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Abstract
Cosmic rays are energetic particles traversing space that bombard Earth’s atmosphere
frequently and produce vast particle showers while interacting with air nuclei. The
origin and composition of high-energy cosmic rays in the knee region (1015 − 1016 eV) of
the cosmic-ray energy spectrum remain unclear despite of novel detection and analysis
methods used in various surface and underground experiments. The understanding of the
knee has improved from its first detection but still there is notable deviation in results
between experiments depending on the used detection methods.
The aim of the underground cosmic-ray experiment EMMA (Experiment with MultiMuon Array) is to shed more light on the origin of the knee. EMMA is based on the
idea to measure the lateral shape of high-energy muon component produced in cosmic-ray
initiated particle showers on an event-by-event basis, that is, separately for each shower,
offering a unique way to study the composition of cosmic rays in the knee region.
The present work comprises the design, development and implementation of a comprehensive set of analysis tools for the EMMA experiment. It includes the development of
the simulation program to generate realistic event data, the track reconstruction program
ETANA to reconstruct hits and tracks in detector stations, the visualisation program
EmmaEve to scan events, the graphical monitoring program EmmaDiagnosticsGUI to
control the functionality of detectors on-line, the efficiency monitoring program to control
chamber efficiencies in three-layer stations and the design of the EMMA database to store
reconstruction results. Especially the design and tests of ETANA form the backbone of
the present work as its optimised performance is crucial for the analysis of EMMA data.
Furthermore, in the present work the influence of rock overburden above EMMA
on the properties of high-energy muons is investigated by detailed simulations. The
reconstruction of hits in drift chambers is studied with measured data including the
estimation of the quality of reconstructed hits, the functionality of hit formation procedure
and the influence of afterpulses on hit reconstruction. The validity of simulated data
that are generated by the EMMA event generation program is evaluated by comparing
simulated and measured data with each other. Finally, synergy benefits between the
EMMA and ALICE experiments are discussed, which are both underground experiments
but different in nature.

Keywords: cosmic rays, EMMA, high-energy muons
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1. High-Energy Cosmic Rays
The term cosmic ray comes from the early days when any ionising radiation was
called rays but cosmic rays are energetic charged particles that traverse space1 . The
charged particles consist mainly of fully ionised atomic nuclei such as protons (or
hydrogen nuclei) but there are also plenty of heavier nuclei ranging from helium to
iron and beyond. In addition, a small fraction of low-energy cosmic rays comprises
electrons and antiparticles like antiprotons and positrons.
Low-energy cosmic rays come mainly from the Sun as the solar magnetic field
prevents them to enter the Solar System from outside. High-energy cosmic rays are
accelerated in larger-scale structures like in supernova remnants in our Galaxy but
cannot reach us from other galaxies. Ultra high-energy cosmic rays are accelerated
in very large or energetic sites, for instance, in active galactic nuclei and, therefore,
have to be mainly of extra-galactic origin. The cosmic rays cover a wide energy
range and are a useful tool in understanding stellar nucleosynthesis and supernovae
evolution in the Galaxy. Their energies reach far beyond modern accelerators and,
hence, could show signs of new physics. Presently, open questions include, among
others, the identification of the sources of cosmic rays, and to understand the
mechanism how they gain such high energies and propagate through interstellar
magnetic fields.

1.1. Extensive Air Showers
When a primary high-energy cosmic ray enters the atmosphere and collides most
probably with an oxygen or nitrogen nucleus a large number of secondary particles
are typically produced. All the particles continue traversing downwards along
the direction of the primary cosmic ray and produce a large number of secondary
particles too. This kind of particle shower initiated by a cosmic-ray particle is
called an Extensive Air Shower (EAS). A majority of the secondary particles in the
EAS consists of electrons2 , positrons and photons but there are a large number of
1 Neutrinos
2 From

and gamma rays coming from space can be considered as cosmic rays too.
now on electrons and positrons are called together simply electrons.

9

Fig. 1.1. A schematic view of the main components of an EAS (adapted from [Grieder,
2010]).

muons and hadrons too. For instance, a 4 PeV proton-initiated shower3 includes,
as an average, a couple of thousands of high-energy muons (E > 35 GeV) and
hundreds of thousands of electrons and photons at the ground level. In addition
to the particles acoustic and radio waves as well as fluorescence and Cherenkov
light are produced during the shower development. A schematic view of the EAS
is shown in Fig. 1.1.
The height of the first interaction of a cosmic-ray particle in the atmosphere is
typically some tens of kilometres. The heavier, and thus geometrically the bigger
the particle, the higher altitude starts the air-shower development. In Fig. 1.2 are
shown the height distributions of the first interactions of proton- and iron-induced
air showers at primary energies of 1 and 10 PeV. As can be seen, as an average,
iron showers are initiated approximately 10–15 km heigher than proton showers,
and the first interaction height does not depend much on the primary energy.
In the first collision of the cosmic ray the interaction energy can exceed even the
highest energies achieved in particle colliders. In high-energy hadronic interactions
plenty of secondary hadrons are produced in the vicinity of shower axis forming the
3 The energy may be represented hereafter in units 1 MeV, 1 GeV, 1 TeV, 1 PeV, 1 EeV
meaning 106 , 109 , 1012 , 1015 , 1018 eV, respectively.
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Fig. 1.2. The first interaction height distributions of vertical proton- and iron-induced
showers at energies 1 and 10 PeV obtained by CORSIKA simulations.

backbone of EAS. Most of them are charged pions and kaons, which may further
decay into muons and electrons before interacting with air nuclei. As the density
of atmosphere decreases exponentially upwards the probability for a decay to occur
increases with altitude. High-energy muons are mainly produced at high altitudes
where the interaction energies are high, and decay probabilities of their parent
particles are high because of thin atmosphere. They are good cosmic-ray indicators
because they carry information about the first interactions of the primary cosmic
ray.
In addition to the hadron and muon components of the air shower most of
the shower energy is confined in the electromagnetic component4 . In hadronic
interactions a great number of short-lived neutral pions are produced. They decay
into photons that consequently produce electron-positron pairs initiating electromagnetic cascades. Muons may decay into electrons feeding the electromagnetic
component too. The particles of EAS reaching the ground level are mostly absorbed
within a few metres in soil. Only high-energy muons and neutrinos are able to
penetrate deep underground. At the knee energies around 4 PeV, the lateral spread
of EAS on ground is typically some hundreds of metres whereas the spread of
high-energy muons is only some tens of metres.
4 Muons actually belong to the electromagnetic component but are defined as their own
component because they are highly penetrating particles as compared with electrons.
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1.2. Energy Spectrum
The flux of cosmic rays as a function of their energy is described by a cosmic-ray
all-particle energy spectrum as shown in Fig. 1.3. It is very steep and covers a
wide energy range up to 1020 eV. Cosmic rays below ≈ 0.1 PeV can be measured
directly above atmosphere with detectors on balloons or satellites but higher-energy
cosmic rays, because of their low flux, can be detected only indirectly with groundbased detectors by measuring the secondary particles of the EAS and deducing the
properties of the primary cosmic ray on the basis of EAS simulation models. The
direct and indirect measurements overlap partly and are in good agreement with
each other although the direct measurements suffer from low statistics and indirect
measurements from systematic uncertainties that rise from the usage of different
shower observables and simulation models in the analysis as well as from the way
of converting of the measured signals to the number of detected particles.
Although the slope of the energy spectrum is remarkably smooth there are
distinct changes approximately at 4 PeV, 400 PeV and 4 EeV called the knee,
second knee and ankle, respectively. The cosmic-ray energy spectrum is described
by a power law dN/dE ∝ E γ with the mean spectral index hγi = (−2.66 ± 0.06)
below the knee and hγi = (−3.10 ± 0.09) above. The mean energy of the knee from
the measurements is Eknee = (3.9 ± 0.7) PeV [Castellina and Donato, 2011]. The
origin of the knee at 3–5 PeV, where the spectrum gets steeper, is assumed to be
related to the properties of acceleration sites of cosmic rays or their propagation
through interstellar magnetic fields, or combination of both. This topic is discussed
in detail in Chap. 1.3.
In the ankle region at 4–10 EeV the cosmic-ray spectrum flattens again. According to the ankle model [Hillas, 2005] a natural explanation for the ankle would
be that it is located in the intersection of steep galactic and flatter extra-galactic
spectrum. The ankle model alone, however, is not able to explain the acceleration of galactic cosmic rays up to the ankle energies but requires some additional
mechanism to fill the gap below the ankle. For this Hillas [2005] proposed, in
addition to standard supernova remnant (SNR) component, a component B of
galactic cosmic rays to explain the extension of galactic component up to the ankle.
In the dip model [Berezinsky et al., 2006] the ankle is supposed to be resulting from
the energy losses of extra-galactic protons by e+ e− pair production in the CMB
(cosmic microwave background). The transition from galactic to extra-galactic
cosmic rays would occur well below the ankle at the energy of 400 PeV, at which a
pure galactic iron component intercepts the extra-galactic component, called the
second knee.
At the energy of ≈ 5×1019 eV the flux of cosmic rays drops abruptly, called GZK
(Greisen-Zatsepin-Kuzmin) cut-off [Greisen, 1966; Zatsepin and Kuzmin, 1966]. At
these extreme energies probably all cosmic rays are coming from outside the Galaxy
and the attenuation of cosmic-ray flux follows from the interaction of cosmic rays
with CMB photons or the fact that sources have reached their maximum energy.
The cosmic rays lose energy mainly in the production of pions or e+ e− pairs, or in
case of heavier nuclei, in the photo-disintegration of nucleus.
It is widely accepted that the bulk of galactic cosmic rays is accelerated in

12

Fig. 1.3. The cosmic-ray energy spectrum from the measurements of various experiments.
Top: The main characteristics of the spectrum with energy ranges reachable by direct and
indirect measurements [Blümer et al., 2009]. Bottom: The cosmic-ray flux as scaled by a
factor of E 2.5 to pronounce the features of the spectrum. In addition to the energy in a
laboratory frame the corresponding energy in a centre-of-mass frame is shown as well as
the largest particle colliders with their maximum accessible energies [Blümer et al., 2009].
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supernova remnants providing a rigidity-dependent5 cut-off for the maximum
energy the cosmic ray can attain. As a consequence, the maximum energy particle
could gain is approximately Z × 1015 eV. This would lead to a superposition of
the kneelike structures of different elements starting from the light proton knee
and ending up to heavy iron knee6 . Recently, the KASCADE-Grande experiment
obtained evidence for the heavy knee approximately at 8 × 1016 eV, with spectral
index γ = −2.95 ± 0.05 below the heavy knee and −3.24 ± 0.08 above when the fits
were applied to the all-particle spectrum [Apel et al., 2011; 2012]. The steepening
of the spectrum occurs at the energy where the location of the iron knee would
be expected if the knee at 4 PeV is assumed to be caused by the reduced flux of
primary protons.

