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UNDERGROUND INVESTIGATION OF EXTENSIVE AIR
SHOWERS SPECTRA AT HIGH ENERGY RANGE OF COSMIC RAYS
AND OTHER RESEARCH IN THE PYHASALMI MINE

High energy particles reaching the Earth’s atmosphere are known as cosmic rays. As a result of inter-
actions with nuclei of air molecules, cosmic rays induce showers of secondary particles, which can be
divided into 3 components: electromagnetic, hadronic and muonic components. The Experiment with
Multi Muon Array (EMMA), located at the depth of 75 m in the Pyhisalmi mine in Finland, investigates
the muonic component of the Extensive Air Showers (EAS) to deduce the direction, energy, and the mass
of the primary cosmic ray particles. In this paper we give a concise description and methodology used
by EMMA followed by a brief review of the C14 experiment. Finally, we review the feasibility to host in
the Pyhisalmi mine a future large-scale liquid-based neutrino detector and implement a novel concept
of acoustic detection of neutrinos in bedrock utilizing the network of many kilometers of boreholes sur-
rounding the now-exploited ore body.

Key words: high-energy muon, cosmic rays, Extensive Air Shower (EAS), knee, EMMA.
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Pyhiisalmi waxracbiHAaFbl Fapbill CoOyA@AEPiHiH, XKOFapbl SHEPreTUKaAbIK,
AMarNa3oHbIHAA KEH, ayKbIMAbI HOCEP CMeKTPAEpiH XepacTbl 3epTTey

XKep armocdepacbl apkplAbl ©TETIH >KOFapbl 3Heprus OGOALIEKTEPiHIH afFblHbl  FapbIWTbIK,
coyaeAep peTiHae GeAriai. XKorFapbl sHEPreTUKaAbIK, Fapblll COYAECi GOALLEKTEPIHIH SAPOAbIK ©3apa
opeKeTTeCyi HaTUXKEeCIiHAE eKiHL peTTik GeAllekTep eHAIpeAl, oAapAabl 3 Kypamaac GeAikke Geayre
60AaAbI: IAEKTPOMArHUTTIK, aAPOHABIK, >KaHE MIOOHADIK,. DUHASHAMAAAFBI [TIOXSICaAMM LLIAXTACbIHAQ
75 M TepeHAiKTe OpHaAacKaH MyAbTU-MIOOH MaccuBi (EMMA) Gap IkcriepumeHT 6GacTtankbl Fapbill
coyAeci GeAweKTepiHiH 6arbiTblH, SHEPrUSICbIH >KOHE MACCACbIH WbIFAPY YIiH KeH 8ye HeCcepAepiHiH
(EAS) MIOOHADBIK, KypamMbiH 3epTTeiai. bya Makaraaa 6i3 DMma KOAAAHATBIH KbICKallla CMMaTTama MeH
dAiCHaMaHbl, copaH keniH C14 akcnepuMeHTiHe KbicKalla LWoAy Gepemis. AKbIpbiHAQ, 6i3 waxTasa
boAallaK, ipi KOAEMAI CyMblK, HEUTPUHAI AeTekTopAbl [OXSCaAMM  OPHAAACTbIPY MYMKIHAITIH
KapacTblpambl3 >XXoHe Kasipri KOAAAHbICTaFbl KEH KOAEMI KernTereH KMAOMETPAIK YHFbIMaAap XKeAiCiH
naMAaAaHa oOTbIPbIM, >ApPTacTaFbl >KbIHbICTApAAFbl HEMTPUHOHbI aKYCTMKACbIH aHbIKTAyAbIH >KaHa
TY>KbIPbIMAQMACBIH iCKe acblpambi3.

