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Fig. 4. The power of earthquake shocks per day (upper panel), and variations in the high-energy background (С(tr)/〈С(tr)〉)
according to LVD data (lower panel) for 2019. The arrows at the top show powerful earthquakes (M > 4.5) and their
geographic location. Below are the phases of the full (•) and new moon (◦).

The high water saturation of the Gran Sasso rock
in summer leads to an accelerated transfer of radon;
therefore, seasonal variations in the concentration of
radon are observed [16].

The Apennine Peninsula is located at the junc-
tion of three tectonic plates: African, Eurasian and
Adriatic (Apulian). Due to this complex geological
structure, Italy is at risk. This region is characterized
by mountain formations, volcanic and seismic activ-
ity. Seismic activity causes deformation of the earth’s
crust, as a result of which the number of microcracks
increases, stress arises and vibration of the soil in-
tensifies, which leads to a significant increase in the
concentration of radon.

Using the data of the Italian National Institute
of Geophysics and Volcanology [21], we plotted the
dependence of the “power of earthquakes” per day for
2019. Within one day, we summed up the magnitudes
(M > 2) at a distance of 250 km from the LVD setup
(Fig. 4 (top panel)). This method was applied in the
article [2]. It allows one to identify earthquakes with a
sufficiently large “impact” on the earth’s crust: if the
earthquake was strong and was far away, but many
small shocks near the detector, superimposed during
the day, created a large “power.” At the same time,
small shocks at different times do not contribute and,
most likely, do not affect the release of radon.

In Fig. 4 the thick arrows at the top show strong
earthquakes. The strongest were November 7, 2019
near the LVD (L’Aquila) and November 26, 2019 in
Albania (there were also a lot of aftershocks at the
same time near the setup). We also noticed the fact
that when strong aftershocks are observed in Turkey
and Greece (M > 5), then at the same time there
are many shocks of small magnitude (M > 3.5–4) in
the area near the city of L’Aquila. This explains the
ejection (ΣM > 15) in the top panel of Fig. 4.

Is it possible to compare the peaks in the “earth-
quake power” graph with peaks in the behavior of the
background at the high-energy threshold? Assuming
that an increase in stress in the earth’s crust both
at the moment and before an earthquake leads to an
increased release of radon [22], one can try to see the
peaks (10 days before the earthquake).

The tidal forces associated with the lunar cycle are
likely to increase the release of radon. Figure 4 below
shows the phases of the moon in 2019. Four periods
can be distinguished where there is an increase in the
high-energy background during the new moon and
its decrease during the full moon (period from 60 to
170 days of the year). In Fig. 4, this period is marked
with thin arrows and a dashed curve describing the
data. However, this pattern disappears outside of this
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period. Dashed long arrows show the moments of
severe thunderstorms in Italy in 2019.

7. CONCLUSIONS

The change in radon concentration is influenced
by geophysical, technogenic factors and seismic ac-
tivity, leading to an accelerated release of Rn from the
soil (especially in the condition of sedimentary rocks).

Our measurements show that the background of
the neutrino detector in different energy ranges is sen-
sitive to different effects associated with the release of
radon. It is necessary to further study the relationship
of these effects with the involvement of seismic sta-
tions and instruments, such as, for example, the lidar
[23] to study the precursors of earthquakes. Joint re-
search of different technologies may provide a chance
for the development of new algorithms for earthquake
prediction.
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