1.3. Knee Models of the Energy Spectrum
The origin of the knee of cosmic-ray energy spectrum is still not understood completely although it was found already over 50 years ago by Kulikov and Khristiansen
[1958; 1959]. The position at 4 PeV and the shape of the knee, that is, how rapidly
and steeply the shape changes with energy, are known relatively well from the
measurements but the shape of energy spectra of individual elements embed still
large uncertainties. All state-of-the-art interaction models are in agreement with
experimental data but predict large differences between the elemental energy spectra. By acquiring more accurate information about the energy spectra of single
elements it is possible to enhance the understanding of the origin of the knee.
At high energies it is convenient to define mean logarithmic mass to describe
the average cosmic-ray composition
X
hln Ai =
ri ln Ai ,
(1.1)
i

where ri is the relative fraction of nuclei of mass Ai . For instance, the composition
of 50% of protons (A = 1) and 50% iron nuclei (A = 56) corresponds to hln Ai ≈ 2.
The mean logarithmic mass as a function of cosmic-ray energy from direct (dark
grey area) and indirect measurements (light grey area) are shown in Fig. 1.4. As can
be seen, the indirect measurements have a large spread but predict consistently a
change in composition towards heavier elements in the knee region. The predictions
from several theoretical models are also displayed, and are described below.
One way to evaluate the energy spectra of elements in the knee region is to
extrapolate individual high-precision spectra of direct measurements from sub-knee
energies up to the highest energies. It is the idea in purely phenomenological polygonato model developed by Hörandel [2003], which provides the spectra of elemental
groups from 10 GeV up to at least 100 PeV on the basis of direct measurements using
5 Rigidity R = pc/Ze, where Ze and p are the particle charge and momentum, and c is the
speed of light.
6 For a matter of convenience in high-energy cosmic-ray research the cosmic rays are typically
divided into two groups, called protons and irons, representing light and heavy nuclei, respectively.
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Fig. 1.4. The mean logarithmic mass from direct (dark grey) and indirect measurements
(light grey) as a function of logarithmic energy in GeVs as compared with different
theoretical models [Castellina and Donato, 2011]. Ideas behind the models are; upper left
panel: acceleration in SNRs, upper right panel: cannonball and single source, lower left
panel: propagation, lower right panel: interaction with background particles. See text for
the description of the models.

the measured all-particle spectrum from indirect measurements to normalise results.
The model predicts rigidity-dependent energy cut-off for elements describing the
knee as a superposition of the spectra of different elemental groups as illustrated
in Fig. 1.5.
Several authors have developed theoretical models to describe individual energy
spectra of elements, from which the evolution of mean logarithmic mass as a
function of energy can be deduced. According to the most popular models the
bulk of cosmic rays is accelerated in strong shock fronts of supernova remnants
by first-order Fermi acceleration, in which the particle gains energy each time it
traverses from unshocked upstream region to shocked downstream region and back

15

Fig. 1.5. The all-particle energy spectrum of cosmic rays multiplied by a factor of E 3 .
The experimental results include direct and indirect measurements. The lines show the
individual spectra of elemental groups obtained by the poly-gonato model [Hörandel,
2003].

resulting in power-law energy spectra. The Larmor radius rL ' EPeV /(ZBµG )
defines the maximum energy the particle can attain before it escapes from the
shock front implying a rigidity-dependent (or charge-dependent) energy cut-off for
elements, which would eventually lead to the observed knee in the spectrum. The
maximum available energy can be estimated as [Hillas, 1984]
 

L
B
Emax ' Ze
βshock [PeV],
(1.2)
µG
pc
where B is the strength of the magnetic field, L is the linear dimension of the
acceleration site and βshock is the shock velocity. It results in a break at Emax ∝
Z×1014 eV as predicted by Stanev et al. [1993] and Kobayakawa et al. [2002] research
groups. The knee energies in these models would be reached correspondingly by
including possible pre-acceleration in the former stellar wind of the exploded star
or by assuming that the magnetic field lines are oriented in arbitrary angles with
respect of the shock instead of being perpendicular. Berezhko and Ksenofontov
[1999] calculated that by taking into account the cosmic-ray pre-acceleration in
the wind of predecessor star maximum energies Z × 1015 eV can be achieved.
Furthermore, Sveshnikova [2003] found that by summing up contributions from
different kinds of supernovae including hyper-energetic hypernovae the cosmic rays
could be accelerated to knee energies. All these theoretical models based on the
acceleration in SNRs are shown in Fig. 1.4 in the upper left panel.
Erlykin and Wolfendale [2001] proposed that the main contribution for the knee is
related to a single nearby SNR source. Recently, they found evidence for the second
peak around 50–80 PeV [Erlykin and Wolfendale, 2011] that could be the iron knee.
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On the basis of Dar and De Rujula work Plaga [2002] suggested that cosmic rays
could be accelerated in baryonic plasma bubbles (or cannonballs) ejected in bipolar
supernova explosions. The acceleration mechanism would be two-phased, first, the
first-order Fermi acceleration would accelerate cosmic rays up to 4 × 1015 eV in
shock regions and, second, the second-order Fermi acceleration would continue
acceleration within cannonballs even to the highest energies observed. The mean
logarithmic mass derived by both models are shown in Fig. 1.4 in the upper right
panel.
The knee could be also produced by the propagation effects of cosmic rays in
the interstellar medium. The higher the energy, the more difficult it is to confine
them and the easier they leak out the Galaxy. Swordy [1995] applied diffusive
shock acceleration in SNRs with the Leaky Box model and energy-dependent
propagation path length to calculate individual energy spectra of elements. Lagutin
et al. [2001] proposed that the knee is linked to anomalous diffusion of cosmic
rays through fractally structured galactic magnetic fields. Moreover, Ptuskin et al.
[1993] calculated that the drift (or hall diffusion) of cosmic rays in regular magnetic
field of the Galaxy might produce the knee while Ogio and Kakimoto [2003] added
diffusive motion along turbulent magnetic fields. Similar to these models, Roulet
[2004] considered the drift and diffusion in the regular and irregular components
of the galactic magnetic field. All these propagation-related models are shown in
Fig. 1.4 in the lower left panel.
The interaction of cosmic rays with background particles could produce the
knee structure in the spectrum too (models in the lower right panel in Fig. 1.4).
Dova et al. [2001] proposed the interaction of cosmic rays with massive neutrinos in
the galactic halo and Wang et al. [2010] the interaction with background photons,
in which cosmic rays would lose energy via e+ e− pair production. Furthermore,
Karakula and Tkacsyk [1993] considered the photo-disintegration of cosmic-ray
nuclei by interactions with optical and soft UV photons in the source region.
Models above describe the formation of the knee by the properties of acceleration
sites or the propagation effects, or both, but the knee could be also a consequence of
some exotic physics taking place in the atmosphere. Kazanas and Nikolaidis [2003]
suggested that a part of the shower energy could be transferred to gravitons which
cannot be detected. Other candidates for exotic particles are the lightest supersymmetric particle or techni-hadrons predicted by technicolor models. However, a
comparison of the first LHC (Large Hadron Collider) results with the predictions of
various hadronic interaction models used commonly in cosmic-ray physics indicate
that there is no room for new physics [d’Enterria et al., 2011].
All the theorical knee models discussed in this Section are summarised in Tab. 1.1.
Although the models would belong to the same category they show a large spread
in the mean logarithmic mass functions (see Fig. 1.4). Some of the models, for
instance, the cannonball [Plaga, 2002] and anomalous diffusion [Lagutin et al.,
2001] models, predict very weak knee structure even though indirect measurements
favour steeply falling flux after the knee. In most of the models the spectrum is
expected to be smooth with simple shape but, for instance, Stanev et al. [1993]
or Erlykin and Wolfendale [2001] predict bumps in the spectrum, which can be
seen as distinct shapes in the mean logarithmic mass functions. If the knee results
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Table 1.1. A summary of the discussed knee models (adapted and modified from
[Hörandel, 2004]).
Model
Source/Acceleration:
Acceleration in SNR
Acceleration in SNR + radio galaxies
Acceleration by oblique shocks
Acceleration in variety of SNR
Single source model
Cannonball model
Propagation/Leakage from Galaxy:
Minimum pathlength model
Anomalous diffusion model
Hall diffusion model
Diffusion in turbulent magnetic fields
Diffusion and drift
Interactions with background particles:
Diffusion model + photo-disintegration
Interaction with neutrinos in galactic halo
Photo-disintegration (optical and UV photons)
e+ e− pair production
New interactions in the atmosphere:
Gravitons, SUSY, technicolor

Author(s)
Berezhko and Ksenofontov [1999]
Stanev et al. [1993]
Kobayakawa et al. [2002]
Sveshnikova [2003]
Erlykin and Wolfendale [2011]
Plaga [2002]
Swordy [1995]
Lagutin et al. [2001]
Ptuskin et al. [1993],
Kalmykov [1999]
Ogio and Kakimoto [2003]
Roulet [2004]
Karakula and Tkacsyk [1993]
Dova et al. [2001]
Candia et al. [2002]
Wang et al. [2010]
Kazanas and Nikolaidis [2003]

from new interactions in the atmosphere [Kazanas and Nikolaidis, 2003], one
would expect a mass-dependent cut-off for individual energy spectra because the
interactions depend on the energy per nucleon. This is not supported, however, by
the poly-gonato model or the measurements of the KASCADE-Grande experiment.
According to the models, in which the knee results from the interactions of cosmic
rays with background particles, a large number of light nuclei are produced giving
a light composition above the knee but it is not supported by experimental results
as shown in Fig. 1.4.
Finding out the best model for the knee is challenging with our present knowledge
because experiments still embed a large spread in the mean logaritmic mass and
cannot be used to exclude wrong models reliably. In addition, the deduced individual
energy spectra for elements depend highly on the used hadronic interaction model
in the analysis. The models discussed here focus mainly on single aspects of
cosmic-ray acceleration but to get a sufficient description of the acceleration and
propagation mechanisms probably a combination of several models is required.
Moreover, model parameters need to be fine-tuned and one has to consider also
additional aspects in more detail like the acceleration of cosmic rays in the winds of
pulsars or other sources. The acceleration of cosmic rays in supernova remnants and
their diffusive propagation through the interstellar magnetic fields, however, seems
to be preferred to explain the knee [Hörandel, 2004]. The EMMA experiment, in
which the composition study will be based on the analysis of the lateral distribution
of high-energy muons (E > 50 GeV), aims to provide new kind of information for
understanding the origin of the knee.
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1.4. Cosmic-Ray Experiments
Cosmic rays are measured almost everywhere; in space, atmosphere and on ground
as well as deep in ice, water and underground. Balloon experiments and detectors
in space are used to measure cosmic rays directly below 1 PeV. At higher energies
experiments have to cover large areas with long running time to be able to collect
enough statistics. This is possible only on and beneath the ground but the drawback
is that cosmic rays have to be studied indirectly by measuring secondary particles
produced in cosmic-ray induced EAS and relaying on air-shower simulation models
in interpretation of the properties of the primary particle.
There exist numerous methods to detect air showers. The secondary particles
of EAS are sampled with large air-shower arrays typically with scintillation or
water-Cherenkov detectors or their emitted light is collected with air-Cherenkov
detectors. Fluorescence detectors are able to detect fluorescence light emitted by
nitrogen atoms that are excited by air-shower particles. Particles in EAS emit
also radio pulses which can be measured with radio antennas. Even the sound of
secondary particles can be recorded, which is used mainly to detect neutrinos deep
under ice while they deposit energy and sudden energy increment produces a tiny
acoustic shock wave. Because the cosmic rays cover a very large energy range none
of the current experiments can study cosmic rays at all energies but they have to
be optimised for certain energy ranges. In general, the higher the energy, the larger
the experiment, and the larger the spacing between detectors.
Most of the cosmic-ray experiments are air-shower arrays built on ground to
measure the different particle groups of EAS. The detectors can be shielded with
a couple of centimetres of lead or buried to a depth of a few metres to filter out
the bulk of low-energy electromagnetic component and to measure mainly muons.
The muons are less sensitive to shower-to-shower fluctuations than electrons and,
together with electron information, provide an effective way for deducing shower
parameters. Some of the most important air-shower arrays and surface experiments
are listed in Tab. 1.2, of which maybe the most important experiments are the
dismantled KASCADE-Grande experiment and the novel Pierre Auger Observatory
optimised to study the knee and GZK regions, respectively.
KASCADE-Grande The multi-component surface array experiment KASCADEGrande (KArlsruhe Shower Core and Array DEtector with Grande extension) [Antoni et al., 2003; Apel et al., 2010] consisted of the KASCADE array (200 × 200 m2 )
and additional 37 stations, 10 m2 of scintillation detectors in each, covering the area
of 0.5 km2 . The KASCADE detector stations measured electrons and muons with
different energy thresholds. In addition, the array included the central hadronic
calorimeter and the underground Muon Tracking Detector, which provided the
energy cut-off of 0.8 GeV for muons, as well as some radio antennas to detect radio
bursts of EAS. The KASCADE array was optimised for the knee region whereas
the Grande array was suitable to detect showers well above the knee.
PAO The Pierre Auger Observatory [Abraham et al., 2004] is the largest cosmic-ray
experiment in the world and it was built to study the origin and composition of
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Table 1.2. Some past and present EAS arrays and experiments.
Experiment (Place)

Altitude [m]
a

AGASA (Akeno, Japan)
ARGO-YBJ (Yangbajing, Tibet, China)
Auger (Malargüe, Argentina)
Chacaltaya (La Paz, Bolivia)
EAS-Top (Gran Sasso, Italy)a
HIRes (Utah, USA)a
GAMMA (Yerevan, Armenia)
GRAPES-3 (Ootacamund, Mysor, India)
Haverah Park (Leeds, England)a
HEGRA (La Palma, Canary Islands)a
IceTop (South Pole)
KASCADE-Grande (Karlsruhe, Germany)a
Telescope Array (Utah, USA)
Yakutsk (Siberia, Russia)
a

900
4370
1300–1400
5230
2005
∼ 1500
3200
2200
212
2250
3300
110
1500
105

Shut-down

ultra high-energy cosmic rays above 1018 eV. The experiment covers the area of
3000 km2 and is located in Argentina. The baseline of the experiment consists
of 1660 water-Cherenkov stations with 1.5 km mutual spacing and 24 wide-angle
fluorescence telescopes for viewing the atmosphere above the array. The observatory was upgraded with three High-Elevation Auger Telescopes (HEAT) to observe
fluorescence light from lower-energy showers and with AMIGA detector (Auger
Muons and Infill for the Ground Array), which is composed of water-Cherenkov
and muon detectors, in order to be able to observe showers down to 1017 eV.
The advantage of underground experiments to surface experiments is that the
rock overburden filters out all low-energy particles allowing only high-energy muons
and neutrinos to reach detectors. Almost all underground experiments are built at
depths corresponding to the vertical energy cut-off for muons of 200–1500 GeV.
Some of the most important underground cosmic-ray experiments are listed in
Tab. 1.3 and described below.
MACRO The MACRO (Monopoles, Astrophysics, Cosmic Ray Observatory)
[Aglietta et al., 2004] was a large-area (1000 m2 ) detector situating in Gran Sasso
National Laboratory in Italy. It was designed to search for rare components of
cosmic radiation as monopoles, and to search for neutrinos and muons from astrophysical point sources. The average rock overburden corresponded to muon energy
of 1.3 TeV on the surface. The MACRO recorded some 3.7 × 106 multi-muon events
in which multiplicities ranged up to ∼ 40. The experiment was dismantled in the
end of 2000.
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Table 1.3. Some past, present and future underground cosmic-ray experiments.
Experiment (Place)

Depth [m.w.e.]