TyiiH ce3aep: XOFapbl SHEPrUSIAbI MIOOH, Fapblll COYAEAepi, KeH ayKbiMabl Hecep (KAH), Tize
anmarbl, EMMA
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MoA3emMHoe UCCAeAOBaHME CMEKTPOB LUMPOKUX aTMOCChepHbIX AMBHEH
B BbICOKODHEPreTMYeCKOM AMarna3oHe KOCMMYEeCKMX Aydeit B lwaxTe Pyhisalmi

YacTuLbl BbICOKOM 3HEPrum, AOCTUrarLLmMe aTMocepbl 3eMAM, M3BECTHbI Kak KOCMUYECKME AyUM.
B pesyAbTaTe B3aMMOAENCTBUS C SAPaMM MOAEKYA BO3AyXa KOCMMYECKME AyYM BbI3bIBAlOT MOTOKM
BTOPUYUHbIX YaCTHL, KOTOPbIE MOXKHO Pa3AEAUTb Ha 3 COCTaBASIOLIME: SIAEKTPOMArHUTHYIO, AAPOHHYIO
M MIOOHHYIO. IKCMEPUMEHT C MYABTUMIOOHHbBIM MaccBoM (EMMA), pacrnoAoXeHHbIM Ha rAy6uHe 75mM
B waxte [Moxscaamu B DUHASHAMM, UCCAEAYET MIOOHHYIO COCTaBASIOLLYIO LUMPOKMX aTMOCCepHbIX
AviBHel (EAS) AAS BbIBOAQ HaMpaBAEHWS!, SHEPTUM M MACChl YaCcTUL, MEPBUYHOIO KOCMUYECKOTO Ayya.
B 3Toi1 cTaTbe AaeTcs KpaTkoe OnMCaHWe U MEeTOAOAOTUS, UCNoAb3yeMass EMMA, a 3aTteM KpaTkuit
0630p akcnepumerTta C14. B ntore, paccMaTpmBaTcsl BO3MOXKHOCTb pasmellieHus B waxte [Mioxsacaamm
OYAYLLEro KpPyNMHOMACLITAOHOTO >KMAKOCTHOMO HENTPUHHOrO AETEKTOpa M peaAmsyeTcsl HoBas
KOHLIEMUMs aKyCTUUECKOro O0BHApY>KEeHUsI HEMTPUHO B KOPEHHbIX MOPOAAX C MCMOAb30BaHMEM CEeTU

MHOIOKMAOMETPOBbIX CKBA>XMH, OKPY>XXaloWKMX HbIHE 3KCMNAYyaTUpyeMoe pyAHOE TeAO.
KaroueBble croBa: BblCOKO:—)HeprVIL{HblVI MIOOH, KOCMMNYECKNe Ay4H, LLIVIpOKVIVI aTMOCqDeprIl;I AVBEHb

(LLUAA), koneHa, EMMA.

Introduction

The existence of the “knee” in the energy
spectrum of the cosmic rays has been discovered
decades ago butstill awaits a satisfactory explanation.
Several models have been proposed to explain the
bend in the spectrum, but the experimental data are
still insufficient to allow for conclusive analysis.
The flux of CR has very steep energy dependence.
While at the low-energy end of the spectrum it is
possible to make direct measurements of CR using
detectors mounted on satellites or high-altitude
balloons, the only way to study CR at or above the
knee energy of 10'5-10' eV is by measuring the
properties of the Extensive Air Showers (EAS) using
large-area ground-based arrays. The largest of them
are the Pierre Auger Observatory [1], the recently
decommissioned KASCADE-Grande [2], and
the still under construction LHAASO experiment
[3]. Especially relevant for the understanding
of its origins would be information on the mass
composition of the primary cosmic ray (CR)
particles. It would probe the hypothesis explaining
the knee as a manifestation of the switch between
the proton-dominated flux into the iron-dominated
flux of CR. As the extraction of the mass of CR
from the EAS components is heavily model-based,
it is important to use complementary experimental
techniques to address this issue.
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Experiment with Multi-Muon Array (EMMA)
is the first low-depth underground cosmic rays
experiment dedicated to the study of the mass
composition around the knee. The EMMA setup is
able to probe the lateral distribution of underground
muons up to high muon multiplicities. The energy
of the primary CR is deduced from the core density
and the mass, from its slope. Since the simulations
using different air-shower models give similar
predictions for the lateral distribution of these high-
energy muons, we are confident that EMMA should
yield reliable and model-independent data on the
composition of cosmic rays around the knee region

[4].
The Pyhisalmi mine

The Pyhidsalmi mine (63°39.6 N, 26°02.5 E),
located close to the geographical center of Finland,
is the deepest metal mine in Europe reaching
down to 1.4 km below the surface. Because of
the compactness of the ore deposit, very good
mechanical properties of the surrounding rock,
modern infrastructure, safety record, and cool
temperature, the mine would be an ideal site for
future large-scale scientific projects [5][6].