Eµ [GeV]

Antares (under water, France)
Baikal-GVD (under water, Russia)a
Baksan (Russia)b
EMMA (Finland)a
IceCube (under ice, South Pole)b
MACRO (Italy)b,c

2500
1100
850
210
∼ 1200
3100

∼ 1000
430
230
50
500
1300

a

Under construction
EAS array at surface
c
Shut-down
m.w.e. — metres of water equivalent
Eµ — vertical energy threshold for muons
b

BNO The Baksan Neutrino Observatory (BNO) contains the Baksan Underground Scintillation Telescope (BUST) [Alexeyev et al., 1979] and the Andyrchy
EAS surface array. The BUST is located at a depth of 360 m giving a vertical
energy threshold of 230 GeV for muons. It is a four-floor building with a size of
16.1×16.1×11.2 m3 , consisting of 3150 liquid scintillation detectors, 0.7×0.7×0.3 m3
each. The Andyrchy surface array is placed above BUST on the slope of Andyrchy
mountain. It consists of 37 plastic 1 m2 scintillation detectors, giving a coincidence
trigger rate about 0.1 Hz with BUST.
IceCube The IceCube Neutrino Observatory [Ahrens et al., 2004] is a cubickilometre scale instrument constructed in the South Pole and designed to study
high-energy neutrino astronomy and cosmic rays. The detector consists of 59
strings of optical modules placed in the ice, reaching the depth of 2.45 km, and
it is covered with a surface detector IceTop for detecting cosmic-ray air showers.
The IceCube can detect Cherenkov light emitted by high-energy muons in the ice,
from which it is possible to reconstruct the number of muons in a shower and their
lateral distribution. The IceCube was upgraded by installing additional detectors
in the middle of the array, called DeepCore, allowing the detection of neutrinos
over an order of magnitude lower than with the original array.
Although several surface and underground experiments have already been built
there is still need for even bigger and more versatile instruments to detect cosmic
rays. One of the future experiments will be the JEM-EUSO telescope planned to
be accommodated on the Japanese Experiment of the International Space Station
at an altitude of ∼ 400 km to observe fluorescence light being emitted by EAS,
which makes possible the detection of ultra high-energy cosmic rays from the entire
Celestial Sphere. The Cherenkov Telescope Array (CTA) project aims at the
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detection of gamma rays at high energies (E > 10 GeV), which would enable, for
instance, the study of the origin of cosmic rays, the search for dark matter and
the investigation of the variety and nature of black hole particle accelerators. For
high-energy neutrino and cosmic-ray physics the KM3NeT telescope is planned
to be installed on the bottom of Mediterranean Sea. It would cover a volume
of several cubic kilometres being a larger version of ANTARES. The LHAASO
(Large High Altitude Air Shower Observatory) project designed to be built at
Yangbajing in Tibet will consist of a 1 km2 array of electron and muon detectors,
a 90000 m2 array of water-Cherenkov detectors, 28 wide-field Cherenkov telescopes
and 5000 m2 of shower-core scintillation detectors. It is suitable for studying the
cosmic-ray composition in the knee region and for detecting high-energy gamma
rays above 30 TeV.

2. High-Energy Muons
Muons belong to leptons and carry electric charge, which makes them to feel
electromagnetic force limiting their range in matter. Their larger mass as compared with that of electrons, however, shifts the influence of radiative processes
to higher energies and leaves ionisation as a principal energy-loss mechanism, allowing muons to propagate through long distances in matter. In this Chapter the
main energy-loss mechanisms of muons are described including ionisation losses,
bremsstrahlung, direct electron-pair production and photo-nuclear reactions. Finally, some characteristics of the high-energy muon component of the EAS are
described in Sec. 2.3.

2.1. Muon Production Channels
Muons are produced in cosmic-ray induced air showers and contribute to about
10% of the total number of particles of the average air shower at the ground level.
They are decay products of secondary particles produced in hadronic interactions
of the air shower. The main parent particles are charged pions (π + , π − ) and also
kaons (K + , K − , KL0 ) with measured atmospheric charged ratio r(K/π) ≈ 0.10–0.15
[Grashorn et al., 2010] but some prompt muons may be produced in a decay of
short-lived charmed particles too, such as D± , D0 , J/ψ. The main channels that
yield to muon production in air showers are listed in Tab. 2.1.
While an EAS develops deeper in the atmosphere hadronic interactions become
less energetic resulting in lower-energy muons than those from the first few generations at high altitudes. As pions and kaons, the parent particles of muons, are
relatively long-lived (∼ 10−8 s), they are subject to competition between the interaction and decay while traversing in the atmosphere. Because of the exponential
decrease of air density from the ground level to higher altitudes the pions and kaons
traverse longer distance in low air density in inclined showers as compared with
vertical showers resulting in higher total number of muons on ground.
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Table 2.1. The most important muon production channels in air showers (adapted
from [Grieder, 2010]).
Particle symbol

Decay modes

±

±

(

Branching fraction [%]

Lifetime [s]

99.99
63.43
3.27
17.36

2.603 × 10−8
1.238 × 10−8

)

→ µ + νµ
→ µ± +( νµ )
→ π 0 + µ± +( νµ )
→ µ± +( νµ ) +( ντ )

π
K±
τ±

)

D±
D0

→( K 0 + µ± +( νµ )
→ µ+ + hadrons
→ K − + µ+ + νµ
→ µ+ + µ−

J/ψ

2.906 × 10−13
1.040 × 10−12
4.103 × 10−13

7.0
6.5
3.19
5.88

∼ 10−20

Table 2.2. Energy loss hdE/dxi of muons in iron [MeVg−1 cm2 ] (after [Lohmann et
al., 1985]).
E [GeV]

aion

bbr

bpp

bni

Total

1
10
100
300
1000
10000

1.56
1.93
2.16
2.25
2.45
2.50

5.84 × 10−4
1.40 × 10−2
2.24 × 10−1
7.72 × 10−1
2.87
31.7

1.77 × 10−4
1.49 × 10−2
3.17 × 10−1
1.13
4.19
45.2

4.14 × 10−4
4.23 × 10−3
3.85 × 10−2
1.14 × 10−1
3.88 × 10−1
4.33

1.56
1.96
2.74
4.27
9.78
83.8

2.2. Interaction Processes of Muons
Muons lose energy in interactions with matter through which they propagate.
Energy-loss mechanisms include ionisation, bremsstrahlung, direct electron-pair
production and photo-nuclear interactions. In addition, muons may lose energy
rarely in direct muon-pair production (muon trident events) or in higher-order
effects of ionisation.
The total energy loss of muons can be described by a formula
dE
= aion (E) + [bbr (E) + bpp (E) + bni (E)]E,
(2.1)
dx
where aion (E) refers to ionisation losses. Radiative energy losses include bremsstrahlung bbr (E), direct electron-pair production bpp (E) and nuclear interactions
bni (E). The terms are energy-dependent and, as an example, their values for muons
propagating in iron are listed in Tab. 2.2.
−
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Fig. 2.1. The average energy loss, or stopping power, (− hdE/dxi) of positive muons in
copper as a function of βγ = p/M c where p is the momentum and M is the mass of a
muon. The stopping power has been scaled with density. The vertical shaded bands
indicate boundaries between different approximations. More detailed description available
in [Nakamura et al., 2010].

The average energy loss dE of muons in distance dx in matter is shown in
Fig. 2.1. Muons become minimum ionising particles above 1 GeV while radiative
processes start to contribute notably above some tens of GeVs.

2.2.1. Ionisation Losses
Muon energy losses due to ionisation include the excitation of atoms and the
production of knock-on electrons. The energy loss per unit path length can be
described by Bethe-Bloch formula [Rossi, 1952]

−

dE
dx



 

Z
me
= 2πNA α2 λ2e
A
β2
ion

 02 

 
0
Emax
2me β 2 γ 2 Emax
2
− 2β +
−δ ,
× ln
I 2 (Z)
4Eµ2

(2.2)

where NA is Avogadro’s number, α the fine-structure constant, λe the Compton
wavelength of the electron, Z and A the atomic number and weight of the target,
me and mµ the rest mass of the electron and muon, β = p/Eµ where p is the
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momentum of the muon, γ = Eµ /mµ the Lorentz factor of the muon, I(Z) the
0
mean ionisation potential of the target, δ the density effect and Emax
the maximum
energy that can be transffered to the electron, given as

0
Emax
= 2me 

p2
m2e + m2µ + 2me


.
q
(p2 + m2µ )

(2.3)

2.2.2. Bremsstrahlung
At higher energies bremsstrahlung radiation plays an important role in the energy
losses of muons because in such a process a muon may lose a significant fraction
of its energy. This type of radiation is produced by the deceleration of muon
when it is deflected by atomic nucleus. In bremsstrahlung the muon loses kinetic
energy by emitting photons. Widely used expression for the cross section of muon
bremsstrahlung [Petrukhin and Shestakov, 1968] is described as


dσ
dvγ


br


2



me
1
1 − vγ
= α 2Zre
1 + (1 − vγ )2 − 2
φ(qmin ),
mµ
vγ
3

(2.4)

E

where vγ = Eµγ is the fractional energy of the emitted photon, re the classical radius
of the electron, mµ and me the rest masses of a muon and electron, and
 


mµ
RZ −1/3
√
φ(qmin ) = ln fn
,
(2.5)
me
1 + (qmin /me ) eRZ −1/3
where
fn =

 
2
Z −1/3
3

(2.6)

is the nuclear form-factor correction, Euler’s number e = 2.7182 . . ., and R = 189.
In addition,
qmin =

m2µ vγ
2Eµ (1 − vγ )

(2.7)

is the minimum momentum transfer to the nucleus where Eµ is the total energy of
the incident muon.
Now, the mean energy loss can be obtained by

 Z vγ,max 

dE
NA
dσ
= Eµ
dvγ
(2.8)
dx
A
dvγ
vγ,min
with vγ,min = 0 and
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vγ,max = 1 −

 
3 √  mµ  1/3
e
Z .
4
E

(2.9)

A photon emitted by a high-energy muon via bremsstrahlung can initiate an electromagnetic cascade that follows the muon over certain distance. Such electromagnetic
cascades accompanied by the muon produce the main background for underground
cosmic-ray experiments.

2.2.3. Direct Electron-Pair Production
Direct electron-pair production is one of the most important muon interaction
processes in TeV range where it comprises more than half of the total energy-loss
rate. An electron-positron pair may be produced by a muon in the Coulomb field
of a nucleus. Several authors have derived expressions for the differential cross
section of electron-pair production. One frequently used is the equation [Kokoulin
and Petrukhin, 1970]




dσ
dvpair dρ

E




1 − vpair
vpair
#

2
me
× Φe (Eµ , ρ, vpair ) +
Φµ (Eµ , ρ, vpair ) ,
mµ

2
(Zαre )2
=
3π
"

−E

E

(2.10)

+E

e−
where ρ = Ee+
is the e+ e− energy asymmetry and vpair = e+Eµ e− the
e+ +Ee−
energy fraction transferred to the electron pair. For the description of complicated
functions Φe,µ (Eµ , ρ, vpair ) see p. 217 in Grieder [2010].
By Eq. 2.10 the energy loss can be obtained from

dE
= 2Eµ
dx



NA
A

Z

vpair,max

Z
vpair ×

vpair,min

0

ρmax



d2 σ
dvpair dρ


dρ dvpair .

(2.11)

2.2.4. Photo-Nuclear Interaction
In photo-nuclear interactions muons interact with nucleons or nuclei inelastically.
They are described by an exchange of virtual photons in which hadrons are being
produced. The photo-nuclear interactions become important at high energies constituting about 10% of the total energy-loss rate at TeV range but are theoretically
understood poorly. Bezrukov and Bugaev [1981a;b] derived the following expression
for the photo-nuclear cross section
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dσ
dvnucl


ni

where vnucl =
nucleus and
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2π
"
#


2m2µ
m21
κm21
−
× κ ln 1 +
− 2
t
m1 + t
t
"
#


2
2mµ
m2
+ 0.25 κ ln 1 + 2 −
t
t



 )

m2µ
m21
m22
t
+
0.75G(x)
+ 0.25
ln 1 + 2
,
2t
m21 + t
t
m2
Enucl
Eµ

(2.12)

is the fraction of muon’s energy transferred to the nucleon or

t=
κ=1−

2
m2µ vnucl
,
1 − vnucl

2
2
+ 2
vnucl
vnucl

(2.13)
(2.14)

with m21 = 0.54 GeV2 and m22 = 1.8 GeV2 . The nucleon-photo-nuclear cross section
as a function of energy E in GeVs is represented as
σγ,N (E) = 114.3 + 1.647 ln2 (0.0213E) [µb].
The remaining symbols in Eq. 2.12 are defined as


3 x2
−x
− 1 + e (1 + x) ,
G(x) = 2
x
2
x = 0.00282A1/3 σγ,N (vnucl , Eµ ),

(2.15)

(2.16)
(2.17)

where the range of vnucl is
mπ
< vnucl <
Eµ



mµ
1−
Eµ

(2.18)

with pion’s rest mass mπ .

2.3. High-Energy Muon Showers
The penetration power of muons offers interesting possibilities in cosmic-ray research.
High-energy muons (and neutrinos) form the only component of the EAS that
can penetrate deep into rock while all other particles and low-energy muons are
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Fig. 2.2. The muon production height and generation step distributions of 1 PeV proton
and iron showers as simulated with the CORSIKA program.

filtered out at shallow depths. Because high-energy muons are typically generated
at high altitudes they carry information about the history of early stages of the EAS
development and therefore are ideal messengers of the properties of high-energy
hadronic interactions, which are the least known part in shower simulations. In
the present work the basic properties of the high-energy muon component of an
EAS were studied by means of CORSIKA simulations and the main results are
summarised in this Section.
On the left panel in Fig. 2.2 are shown the production height distributions of
high-energy muons with energy greater than 50 GeV at the ground level (which is
the energy threshold for vertical muons corresponding to the depth of the EMMA
experiment) as obtained from CORSIKA simulations. As an average, the muons are
produced at 10 and 14.5 km heights in 1 PeV proton and iron showers, respectively.
The corresponding muon generation step distributions are shown on the right panel.
As muons are decay products of hadrons they can be generated in the second
generation step at the earliest. Most of the 50 GeV muons are produced at steps
3–7 but a small fraction originates from the late phase of the shower development.
The high-energy muons (E > 50 GeV) arrive at ground in a very narrow disk.
The thickness of the disk in time is less than a nanosecond as demonstrated by two
simulated showers in Fig. 2.3 where the calculation of the time-of-flight of muons
was started from the first primary interaction. The different mean arrival times of
showers result from the different altitudes the first interaction occured. The energy
distributions of high-energy muons at different distances from the shower centre as
produced in 1.58 PeV proton showers after they have lost energy approximately of
50 GeV in rock (corresponding to the depth of the EMMA experiment) are shown
in Fig. 2.4. As can be seen, the highest-energy muons are located in the shower
centre (r < 10 m) where their energies can exceed even 10 TeV. Most of the muons,
however, have energy left less than 100 GeV at the level of EMMA.
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Fig. 2.3. The time structure distributions of muons from two 1.58 PeV iron showers
produced by CORSIKA simulations. The dots represent muons with energy E > 50 GeV
on the ground level. Time-of-flight is the time in nanoseconds elapsed from the first
primary interaction until the muon reached the ground level. These showers were initiated
approximately at 22 km altitude.

Fig. 2.4. Average muon energy distributions from 500 samples of 1.58 PeV proton showers
at different distances from the shower centre at the level of the EMMA experiment
(corresponding to 50 GeV energy cut-off for muons) as obtained by combined CORSIKA
and Geant4 simulations.

3. The EMMA Experiment
Building of an underground cosmic-ray experiment in the Pyhäsalmi mine was first
proposed by Chinese collaborators of CUPP (Centre for Underground Physics in
Pyhäsalmi) in 1999 [Ding et al., 1999a;b]. They introduced an idea to measure
the lateral distribution of high-energy muons (E > 50 GeV) of EAS on an eventby-event basis separately for each shower. By now, there has not existed any
experiment that would have adapted exactly the same technique to study cosmic
rays. The proposed experiment consisted of seven detector clusters, each having a
size of 100 m2 , and placed in a symmetrical grid. Unfortunately, the proposal was
too ambitious to be realised in the full scale but was fulfilled in a reduced form to
preserve cost efficiency.
The experiment was decided to be built in existing caverns of the mine to save
excavation costs. The research centre CUPP obtained 588 drift chambers from
CERN (European Organization for Nuclear Research) that were decommissioned
from the LEP-DELPHI experiment keeping costs at low level. The first set of drift
chambers was delivered in 2002 to Finland and was used to build the first test
equipment. The rest of the detectors were transported in the end of 2005 when the
building of EMMA (Experiment with Multi-Muon Array) was started.

3.1. Physics Programme
The EMMA experiment [Kuusiniemi et al., 2011] aims to study the composition
of cosmic rays in the knee region (1015 − 1016 eV). It will measure the direction
and number of high-energy muons and their lateral distribution on event-by-event
basis at the depth of 75 m in the Pyhäsalmi Mine corresponding to an average
vertical energy threshold of 50 GeV for muons (210 m.w.e.). EMMA is also
prepared for measuring very high-density muon bundles1 as already seen in some
CERN experiments (see Chap. 11) that could not have been explained by any
state-of-the-art hadronic interaction models used in cosmic-ray simulation codes.
1 From

now on the term muon bundle is used to describe local high-energy muon showers.
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Fig. 3.1. The average lateral density distributions of muons (E > 50 GeV) of proton(solid lines) and iron-induced (dashed lines) air showers at primary energies 1, 2.51, 6.31
and 15.8 PeV. The simulations were performed by the CORSIKA+QGSJET01 program.

The rock overburden filters out all particles except muons above 50 GeV and
neutrinos. High-energy muons travel through the atmosphere and the rock layer to
the EMMA level preserving their original direction with an accuracy of a couple of
degrees. As high-energy muons are typically produced at high altitudes, they are
good messengers of the properties of primary cosmic-ray particles.
On the basis of air-shower simulations it is known that the number of high-energy
muons (E > 50 GeV) in the shower core is proportional to the primary energy
and roughly independent on the primary type at knee energies. On the other
hand, their lateral distribution is highly dependent on the primary mass, and,
hence, on the type of primary particle. Figure 3.1 shows the average lateral density
distributions of high-energy muons at different primary energies produced in protonand iron-induced air showers. As visible, for protons and iron nuclei at a given
primary energy the muon densities in the shower core coincide whereas the shapes
of muon lateral distributions are clearly distinct. Furthermore, in Sec. 4.1 it is
shown that the shapes of muon lateral distributions do not depend significantly
on the high-energy hadronic interaction model selected in air-shower simulations
offering an almost model-independent way to analyse events.
In the cosmic-ray composition analysis of EMMA the classification of an event
to a certain energy-mass group is done by fitting a two-dimensional muon-density
function to the measured muon multiplicities in detector stations event by event.
The position of the shower core, the muon density in the shower core and the shape
of the muon density profile are then obtained by the fit routine [Kuusiniemi et al.,
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2011]. The muon density in the shower core and the shape of the density profile
determine the energy and type of the primary particle, respectively. As the first
estimate, the analysis is done by assuming that the composition can be described
as a linear combination of protons and iron nuclei representing correspondingly
light and heavy nuclei.
The possibility to study high-density muon bundles as seen in some CERN
experiments is interesting because such events are not expected from simulations
and could be used to test modern high-energy interaction models. The advantage
of EMMA in providing new kind of information is a long running time (several
years) and that, in addition to the measurement of muon multiplicity, it can study
the shape of the lateral distribution of muons. This topic is discussed more in
Chap. 11.
Although the event-by-event based composition analysis is the main goal of
EMMA there are some other objectives too. The composition of cosmic rays can be
studied individually by three-layer stations, which makes possible the comparison
of results between stations. By a single station, however, one cannot measure
the lateral distribution of muons but the cosmic-ray energy spectrum and the
composition of cosmic rays have to be assumed to predict the muon multiplicity
spectrum that should be seen in the station during the running time. Another
interesting opportunity would be to study the production height of high-energy
muons by extrapolating reconstructed tracks back to their point of origin. This
could be possible by means of radial and tangential angles [Bernlöhr, 1996] but
would require extremely careful analysis and, for instance, precise knowledge of the
alignment of detectors. Although the scattering in rock results in stronger deviation
than that is the radial angle of a muon, which is sensitive to its production height,
the scattering is axially symmetric and cancels out with sufficient statistics.

3.2. Design of the Experimental Setup
The design phase emerged several requirements for the EMMA experiment.
• The experiment had to be placed at suitable depth to filter out electromagnetic
component and low-energy muons but not too deep to lose required statistics
for the event-by-event based composition analysis.
• The experiment should have horizontal extension to enable the study of the
lateral distribution of muons up to some tens of metres.
• Detectors should have sufficient position resolution and configuration to
determine the shower arrival direction2 , the position of the shower core and
the number of muons with needed accuracy. They should also be capable to
measure very high muon densities.
The budget for the experiment was known to be limited and, therefore, the
design had to be cost-effective. This was achieved by building the experiment in
2 The

shower arrival direction is the arrival direction of the primary cosmic-ray particle.
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Fig. 3.2. The layout of EMMA as viewed from top. The detector stations in the main
EMMA level (+85 level) are named from A to I, of which stations A–G have been
constructed by Spring 2012. Additional stations planned to be built in the mine level +45
are labelled as X and Y. The two drill holes connecting the mine levels +45 and +85 are
shown as brown lines.

existing caverns and using existing detectors from the DELPHI experiment. It was
still to decide the layout and depth for the experiment.
The Pyhäsalmi Mine could provide us two possible locations for the experiment
at relatively shallow depths, the mine levels +85 and +210 corresponding to 75 m
(E > 50 GeV) and 200 m (E > 130 GeV) depths, respectively. At those levels
there were caverns no longer in use by mine operations. A study was carried out to
find the optimal depth for the experiment by examining the statistical separation
of lateral density distributions of muons produced by proton and iron primaries.
It turned out that composition sensitivity increases with depth but, on the other
hand, the statistics gets worse leading to larger uncertainties in a reconstructed
muon lateral distribution. As a result, both the depths of 75 and 200 m were
equally good but EMMA was decided to be built at 75 m depth because it had
more practical access and better possibility to drill a hole from the ground level to
the cavern for direct gas input.
The basic layout of EMMA will consist of nine detector stations to be built at
75 m depth, of which seven (stations A-G) have been constructed by Summer 2012
as shown in Fig. 3.2. The array contains two different type of detector stations,
called two- and three-layer stations, depending on whether the gas detectors (planks
and limited streamer tube (LST) units, see Sec. 3.3) are placed in two- or three
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layers, with vertical separation of 1.1 m. By Summer 2012, the planks have been
placed in three layers in stations C, F and G, in two layers in station E, and in one
layer in stations B and D. The LST units will be used to form the second layer
or both layers in two-layer stations (except in station E). In addition, scintillation
detectors will be mounted in three-layer stations below the bottom plank layer
after their calibration on the surface laboratory is finished.
The test measurements were started with three-layer stations C and F in Summer
2012. The new DAQ (Data Acquisition) software, which is able to handle data flow
from all types of detectors and multiple VMEs (VERSA-Module Euro card), has
to be tested before it can be deployed. After the successful tests the rest of the
stations can be added to DAQ one by one.
The mine company has provided us a possibility to build some detector stations
to +45 level too. The place is located approximately 40 m higher and 30 m south
of station G (see Fig. 3.2). Additional detector stations there would improve event
recontruction and especially the reconstruction of the position of shower core as
they would help to recognise the events with shower cores located south of station
G. The +45 and +85 levels are already connected together by two drill holes that
are needed for cabling.
The caverns set limitations for the positioning of detector stations at +85
level. The fit routine used to locate the shower core and to reconstruct the
muon lateral distribution was found to work most efficiently if the stations had
approximately 10 m mutual separation and were placed symmetrically. The best
detector configuration was found to be as shown in Fig. 3.2.