The main level of the mine, where all the major
facilities are located, is at 1400 m underground.
These facilities, now scheduled for gradual
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decommissioning following the end of the ore
excavations in 2019, include four large halls
designed for storage, service and maintenance of
mining machinery. There are also control rooms,
social areas and a restaurant. The 1400 m level is
accessible from the ground level by an elevator and
by a 12-km long truck-size decline. The elevator
ride takes about three minutes while a car ride lasts
about half-an-hour. In addition to the main level,
there are additional large caverns at the depths of
990, 660 and 400 m.

Currently there are two physics experiment
collecting data in the mine: the cosmic ray
experiment EMMA at the depth of 75 meters and, at
1410 meters, a radiopurity setup probing the content
of "C in liquid scintillator samples coming from or
intended for neutrino experiments such as Borexino
[7], SNO+ [8], and JUNO [9].

Experiment with Multi-Muon Array
The EMMA array consists of 11 detector

stations, as shown in Fig. 1, situated at the depth of
75 meters in the Callio Laboratory of the Pyhésalmi

mine, Finland. The three central stations have
extended tracking ability with the increased height
(flight path) and with segmented, high-granularity
scintillator detectors in the middle. The remaining
8 stations are called sampling stations as their
tacking performance is inferior, but still sufficient to
correlate with the events registered by the tracking
stations. In addition to drift chambers and plastic
scintillation detectors, there are plans to extend
the instrumented surface of EMMA with limited
streamer tubes. The gas required for the operation of
the drift chambers is supplied from a large liquid gas
tanks on the surface via a 90 m borehole. The array
is able to measure muon multiplicity (the number of
muon tracks), their lateral distribution and the arrival
direction. The shower core can be located with an
accuracy better than three meters in the central area
of 300 m? registering a couple of knee-region air
showers per day. The arrival direction (zenith and
azimuth angles) of air showers is determined by the
tracking stations with an accuracy of 1 degree. This
is important as the direction relates to the effective
rock thickness (for vertical muons, it is 75 m) and
consequently to the muon energy cut-off.

Figure 1 — Schematic layout of the detector stations of the EMMA array. The footprint of each station is about 15 m>.
The key tracking stations: C, G, and F are at the depth of 75 meters. The stations X and Y are at 45 meters.
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3.2. EMMA detection system

The main detector types used by EMMA are: drift
chambers [10] and plastic scintillation detectors [11].
The former is the primary detector of the experimental
setup providing the total active area of approximately
240 m?. The drift chambers used by EMMA have
been recovered from the decommissioned DELPHI
experiment [10] at CERN LEP collider. They were
designed and built for muon tracking. The plastic
scintillation detectors with the total coverage of
approximately 24 m? were designed as ancillary
detectors for EMMA but thay can also be used in
other underground measurements [12]. Funding
permitting, it would be possible to further extend the
coverage of EMMA with Limited Streamer Tubes
[13]. This would enlarge the total instrumented area
by 180 m? (60 modules, 3 m?each).

3.2.1. Drift camber

The drift chambers, referred to as planks, operate
in the proportional mode at the anode voltage of
approximately 6 kV. Instead of the original gas

mixture of Ar(85.5%):CH4(8.5%):CO(6%) we
chose to use an Ar(92%):CO,(8%) mixture to avoid
the use of methane gas in the mine environment
even if that slightly reduces the performance.

Each plank consists of seven position-
sensitive drift chambers (365 x 20 cm? 20mm
thick) arranged in lengthwise half-overlapping
groups of 3+4 (the area of 2.9 m? each). The gas
volume of one drift chamber is 16x200x3650 mm*
(heightxwidthxlength), or 11.68 1. The total gas
volume for the seven chambers is =80 1. The cross-
section of a plank are shown in Fig.2 [14].

The absolute position calibration in the delay-
line direction was performed on the surface using
a »Na source and employing cosmic muons and
muon tracking. The muon detection efficiency was
carried out using tracking to compare the numbers
of fired chambers to those not detecting muons even
if the track is passing through the given chamber.
This takes into account both the geometry and the
air pressure changes.