3.3. Muon Detectors
Drift chambers form the bulk of EMMA detector system. They are former LEPDELPHI MUon Barrel chambers (MUBs) from CERN. A good position resolution
allows the reconstruction of the position of shower core, the shower arrival direction
and the number of muons in stations. An important part of the array is formed
by high-resolution plastic scintillation detectors, which can provide fast timing for
the drift chambers and improve the reconstruction of high-density muon bundles.
EMMA will be upgraded also by 60 Limited Streamer Tube (LST) units obtained
from the KASCADE experiment. The LST detector layers make possible the
reconstruction of muon tracks in all stations and the construction of additional
stations at +45 level.

3.3.1. Drift Chambers
The position-sensitive MUB drift chambers [Aarnio et al., 1991] form the backbone
of EMMA. They are made of a rectangular-shape aluminium profile with 2 mm
wall thickness, each having a gas volume of 20 × 365 × 1.6 cm3 . A chamber is
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Fig. 3.3. Top: Overview of the main components of a MUB drift chamber. Middle: The
cross section of a half chamber (right-hand side). Bottom: The cross section of a plank.
The drift chambers are arranged in two layers and named as X1, X2, X3, X4, Y1, Y2 and
Y3.

equipped with a tungsten-covered anode wire placed in the middle of gas volume
and being connected to 6 kV high voltage. The cathode delay line is located
below the anode wire and is connected to 4 kV high voltage. The high voltage is
further distributed to cathode strips that are spaced evenly on the inner walls of
the chamber, producing a uniform electric field across the chamber (see Fig. 3.3).
The chambers are not used individually but are organised into two halfly overlapping layers (3 + 4 chambers) to form a group of seven chambers as shown on the
bottom in Fig. 3.3, called a plank. The bottom chambers are named X1, X2, X3 and
X4, and the top chambers Y1, Y2 and Y3. The group of chambers is covered with
additional 2 mm thick aluminium plate, giving the total weight of about 120 kg
with dimensions 85 × 365 × 6 cm3 for the plank. The EMMA experiment contains
84 planks corresponding to the total area of 250 m2 . The planks are placed in
detector stations either in one, two or three layers covering the effective area of
135 m2 .
The drift chambers are operated with Ar:CO2 (92%:8%) gas mixture, which is
mixed in the gas station situating in the mine area on ground. The gas is delivered
through a 100 m long drill hole in the gas pipe directly to the EMMA level. After
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Fig. 3.4. Left: The calibration stack of planks in the surface laboratory. Right: EMMA
plastic scintillation detector (sc16 module).

the gas is once flown through the detectors it is released to the caverns, from which
mine’s ventilation system blows it out.
The drift chambers have a good < 1 cm2 position resolution and efficiency
better than 95%. The position calibration of drift chambers was performed in
the surface laboratory by placing planks in the stack on top of each other as
illustrated in Fig. 3.4. Four of the planks were position-calibrated by a radioactive
22
Na source. These reference planks were then used to calibrate the rest of the
planks by atmospheric muons. The achieved good position resolution for the
drift chambers required four-years intensive analysis and experimental work. The
position calibration last long mainly because of a slight non-linearity of delay lines
but also because of time needed for flushing and repairing of chambers as well as
bringing them into operation.

3.3.2. Plastic Scintillation Detectors
The plastic scintillation detectors [Volchenko et al., 2010; Akhrameev et al., 2009],
as shown on the right in Fig. 3.4, were especially built and designed for the EMMA
experiment, manufacturing performed by the Institute of Nuclear Research of the
Russian Academy of Sciences (INR/RAS). A scintillation detector, called sc16

37
module, consists of 16 small-size (12.2 × 12.2 × 3 cm3 ) pixels arranged in 4 × 4
matrix. The scintillation light produced in a pixel is collected by an optical fibre
embedded in spiral form inside the pixel. The light is further guided to avalance
photodiode (APD), which is used as a replacement of a photo-multiplier tube
(PMT), allowing the relatively compact size of a sc16 module. The optical fibre is
covered with wavelength-shifting material to increase the muon detection efficiency
being approximately 98%. A sc16 module has a size of 50 × 50 × 25 cm3 and weights
20 kg. In total 97 sc16 modules were delivered to the EMMA experiment covering
the total area of 24 m2 . The modules will be placed in three-layer stations below
the bottom plank layers.
The sc16 module can provide timing with a few nanosecond resolution. Fast
timing of the event is important for the drift chambers because relatively long drift
time makes them slow but they need fast event time for accurate reconstruction of
the hit position in drift direction. The relative time differences between modules
can also be used to reconstruct the shower arrival direction independently with the
accuracy of some degrees reducing the probability for mis-reconstructions. The hit
positions in sc16 modules are obtained from the information of fired pixels. They
work with on-off logic, that is, if the pixel was fired at least one ionising particle
was passing through it but the knowledge of the total number of particles in the
pixel is currently not available.

3.3.3. Limited Streamer Tubes
The EMMA experiment is being upgraded by 60 LST units [Antoni et al., 2004]
that were obtained from the Central Detector of the KASCADE experiment in
Spring 2012 (see Fig. 3.5). A LST unit has a size of 100 × 290 cm2 and consists
of six LST chambers. A chamber has dimensions of 16.7 × 280 × 1.34 cm3 and
comprises of 16 tubes, each having the cross section of 9 × 9 mm2 . A tube is
equipped with an anode wire that is placed in the centre and connected to ground.
Negative 4.8 kV high voltage is connected to the electrically conductive plastic
cathode profile. The tubes are operated with pure CO2 gas with low consumption
corresponding to 0.6 l/h for 60 LST units. Hit positions along the tube are recorded
by a row of 32 copper pads (8.2 × 16.2 cm2 each) installed on top of the LST unit.
Pairs of adjacent tubes are connected together resulting in the maximum position
error of 2 cm in a direction perpendicular to anode wire. The read-out time of the
detectors with current electronics is 1 ms, which is relatively long and may limit
their usage in DAQ. Therefore, the usage of Pattern Unit for faster read-out will
be investigated.
The LST units will be used either to form the second layer of detectors in
stations, which include only one layer of planks, or to fill stations completely by
two or three layers. In addition to stations at +85 level, the LST units can be used
to fill stations at +45 level that could be built after the construction of the first
nine stations has been finished.
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Fig. 3.5. A pile of three Limited Streamer Tube (LST) units. The aluminium plate
covering the topmost LST unit has been removed.

3.4. Infrastructure
Working in the mine area sets its own conditions for the building of the experiment
and its infrastructure. Because of cost and safety issues as well as practicality the
Ar-CO2 gas mixture, which is used by drift chambers, was decided to be produced
on ground and to be blown through a 100 m long pipe line directly to the EMMA
level. The solution saved lots of working time as there was no longer need to deliver
gas bottles and containers down by car.
Although environmental conditions are challenging at the EMMA level practical
and functional solutions were found to operate the experiment. Because of the
acidity of water (pH = 3–4) that emerges from rock the concrete and metal
structures of the detector stations have to be built of acid-proof materials. In
Fig. 3.6 on the left is shown the construction phase of station B. The stations have
to be built on top of concrete legs to prevent the supporting iron bars from sinking.
On the right is presented the three-layer station F. The roof and walls of the
stations are built of plywood that has proven to tolerate underground conditions
well.
Fine-grained electrically conductive ore dust floating in the air may break
electronics equipment when it accumulates on circuit boards. Moreover, the
humidity of air is close to 100% causing problems for electronics too. In these
hostile conditions it was obvious to shield detectors by stations to protect against
dropping water and block direct connection to humid and dusty air. Heaters and
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Fig. 3.6. Left: The construction of station B. Station A on background. Right: Three-layer
station F.

electronics devices rise temperature inside the stations to approximately 15°C
decreasing relative humidity to a level of 40–60% that provide good conditions for
the measuring equipment. For air purification commercial air purifiers and several
additional filters are used to protect equipment. Anyhow, elecronics equipment
need to be checked and cleaned regularly.
The experiment can be run remotely from the mine office through optical cable
connection. In addition to remote monitoring of environmental, high voltage and
data parameters there is an automatised system in each detector station to control
high voltages, which are ramped down in case of problems. The stations are
connected with each other by cable canals that carry trigger, data and network
cables.

4. Simulation Tools of EMMA
In experimental physics stochastic Monte Carlo simulations offer a powerful tool to
test and develop analysis programs as well as to design and optimise an experimental
setup by including realistic fluctuations on observables that cannot be calculated
precisely by analytical formulas. In the EMMA experiment simulations are used
basically in all kind of analysis — to optimise the location and layout of the array
as well as to design and test analysis software.
In general, simulations for EMMA are performed in two phases. First, cosmic-ray
initiated air showers are simulated with the CORSIKA program, and second, highenergy muons are tracked through rock down to the EMMA level and through the
detector stations with the Geant4 application. In the present work, the production
of high-energy muons in CORSIKA simulations was studied by comparing lateral
density distibutions of high-energy muons obtained by different high-energy hadronic
interaction models. In addition, the present work contains a large contribution for
the development of the Geant4-based simulation program, which is used to generate
simulated event data for the EMMA experiment. The Geant4 and CORSIKA
simulation tools for EMMA are described in this Chapter.

4.1. Air-Shower Simulations
The widely used CORSIKA (COsmic Ray SImulations for KAscade) [Heck et al.,
1998] program was selected for EAS simulations to produce data for the EMMA
experiment. It can be used to simulate the development of EAS in the atmosphere
and to record particle information on the ground level. For simulations a user
selects appropriate models to describe low- and high-energy hadronic interactions in
the atmosphere. In the version 6.980 of CORSIKA the model options for low-energy
interactions are FLUKA [Ferrari et al., 2005; Battistoni et al., 2006], GHEISHA
[Fesefeldt, 1985] and UrQMD [Bass, 1998], and for high-energy interactions DPMJET [Ranft, 1995], QGSJET 01 [Kalmykov and Ostapchenko, 1993], QGSJET-II
[Ostapchenko, 2006], SIBYLL [Engel et al., 1992], EPOS [Werner et al., 2006],
NEXUS [Drescher et al., 2001] and VENUS [Werner, 1993].
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Fig. 4.1. The average lateral density distributions of high-energy muons (E > 50 GeV)
produced in vertical 1 PeV iron-induced showers using low-energy interaction models
FLUKA and GHEISHA with threshold energies 80 and 400 GeV.

For surface-array experiments the selection of a state-of-the-art low-energy
interaction model is important because most of the particles at the surface are
low-energetic. For the EMMA experiment any of the models fits fine because
only high-energy muons can reach the detectors. This is demonstrated in Fig. 4.1
that shows the average lateral density distributions of muons produced by 1 PeV
iron primaries using either FLUKA or GHEISHA to descibe low-energy hadronic
interactions. For the FLUKA model two different threshold energies 80 and
400 GeV were applied above which interactions are described by the high-energy
model QGSJET 01. As can be clearly seen, there is practically no sensitivity for the
selected energy threshold nor difference between the models although the GHEISHA
model is outdated and its usage is no longer recommended for surface experiments
[Heck, 2006]. The third low-energy interaction model UrQMD describes interactions
in detail but with a cost of extremely long CPU times. Because the FLUKA model
shows the best performance, and it is widely used and still relatively fast, it was a
natural selection to describe low-energy interactions for EMMA.
The selection of the high-energy interaction model has a great influence on
simulation results. The modern models are in agreement with collider data but
they include uncertainties that rise mainly from the lack of fundamental description
of soft hadronic interactions and from the extrapolation of model parameters far
beyond collider energies. However, the differences in lateral density distributions
of high-energy muons (E > 50 GeV) between the models in the energy range of
1–10 PeV are relatively small as is visible in Fig. 4.2. Typically in experiments
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Fig. 4.2. The average lateral density distributions of high-energy muons (E > 50 GeV)
at primary energies 1 and 10 PeV for proton- (solid) and iron-induced (dashed) showers
produced by the QGSJET 01, QGSJET-II and SIBYLL 2.1 models.

analyses are performed with at least two different models to estimate systematic
uncertainties of the models. For the EMMA experiment the QGSJET 01 and EPOS
models were selected as they represent the largest differences between the models
in muon production. In Fig. 4.3 are shown the average lateral density distributions
of high-energy muons at primary energies 1, 3 and 10 PeV for vertical proton- and
iron-induced air showers produced by the QGSJET 01 and EPOS 1.99 models.
As can be seen, the differences between the models are still moderate and the
composition signal is distinguishable in the distributions.
Nevertheless, the QGSJET 01 model is rather old and is known to have some
shortcomings. For instance, it overestimates the number of secondary particles produced in interactions [Knapp et al., 2003] and does not treat non-linear interaction
effects in detail as its successor QGSJET-II does. The model was selected, however,
because it is fast, widely used in experiments and accurate enough to describe the
production of high-energy muons. Contrary to the QGSJET 01 model EPOS is a
rather new model. The distinct feature of EPOS is the enhanced production of
baryons leading to the production of larger number of low-energy muons compared
with other models. Although the model is adjusted with a large set of accelerator
data it is not tested in cosmic-ray experiments as extensively as other models.
In the present work a CORSIKA simulation database was created for the analysis
purposes of EMMA. The FLUKA model was used to describe hadronic interactions
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Fig. 4.3. The average lateral density distributions of high-energy muons (E > 50 GeV) at
primary energies 1, 3 and 10 PeV for proton- (solid) and iron-induced (dashed) showers
produced by the QGSJET 01 and EPOS 1.99 models. These results were also presented
in [Kuusiniemi et al., 2011].

below 400 GeV and the QGSJET 01 model above it. The energy threshold was
set rather high because QGSJET 01 is known to overestimate particle production
at the low-energy limit1 . The database consists of proton- and iron-induced air
showers at discrete primary energies. They include three energies per decade (1,
3.16, and 10), which are uniformly distributed in logarithmic scale, covering an
energy range of 1011 –1017 eV. The selection of the range can be justified by Fig. 4.4
that shows the average total number of muons (E > 50 GeV) produced in protonand iron-induced showers at different primary energies. The energy of a proton
may be transfered to a muon almost completely while in iron-induced showers, in
which the primary energy is shared between 56 nucleons, much larger threshold
energy is needed to produce any muons above 50 GeV. The highest primary energy
was limited to 100 PeV because above it less than a shower per year is expected to
hit the central area of EMMA.
The database includes showers at discrete zenith angles 0°, 15°, 30° and 45°, the
azimuth angle always to be chosen from a uniform range of 0–360°. The showers
with zenith angles, which differ from these discrete angles, can be generated for
analyses by twisting simulated CORSIKA showers to a desired direction. This
1 The selection of the energy limit was based on private conversations with T. Pierog. However,
the simulation of high-energy muon component is not so sensitive for the selected energy limit.
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Fig. 4.4. The average total number of muons (E > 50 GeV) produced in proton- and
iron-induced showers as a function of primary energy. The lines between datapoints are
just to guide the eyes.

is acceptable for certain kind of analyses because the properties of high-energy
muon showers do not change drastically with zenith angle. However, showers with
random arrival directions and primary energy ranges will be added to the database
later. The database does not include EPOS simulations yet.
In the CORSIKA simulations the development of the electromagnetic component
was treated analytically instead of detailed simulation with the EGS4 code in order
to speed up simulations. The choise can be said to be justified as the production
of high-energy muons (E > 50 GeV) by γ → µ+ µ− is very low (< 1% of the total
number of high-energy muons). This is illustrated in Fig. 4.5 that shows the average
lateral density distributions of muons (E > 50 GeV) produced in 1 PeV vertical
proton and iron showers with and without the EGS4 option. If electromagnetic
cascades were simulated, probably some other approximations, such as a thinning,
would be needed. The particles were simulated until their energy fell below 35 GeV.
The observation level and Earth’s magnetic field were set at the ground level above
EMMA.
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Fig. 4.5. The average lateral density distributions of high-energy muons (E > 50 GeV)
produced in 1 PeV vertical proton- and iron-induced showers by whether including detailed
simulation of the electromagnetic component (the EGS4 option selected) or not.

46

4.2. EMMA Event Generation Program
The Geant4 simulation package [Agostinelli et al., 2003] was used to develop the
application for generating realistic events for the EMMA experiment. The work was
started by other persons of the collaboration but was mostly developed, tested and
finished by the author. The present work comprises about 80% of the development,
programming, testing and documenting of the program.
The EMMA-Geant4 program can be used to simulate high-energy muon showers
through the detector stations and to record hits in the detectors. Initial information of primary muons to be simulated can be read from a CORSIKA output
file or generated artificially. If the CORSIKA option is selected the muons are
transported through the rock overburden close to the EMMA level using analytical
transportation formulas as described in Chap. 5. The last few metres in rock before
entering the cavern the traverse of muons are simulated in detail to include realistic
muon-induced electromagnetic showers that may follow the parent muon.
Because large-scale simulations are relatively heavy and time-consuming the detectors are expected to work as ideal detectors and the detector response influencing
on hit information is added later using the EmmaEventGenerator program that was
developed in the current work too. This way it is possible to generate different kind
of datasets from the same set of simulations effectively by changing, for instance,
detector efficiencies or afterpulse production rate. The EmmaEventGenerator
program stores updated simulation results into binary output file with similar data
format as in the case of experimental data enabling the reconstruction of simulated
tracks and hits with the track reconstruction program ETANA.
Geant4 offered a flexible framework to develop the event generation program for
the EMMA experiment. The main parts of the EMMA code include the construction
of detector stations, the initialisation of muon showers, the description of the physics
processes and the analysis of hit information. The geometrical model contains nine
stations and the drift chambers placed inside them as well as the rock overburden
and caverns where the stations are located. The structures of stations consist of
walls and roofs made of 0.5 cm thick plates. The drift chambers in the stations were
modelled in detail although the electric field inside the chambers was neglected.
Hits in the chambers are registered directly if the particle enters the gas volume,
that is, the drift of ionisation electrons to the anode wire is not modelled. Electrons,
however, must have at least 300 keV kinetic energy left in order to be registered as
a hit. The threshold value was estimated from the comparison of simulated and
measured data as described in Chap. 9. The production of secondary electrons
in the gas volume was prevented because such electrons would not be detected as
separate hits but be merged to the primary hit. The models of scintillation and
LST detectors have not been included in the code yet.
The inclined EMMA caverns were constructed of the blocks of standard rock
(ρ = 2.65 g/cm3 ) describing the walls and ceilings of the caverns. The rock
overburden is represented by a 75 m thick rectangle block made of standard rock.
However, it should be replaced by a detailed rock model that was designed on
the basis of the drilling samples performed by the mine company. The exact rock
composition (hρi ≈ 2.8 g/cm3 ) of the rock model would increase the vertical energy
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threshold for muons by 2–3 GeV. In addition, pyrite piles and buildings on the
surface of the mine should be added to the model, of which the pyrite piles would
increase the energy threshold by up to ≈ 5 GeV. The open pit, which is included
in the rock model, would decrease the energy threshold at zenith angles of > 40°
depending on the location of the detector station.
The initial energy, position and direction of high-energy muons can be read from
CORSIKA output files or defined by the user. In user-defined artificial showers
the muon positions can be selected either from uniform or Gaussian distribution.
Only muons passing close to or through the detector stations are simulated. The
effect of rock overburden to the properties of muons is included in simulations using
the results described in Chap. 5. First, the survival of the muon to the EMMA
level is checked and, if it survived, its energy loss is estimated. Depending on the
energy left at the level of EMMA the angular deviation and horizontal position
displacement are calculated.

5. Effect of Rock Overburden to the Properties of
Muons
The properties of high-energy muons like their direction and energy are inevitably
influenced by the atmosphere and rock before they reach the depth of the EMMA
experiment. Because muons are highly penetrating particles they travel from
their generation altitude through the atmosphere to the ground level almost along
straight lines losing only a fraction of their energy in interactions with air nuclei.
The rock above EMMA is affecting more to muon properties than the atmosphere
but still muons in a shower are arriving at the detectors almost with parallel
trajectories. Changes in the parameters, however, have to be taken into account in
analyses. The influence of rock overburden to the properties of muons was studied
in the present work and the results are summarised here. The detailed analysis
results are described in the internal CUPP progress report The effect of rock to the
properties of muons at EMMA site.

5.1. Description of the Analysis
Vertical proton- and iron-induced air showers were simulated with the CORSIKA
program (QGSJET 01 and GHEISHA) to the ground level, after which high-energy
muons were selected from the simulations and their transportation were continued
through a 75 m thick standard rock layer (ρ = 2.65 g/cm3 ) with a modified version
of the EMMA-Geant4 simulation code. The parameters of muons were recorded on
the surface and at 75 m depth so that the influence of rock to the properties of
muons could be estimated. The simulation results were analysed also by assuming
ideal 15 m2 detector planes below the rock placed similarly as the detector stations
of EMMA but assuming one additional detector plane (detector 0) in the centre of
array (see Fig. 5.1). The axis of cosmic-ray air showers was always aimed at the
middle of detector 0. The core position could be fixed because this study focus
on the question how the influence of rock overburden on the parameters of muons
should be taken into account in simulations in which the position of the shower
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Fig. 5.1. The configuration of ten 15 m2 detector planes used in the analysis (squares).
The positions of detectors are similar to EMMA stations except that there is one additional
detector plane (detector 0) in the centre of the array (dashed square). The four points
represent fixed position coordinates of the mine.

core is, of course, known accurately.
A detailed simulation of the passage of muon showers through rock requires
plenty of CPU time, which is impractical when large simulation datasets are needed
for analyses. Therefore, analytical descriptions for the parameters of muons were
deduced by trying different kind of formulas to describe simulation results for the
energy loss, horizontal displacement and angular deviation of muons in rock. The
muon survival probability to the EMMA level was decided to be picked directly from
the distribution obtained from simulations. Then, the EMMA-Geant4 program
can be used to transport muons efficiently through rock to the EMMA level by
these analytical formulas and using the muon survival probability distribution. The
effect of exact rock composition with the constructions on the surface of the mine
will be included later by translating their effect as the distance in standard rock.
This way the transportation formulas described in this Chapter are still applicable
as they are scalable with distance in standard rock.

5.2. Muon Survival Probability and Energy Loss
The probability for a muon to survive through 75 metres in standard rock is shown
in Fig. 5.2. As visible, already a 40 GeV muon has a small probability to survive
but, as an average, 46 GeV is needed for 50% of the muons to survive. Because the
rock density above EMMA is a bit higher than that of the standard rock used in
the analysis approximately 50 GeV is needed for the half of the muons to reach
the EMMA level. One should notice that even the highest-energy muons have a
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Fig. 5.2. Muon survival probability through a 75 m thick rock layer as a function of its
energy on the surface obtained by Geant4 simulations.

small probability to decay or lose all of their energy in radiative processes before
reaching EMMA.
The energy losses of muons in rock with initial energies 60, 80 and 100 GeV are
shown in Fig. 5.3. At higher muon energies the probability of stochastic radiative
processes increases, in which a muon may lose a large fraction of its energy in
a single process, whereas at lower energies muons lose energy primarily due to
ionisation. The energy-losses of muons follow Landau distributions, which mostprobable value evolves slowly towards higher energies with increasing initial energy
of the muon.
An analytical form for the energy losses δEµ of survived muons in GeVs was
examined and, as a result, the energy losses can be evaluated from the following
Landau distribution

L(Eµ0 , mpv(Eµ0 ), σL (Eµ0 )) 39.5 ≤ δEµ < Eµ0
δEµ =
(5.1)
0
elsewhere
with energy-dependent parameters mpv(Eµ0 ) and σL (Eµ0 )

21.2 × log10 (Eµ0 + 80) Eµ0 < 100
0
mpv(Eµ ) =
0.0353 × Eµ0 + 44.6
Eµ0 ≥ 100
σL (Eµ0 ) = 0.0095 × Eµ0 + 0.94,

(5.2)
(5.3)

where Eµ0 is the energy of the muon in GeVs on ground. The analytical expressions
of energy losses are presented as black lines in Fig. 5.3.
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Fig. 5.3. The energy losses of muons in 75 m of standard rock with initial energies 60, 80
and 100 GeV as obtained from Geant4 simulations. The solid black lines represent fits of
Landau distributions to the datasets.