Figure 2 — Schematic cross-section of a plank. The black dot is the anode wire and the red square is the
delay line (copper) used for longitudinal position determination. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

3.2.2. Plastic scintillation detectors

In addition to the drift chambers EMMA employs
plastic scintillation detectors. These detectors were
designed for EMMA and were manufactured by INR/
RAS, Moscow. The 3 cm thick plastic scintillation
pixels, equipped with Silicon Photomultipliers have
an area of 122x122 mm?. They are arranged into
units with 16 pixels, called SC16, housed in a 1 mm
thick metal shielding. The total active area of SC16
is 0.5x0.5 m% The electronic is placed above the
scintillator surface, as shown in Fig.3. The total of 96
SC16 units was manufactured. Currently 72 SC16s
are installed in EMMA providing 72x16=1152
individual detector channels covering the total area
of 18 m?. The technical details concerning SC16 are
given in [11].

The efficiency calibrations of SCl6s were
carried out on the surface to benefit from the larger
muon flux. The timing studies were performed using

22

two overlapping sets of SC16s placed in the middle
and bottom levels in the Station G. In total, the test
setup consisted of 128 + 384 = 512 pixels in two
layers separated by the vertical gap of 1125 mm.

3.3 CORSIKA simulations

Figure 4 shows CORSIKA simulations [15] of
the muon lateral density distribution for the primary
CR with energies of 1, 3 and 10 PeV both for proton-
and for iron-initiated air showers. Energy threshold
of E > 50 GeV was applied reflecting the average
absorption in the overburden. The figure reveals
two important features relevant to EMMA: i) the
primary energy translates to the muon density at the
shower core and is practically independent on mass,
and ii) the slope of muon density distribution differs
for proton and iron-initiated showers. These two
features provide the basis for the extraction of the
energy and of the mass of the primary cosmic ray
from the data [16].
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Figure 3 — SC16 electronics. The dashed white lines outline the areas of 16 individual
pixels. The electronics is mounted above the scintillator plane.

Figure 4 — Simulated lateral muon density distributions of high-energy muons (E» > 50 GeV)
of proton- and iron-induced air showers at 1, 3 and 10 PeV energies. CORSIKA+QGSJET 01 and
CORSIKA+EPOS 1.99 models indicated by red and blue lines, respectively.

3.4 Significance of EMMA

The novel approach implemented by EMMA is
to restrict the detection to the high-energy muonic
component of EAS. It is achieved by locating the
detector array underground at a shallow depth of
about 75 meters (210 m.w.e), corresponding to the
muon cutoff energy of about 45 — 50 GeV. If the

instrumentation of the constructed infrastructure is
completed and the setup is operated in the full con-
figuration for three years, EMMA would make a
significant contribution towards solving of the long-
standing puzzle of the presence of the knee in the
energy spectrum of cosmic rays. This, in turn, may
reveal further information on cosmic-ray sources
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and acceleration mechanisms. The current under-
standing is that the acceleration can take place up
to the knee energies in supernova shock fronts that
could propagate thousands of years after the explo-
sion. However, there should be also other mecha-
nisms since the supernova shock front mechanism
does not produce energies above the knee. Address-
ing these questions is relevant and important as they
are among the major topics in present-day astro-
physics.

The second important task of EMMA is to verify
the alleged muon excess in EAS. This problem is
extremely important because, if confirmed, it would
force a substantial revision of the existing particle
interaction models with serious repercussions in
multiple fields of science relaying on these models.
For example, the results from Pierre Auger Observa-
tory and Yakutsk EAS Array indicate that there is an
excess of muons in extensive air showers compared
with the numbers extracted from the most realistic
theoretical models. On the other hand, Ice-Top and
EAS-MSU did not find such excess. If the excessive
production of muons in EAS would be confirmed
by a methodologically different experiment such as
EMMA, it would have important implications for
the current particle interaction models.