Figure 5.4 presents the energy losses of individual muons in 75 m of rock produced
in 1.58 PeV proton showers. Most of the muons lose energy 40–60 GeV but the
highest-energy muons may lose hundreds of GeVs in radiative processes, which can
be seen as a pilar of dots in the shower centre where they are mainly located.
The average lateral density distributions of muons obtained from detailed simulations through 75 m in standard rock (solid lines) and by selecting muons
(E > 50 GeV) directly from CORSIKA simulations on the ground level (dashed
lines) are compared in Fig. 5.5. They are in good agreement meaning that by
applying a simple 50 GeV threshold for vertical muons one can already obtain
reasonable accuracy for analysis purposes although the energy losses of muons vary
from approximately 40 GeV up to hundreds of GeVs.
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Fig. 5.4. The energy losses of individual muons in 75 m of standard rock as a function of
distance from the shower core in the direction of x-axis. The distribution includes 195194
muons from 500 showers produced by 1.58 PeV protons. The total of 275 muons above
500 GeV were excluded by the limited range of the y-axis.

Fig. 5.5. The average lateral density distributions of muons produced in vertical protonand iron-induced showers at primary energies 1.58, 3.98 and 10.0 PeV after detailed
simulation through 75 m in standard rock (solid lines) or selecting high-energy muons
(E > 50 GeV) directly on the ground level (dashed lines).

53
0<r
10 < r
20 < r
0<r

< 10
< 20
< 50
< 50

m
m
m
m

δφ < 1.0°
0.86 (0.89)
0.78 (0.82)
0.68 (0.73)
0.75 (0.78)

δφ < 2.0°
0.94 (0.96)
0.91 (0.93)
0.86 (0.89)
0.89 (0.91)

δφ < 3.0°
0.97 (0.98)
0.95 (0.96)
0.93 (0.94)
0.94 (0.95)

δφ < 5.0°
0.99 (0.99)
0.98 (0.99)
0.97 (0.98)
0.98 (0.98)

Table 5.1. The fraction of muons (E > 50 GeV corresponding to the depth of
EMMA) of 3.98 PeV proton and iron (in parentheses) showers, for which the angle
with respect to the shower direction is within of 1, 2, 3 and 5 degrees at different
distance intervals.

5.3. Muon Angular Deviation
As highly penetrating particles muons preserve their line of direction relatively well
even in high-density rock. However, when a muon is about to run out of its energy
the scattering angle in rock increases strongly, which can be seen in Fig. 5.6 that
shows the correlation between the angular deviation and energy of a muon at 75 m
depth produced in 1.58 PeV proton and iron showers. Most of the muons scatter
less than a degree in rock when they reach the EMMA level. The scattering of
muons in rock at different distances from the shower core are shown in Tab. 5.1.
Around 80% of the muons scatter less than a degree but still approximately 10%
of the muons deviate more than two degrees. The muons that are running out of
their energy may scatter > 5°. The average angle between the original direction
on ground and the instant direction in rock as a function of depth for muons with
initial energies of 50, 150 and 1000 GeV are shown in Fig. 5.7. The penetration
depth of the muon is almost linearly proportional to its initial energy.
The average angular deviations of muons with respect of the shower arrival
direction as a function of distance from the shower centre are listed in Tab. 5.2 for
1.58 PeV proton and iron showers. The angular deviation is the smallest in the
shower centre where the highest-energy muons are located. The muon angles at
the ground level are displayed in parentheses, from which it is obvious that angular
deviation is mainly occuring in rock. The approximative formula was deduced to
describe the angular deviation of muons in 75 m of standard rock given as
δφ = Gδφ (δφ, mδφ (Eµ ), σδφ (Eµ )),

(5.4)

with energy-dependent parameters defined as

mδφ (Eµ )

=

σδφ (Eµ )

=

21
− 0.08
((Eµ )0.43 + 1.5)2
53
+ 0.05
((Eµ )0.67 + 5)2

where the energy of the muon is given in units of GeV.

[deg]

(5.5)

[deg],

(5.6)
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Fig. 5.6. Correlation between the angular deviation and energy of muons of 1.58 PeV
proton (top) and iron (bottom) showers after traversing through 75 m of standard rock.
The scale of palette is arbitrary.
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Fig. 5.7. The average angular deviation of muons with initial energies 50, 150 and
1000 GeV as a function of depth in rock. Note that the x-axis is non-linear. The lines are
just to guide the eyes.

proton 1.58 PeV
0<r<2
2<r<5
5 < r < 10
0 < r < 10
10 < r < 20
20 < r < 50
0 < r < 50

m
m
m
m
m
m
m

hδφi
0.37 (0.033)
0.48 (0.054)
0.64 (0.084)
0.57 (0.070)
0.81 (0.13)
1.1 (0.23)
0.90 (0.17)

hEµ i
805 (895)
264 (317)
145 (193)
244 (295)
84.1 (129)
47.4 (90.8)
102 (145)

iron 1.58 PeV
hδφi
0.29 (0.028)
0.39 (0.040)
0.50 (0.060)
0.46 (0.052)
0.66 (0.097)
0.93 (0.18)
0.78 (0.14)

hEµ i
625 (700)
358 (420)
208 (261)
281 (338)
119 (167)
64.7 (109)
116 (161)

Table 5.2. The average angle and energy of muons of 1.58 PeV proton and iron
showers at different distances from the shower centre after traversing 75 m in
rock. The corresponding values for muons (E > 40 GeV) on ground are shown in
parentheses.
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Fig. 5.8. The horizontal displacement distributions of muons with respect of their original
position at residual energies 1, 50 and 200 GeV after the passage of 75 m in standard
rock. The solid black lines represent Gaussian fits to the datasets.

5.4. Spatial Displacement of Muons
Because of multiple scattering in rock muons drift slowly outwards from their
original line of direction. As was mentioned in the previous Section high-energy
muons traverse almost along straight lines until their energy fall below some GeVs,
after which their scattering angles start to increase strongly. The larger the angle,
the more strongly muons drift outwards from their original line of direction. This
can be seen in Fig. 5.8 that shows distributions of the horizontal displacements of
muons with remaining energies of 1, 50 and 200 GeV after traversing through 75 m
in rock. The higher the energy, the narrower the distribution.
The spatial displacements of muons (in metres) were parametrised in such a way
that new positions at the EMMA level can be obtained from Gaussian distributions
x
y

= Gx (x, x0 , σx (Eµ ))
= Gy (y, y 0 , σy (Eµ )),

(5.7)

where (x0 , y 0 ) is the extrapolated position from the surface without horizontal
drifting. Because the scattering of muons is axially symmetric, the same energydependent Gaussian sigma can be used in x- and y-directions given as
σx,y (Eµ ) = 0.63 [m] × Gσ (Eµ , mσ , σσ )

(5.8)

with mean mσ = 0.013 and sigma σσ = 1.2. This Gaussian-like energy-dependence
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Fig. 5.9. The Gaussian sigma σx of the horizontal displacement distribution of muons in
x-direction as a function of the energy of the muon at the 75 m depth. The fit of σx (Eµ )
is shown as a black line.

of the sigma is illustrated in Fig. 5.9, in which the datapoints (sigmas) were
obtained by the Gaussian fits to horizontal displacement distributions of muons as
demonstrated in Fig. 5.8 at three given energies.
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Fig. 5.10. The probability that an electron produces a hit in one or two drift chambers of
the plank as obtained by Geant4 simulations. The lines are just to guide the eyes.

5.5. Muon-Induced Electron Background
While traversing through rock muons produce electrons continuously in interactions
with rock material and, if electrons are produced close to the ceiling of EMMA
cavern, they may be able to follow the parent muon to the cavern and produce
hits in detectors. The muon-induced electrons comprise the major background for
analyses and the minimisation of their contribution is of great importance.
Probabilities for an electron to penetrate through the aluminium cover of a plank
and to produce a hit in one or two chambers are plotted in Fig. 5.10 as obtained
by Geant4 simulations. The energy of the electron has to be at least 2 or 8 MeV
in order to produce one or two hits, respectively. The high energy threshold for
the double-hit production is mainly related to additional aluminium layers glued
between the chambers.
The average number of muon-induced electrons (E > 10 MeV) entering the
cavern from rock at different muon energies is shown in Fig. 5.11. The multiplicity
of secondary electrons increases strongly with the energy of the muon especially at
higher energies when muon radiative processes dominate energy losses.
The average lateral density distributions of muons and muons with secondary
electrons at the depth of EMMA are presented in Fig. 5.12. The relative fraction
of electrons is the highest in the shower centre where the highest-energy muons are
located. Farther from the shower centre the contribution of electrons to the total
number of particles is almost constant being on the level of 20%.
The number of muons and electrons expected in 15 m2 detector planes when the
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Fig. 5.11. The average number of muon-induced electrons (E > 10 MeV) that were
produced in rock and entered the cavern with the parent muon at some selected muon
energies.

Fig. 5.12. The average lateral density distributions of muons (dashed) as well as muons
and electrons (solid) produced in 3 PeV proton- (red) and iron-induced (blue) showers.
The dotted histograms show the contribution of electrons in percentages (y-axis on the
right-hand side).
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detector 0
detector 1
detector 2
detector 3
detector 4
detector 5
detector 6
detector 7
detector 8
detector 9
total

proton 3.98 PeV
24 (28)
12 (3.5)
11 (4.3)
11 (5.4)
3.6 (0.91)
3.8 (0.41)
3.7 (0.76)
1.9 (0.33)
1.8 (0.31)
1.8 (0.54)
75 (44)

iron 3.98 PeV
28 (39)
16 (6.7)
16 (6.7)
16 (7.3)
6.2 (1.5)
6.2 (1.5)
6.5 (1.6)
3.5 (0.75)
3.3 (0.67)
3.2 (1.2)
108 (67)

Table 5.3. The average number of muons and electrons (in parentheses, E > 10 MeV)
in 15 m2 detector planes produced in 3.98 PeV proton and iron showers.

shower axis is aimed at the middle of detector plane 0 are listed in Tab. 5.3. The
positions of detector planes used in the analysis are illustrated in Fig. 5.1. In the
shower centre electrons comprise more than half of the average particle multiplicity.
Although the number of electrons in the shower centre is notable they can quite
often be distinguished from muons by the parallelism of tracks. The tracks of
electrons tend to be deviated more strongly from the shower direction than the
tracks of muons because of stronger scattering in rock. As shown in Fig. 5.13,
electrons below some tens of MeVs have typically scattered 5–25° when they enter
the cavern whereas most of the muons have scattered less than one degree (see
Fig. 5.6). In addition to scattering in rock electrons are scattered strongly from
detector structures and normally they are already absorbed by the detector they
hit first making the reconstruction of muon tracks easier.
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Fig. 5.13. Correlation between the angular deviation and energy of electrons of 1.58 PeV
iron showers after traversing through 75 m in rock. The scale of palette is arbitrary.
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5.6. Background Rejection with Absorbers
The usage of lead plates as absorbers to reduce electron background was investigated in the present work. The detailed analysis results applying different muon
energies and energy thresholds for electrons are presented in the internal CUPP
progress report The absorption properties of a lead. The idea is such that the lead
would absorb all muon-induced electrons coming from rock whereas muon-induced
electrons produced in the lead would be recognised from their location that would
be in the vicinity of the parent muon because the high density of lead prevents
electrons from escaping far in lateral direction.
In the study three cases were compared; no lead, 1 cm of lead or 2 cm of lead.
The passage of muons at different energies were first simulated through a couple of
metres in rock, then through two metres in air and finally through the lead plate.
The parameters of electrons (E > 10 MeV) below the lead plate were recorded
within 1, 2 and 10 cm from the position of the muon, and the results for 100 GeV
muons are shown in Tab. 5.4. It is obvious that 1–2 cm of lead focuses electrons
closer to the muon but not remarkably. For instance, with 2 cm of lead only 87%
of the electrons would be located within 10 cm from the parent muon. For track
reconstruction in the shower centre, where muon densities can be rather high,
electrons should be collimated within a few centimetres in order to help tracking
notably but the focusing is realised just moderately in case of the usage of 1 or
2 cm of lead. Besides, electrons tend to scatter strongly from the detectors and
station structures making the reconstruction of muon tracks feasible. Moreover,
events including a large number of electron hits are tried to be recognised and to
be rejected completely from analyses to avoid mis-reconstructions. Techniques for
event rejection and cleaning are described in Chap. 7. Farther from the shower
centre, where muon densities are low, 2 cm of lead could be a considerable option
as one could then assume that the cluster of hits with a radius of < 10 cm would
be interpreted just as a single hit.

r [cm]
<1
<2
< 10
> 10
total

1%
2%
18%
82%
100%

no lead
239
671
5054
22661
27715

100 GeV muons, electrons > 10 MeV
1 cm lead
0.0024
24%
9142
0.091
0.0067
33%
12357
0.12
0.051
72%
26912
0.27
0.23
28%
10614
0.11
0.28
100%
37526
0.38

42%
56%
87%
13%
100%

2 cm lead
15741
20979
32734
4986
37720

0.16
0.21
0.33
0.050
0.38

Table 5.4. The percentage, the number and the average fraction of electrons
(E > 10 MeV) at different distances from the parent muon below the lead plate.