The possible origin of the discrepancy may also
be the difference in the energy of detected muons.
While the majority of experiments reporting muon
excess detect muons with energies around 1 GeV,
experiments focusing on energies around 10 GeV,
like the EAS-MSU experiment, do not find the ex-
cess. The muon energy cut-off at the location of
EMMA underground arrays is even higher: 45 GeV.
Because of that EMMA has an opportunity to con-
firm or disprove the existence of the energy depend-
ence of the muon excess and clarify the origin of the
effect itself.

C14 experiment

The beta decay of the long-lived radioactive'*C
is the main source of background for low-energy
(E <300 keV) neutrino measurements using high-
purity liquid scintillation detectors [12]. The
lowest '*C concentration has been reported by the
Borexino Collaboration for Pseudocumene (PC)
amounting to ~ 2 x 1078[13]. There are three other
published results for the concentration (for PXE and
PC+Dodecane) with the highest being (12.6 + 0.4)
x 10718 [17][18][19]. Such low concentrations are
currently below the sensitivity of the Atomic Mass
Spectrometry [20].
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The preferred solvent for the new generation
of large neutrino detectors is LAB (Linear
alkylbenzene). LAB, just like the other petrochemical
products, is synthesized from the crude gas or oil
extracted from old geological deposits where the
remanences of the cosmogenic!*C are expected to
be very low. Therefore, if contamination during
processing, transportation and storage can be
avoided, it should be possible to manufacture LAB
with a low concentration of the radiocarbon [21].
We intended to make systematic analysis of the
samples of different origin and composition with the
aim of finding concentrations smaller than 10'® for
use, for instance, by the SNO* [8] and the JUNO
Collaboration [9].

Future plans and possibilities

5.1 Giant liquid-based neutrino detectors

As mentioned before, the Pyhdsalmi mine has
ideal conditions to host underground experiments
of the next generation [22]. In fact, Pyhésalmi was
already selected as the prime site for the far detector
of the LAGUNA-LBNO project and the feasibility
for the construction in Finland of giant caverns,
capable of containing 50 kiloton-size detectors in
a single cave has been documented [23]. The plan
was to produce a high-energy neutrino beam at
CERN and send it over the distance of 2288 km to
Finland [24]. However, following the new European
strategy on particle physics, Fermilab took over
from CERN accelerator-based neutrino physics and
the LAGUNA-LBNO was replaced by the DUNE
experiment [25].

The second of the LAGUNA detectors that has
chosen the Pyhdsalmi mine as its preferred location
is LENA (Low Energy Neutrino Astronomy) — a
multi-purpose neutrino observatory employing 50
kilotons of liquid scintillator [26]. Unfortunately,
LENA Collaboration failed to obtain support
from the funding agencies. Instead, the majority
of the neutrino scientists involved with the liquid
scintillator technology have joined the Jiangmen
Underground Neutrino Observatory (JUNO) — a
medium-baseline reactor neutrino experiment,
currently under construction in South China [7].
Nevertheless, it is conceivable that, in a few years,
LENA or a similar project will be reconsidered
because JUNO, located at a relatively shallow depth
of 600 meters and at the distance of only 53 km
from 10 high-power nuclear reactors, won’t have the
desired sensitivity to address the astroparticle goals
of LENA.
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5.2. Acoustic detection of neutrinos in the rock

As a legacy of the extended site investigation
for LAGUNA-LBNO and decades of mining
and exploration activities, there is a network
of boreholes surrounding the ore body. These
boreholes have a very well documented geological
profile and are now available for scientific research.
The area covers the volume of about 1 km® reaching
from the depth of around 1300 m down to 2500
m. The total length of the new boreholes is 3.5
km. It has been proposed [27] to deposit strings
of microphones into the boreholes in a similar
fashion it has been done or is going to be done by
the ANTARES/AMADEUS [28] and the KM3NeT
collaborations for the purpose of acoustic detection
of particleshowers following interactions of ultra-
high energy neutrinos. Performing this type of
measurements in the rock has never been tried or

even proposed before. It is expected that since the
density of the rock is three-times larger and the
speed of sound is four-times larger, the amplitude
of the generated bipolar pressure pulse in rock
following the interaction with an ultra-high energy
neutrino should be by an orderof magnitude larger
than in water. In addition, a higher density of rock
also guarantees higher interaction rate for neutrinos
while a longer attenuation length in rockreduces
signal dissipation.
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