6. Hit Reconstruction Tests with Drift Chambers
The performance of hit reconstruction is crucial for the capability to reconstruct
tracks properly because hits with poor position resolution or completely lost hits
prevent from finding optimal tracks that are needed for successful identification of
muons. Moreover, the functionality of hit reconstruction and the efficiency of drift
chambers become very important at high muon multiplicities when the probability
for multi-hit production in a chamber increases strongly. The present work contains
the study of the hit reconstruction procedure and the quality of reconstructed
single and multi-hits as well as the role of afterpulses, which tend to complicate
hit reconstruction, and the results are presented in this Chapter. In addition, a
program for monitoring chamber efficiencies in three-layer stations was developed
and is described in Sec. 6.5. The analysis results presented in this Chapter are
described in detail in the internal CUPP progress report Multi-hit reconstruction
in EMMA.

6.1. Hit Formation Procedure
When a charged particle passes through a drift chamber, it ionises the gas producing
a large number of electrons. The electric field inside the chamber guides the
electrons towards the anode wire with approximately constant drift velocity. In the
vicinity of the wire amplified field accelerates electrons strongly so that they are
able to produce a number of new ionisation electrons. The avalance of electrons
arriving on the wire produces a signal, which can be processed with front-end
electronics connected to the wire. The processed signal is digitised by a TDC
(Time-to-Digital Converter) as a time signal that is called anode signal (A) and its
value is proportional to the hit position of the particle in drift direction (herein
x-coordinate).
The produced anode signal induces a signal to the delay line that is located
some millimetres below the anode wire. The signal duplicates to so-called near
(N) and far (F) signals and they start to traverse towards chamber’s near and far
endpoints, respectively. Because the delay line is made of twisted copper cable
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the near and far signals are delayed. This makes possible to reconstruct the hit
position in delay-line direction independently by both signals (herein y-coordinate).
The hit position coordinates can be determined from the registered anode, near
and far signals (TA , TN , TF , in the unit of TDC channels) using the following
equations:


ns
0.04 mm
× 0.8
(TA − 4000 chn) ×
ns
chn


5 mm
ns
× 0.8
= (TN − TA ) ×
ns
chn


5 mm
ns
= L − (TF − TA ) ×
× 0.8
,
ns
chn

|x| =
yN
yF

(6.1)

where 4000 chn is a fixed instant in TDC channels when the trigger window was
opened, L is the length of the chamber in TDC channels, 0.8 ns is the width of
the TDC channel, and 0.04 mm/ns and 5 mm/ns are drift and delay-line velocities,
respectively. For the x-coordinate only the absolute distance from the anode wire
can be obtained and the left-right ambiquity, that is, on which side of the wire
the particle passed through, has to be solved by tracking. The y-coordinate is
calculated independently from the near and far signals and the final y-coordinate
can be obtained as the average of them given as
y = 0.5 × (yF + yN ),

(6.2)

where both positions are calculated with respect to the same origo.
The hit reconstruction by Eq. 6.1 works well if the drift and delay-line velocities
are constant. The variations in drift velocity are small corresponding to only about
1–2 mm uncertainties in x-direction and, hence, the drift velocity can be assumed
to be constant. The delay-line velocity, however, can vary significantly from linear
behaviour leading to several centimetres uncertainties in the reconstruction of hit
position in y-direction. Therefore, the drift chambers were calibrated in the surface
laboratory in the calibration stacks (see Fig. 3.4). They consisted either of 8 or
10 planks, of which four were calibrated with a 22 Na source. The calibration of
drift chambers was performed with atmospheric muons. The tracks of muons were
reconstructed with the source-calibrated reference planks providing the true hit
positions in non-calibrated chambers that were needed to find out the correlation
between the measured signals and hit positions. The signal-to-position correlations
were stored to position calibration tables, from which the y-coordinate of a hit can
be read directly on the basis of measured signals.

6.2. Quality of Hits
The hit reconstruction becomes complicated when more than one particle passes
through the same chamber simultaneously or afterpulses are produced. In order to
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Fig. 6.1. The hit-quality distributions (yN − yF ) of four chambers of plank P75. The
distributions from calibration stack data are shown as solid black lines and the corresponding distributions from underground data without (blue dashed lines) and after applying
calibration corrections (red dotted lines).

find the correct anode-near-far triplets the quality of reconstructed hits has to be
controlled. The quality can be evaluated from the hit position difference (yN − yF )
that should be small enough. The one-sigma position resolution of drift chambers
for muon hits is approximately 6 mm in delay-line direction and 5.5 mm in anode
direction (see Chap. 9) indicating the hit position difference of (yN − yF ) < 5 cm
for properly reconstructed hits.
The position calibration of drift chambers on the surface laboratory with one set
of front-end electronics is no longer exactly valid when the chambers are connected
to another set of electronics in the EMMA stations. This is because electronics
components are distinctive and produce slightly different delays to signals and, as
already a small delay in time corresponds to notable distance in signal propagation,
the changes in delays have to be corrected. Fortunately, the calibration corrections
stay practically constant within a chamber and can be taken into account in
analyses.
In Fig. 6.1 are shown hit-quality (yN − yF ) distributions of four chambers of
plank P75. The data from the calibration stack and underground are shown as
solid black and dashed blue lines, respectively. For both datasets the same position
calibration tables were applied but were collected with different front-end electronics
sets resulting in shifts of histograms for underground data. In the present work
a major contribution was done for searching the calibration corrections for data
collected with station C in Spring 2010. After applying calibration corrections the
histograms (red dotted lines) for underground data have essentially achieved the
same hit quality as the data from the calibration stack.
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6.3. Afterpulses and Noise
As described in Sec. 6.1 the charged particle hitting the chamber produces numerous
electrons that start to drift towards the anode wire. During the development of the
electron avalance close to the anode wire, however, some energetic UV-photons can
be produced and being emitted to random directions. Such photons may produce
electrons, for instance, if they hit the cathode surface like the delay line located
below the anode wire. The photon-induced electrons are guided by the electric
field to the anode wire resulting in signals similar as in the case of a real hit1 . This
kind of fake hits, which always come later in time as their parent hit and are not
produced by particles coming outside the chamber, are called afterpulses.
A role of CO2 gas inside the drift chamber is to absorb UV-photons produced
in the electron avalance phase. The CO2 is a good quenching gas because it has
many vibrational and rotational degrees of freedom to absorb different photon
wavelengths effectively. In addition, it does not cause similar aging problems like
some other more complex molecules. The usage of methane gas was prohibited by
the mine company as a security risk although it is not flammable if mixed with Ar
and CO2 with a portion of a few percents.
In principle, the more CO2 gas, the more effective the afterpulse reduction.
Nevertheless, too high CO2 content generally reduces the detector efficiency, and
the relative fraction of 8% was found to be the optimum for the drift chambers
in the EMMA experiment. Presumably during high air pressure the gas pressure
inside the chamber increases too. Then the CO2 molecules are packed more tightly
reducing the formation of afterpulses effectively. This can be seen in Fig. 6.2 that
compares the measured anode, near and far signal multiplicity distributions during
three different air-pressure conditions. Increased air pressure reduces the number
of afterpulses but does not affect notably on the efficiency to detect the hits of real
particles.
In the present work it was also found out that fewer afterpulses are produced
underground than on the surface. Air pressure at the EMMA level is 10 mbar
higher than on ground but it cannot explain the overall reduction of afterpulse
rate. Probably relatively cold 10–15° air temperature in the stations cools down
the detectors and the gas inside them increasing the density of flowing gas which,
on the other hand, reduces the number of afterpulses. In Fig. 6.3 are shown anode,
near and far multiplicity distributions of the chamber P73-X2 for the surface (top)
and underground (bottom) data. Practically all afterpulses disappeared after the
plank was transported underground. The chamber P73-X2, however, produced
afterpulses exceptionally frequently, and the reduction in afterpulse production
after the transportation underground in other chambers is not so dramatic.
As stated above an afterpulse produces a signal triplet mimicing a real hit. As a
consequence, additional hits are reconstructed from afterpulses. These fake hits
are always located farther from the anode wire than their real parent hits because
they are produced later in time and interpreted to be related to longer drift time.
The position of the afterpulse situating closest to its parent hit in x-direction is
1 From

now on a real hit refers to a hit position produced by a charged particle that passed
through the detector.
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Fig. 6.2. The multiplicity distributions of anode, near and far signals of the chamber
P80-X1 from the calibration stack T-7 under three different air pressure conditions.
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Fig. 6.3. The normalised multiplicity distributions of anode, near and far signals of the
chamber P73-X2. Top: calibration stack T-2. Bottom: station C.
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called the first afterpulse. If the first afterpulse produces an afterpulse it is called
the second afterpulse and so on.
Typically afterpulses are located close to their parent hits as can be seen in
Fig. 6.4 that shows the distance between the afterpulse and its parent hit in drift
and delay-line directions for underground data. The minimum afterpulse distance
in drift direction is approximately 200 channels corresponding to 0.5–1.0 cm. This
corresponds to the distance from the anode wire to the delay line supporting the idea
that afterpulses are mainly produced by photon-induced electrons originating from
the delay line. Similarly, higher-order afterpulses are delayed by the same distance
with respect of their parent pulse. In the afterpulse distance distributions one can
recognise bumps at the position of 3100 channels. This corresponds to chamber’s
half-width from the anode wire to the side wall. The enhancement presumably
originates from the afterpulses that were produced when the UV-photons were
hitting the side wall and the produced electrons were delayed with respect of their
parent hit by the amount of maximum drift time. The bottom panel in Fig. 6.4
shows the afterpulse distributions in delay-line direction. Most of the afterpulses
are located within 5 cm from the real parent hit. True multi-hit events contribute to
the afterpulse distributions too, which can be considered as a residual distribution
behind the afterpulse signal.
Drift chambers measure approximately 100 Hz noise both on the surface and
underground. The bulk of noise is filtered out in DAQ by requiring at least two-fold
coincidence between the chambers. As the width of the master gate in DAQ is
set to 8 µs, the probability for a noise signal to be produced in a chamber is
0.0008. The total number of 105 drift chambers in one three-layer station gives a
0.084 probability for a noise signal to be produced at least in one chamber in the
event. The probability for noise is very low and does not affect significantly on the
reconstruction of events.
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Fig. 6.4. Afterpulse distance distributions with respect of their parent hit. They include
anode (top) and delay-line distributions (bottom), in which the distance is measured in
TDC channels and millimetres, respectively.
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6.4. Reconstruction of Multi-Hits
The reconstruction of a single hit in a chamber is understood pretty well but the
reconstruction of several hits simultaneously in the same chamber is more challenging
to study because of lower statistics and more complicated set of variables. For
instance, the signal pile-ups may lead to a loss of hits when adjacent signals close
in time are merged together.
In the present work the quality of reconstructed double hits was studied by
selecting events, in which the two hits were located at least 40 cm in delay-line and
3 cm in drift direction apart from each other to filter out most of the afterpulses.
The hit quality (yN − yF ) and so-called sum-peak (N + F - 2A) distributions of
double hits are shown in Fig. 6.5 where the value (N + F - 2A) equals to the length
of the chamber and is almost independent on the position of the hit. In Fig. 6.5
the first hit corresponds to the hit closer to the anode wire and, therefore, is not
affected by signal pile-up as is the second hit. The distributions for the second
hit are a bit broader than that for the first hit because afterpulses might have
contributed to the distributions and signal pile-ups could have weakened the quality
of hits. The distributions for the second hit are still in quality almost as good as
that for the first hit.
In Fig. 6.6 are shown similar distributions as in Fig. 6.5 but including all
triple hits without filtering out of afterpulses nor requirements for the mutual
separation between hits. The contribution of afterpulses can be seen as a spread of
distributions and as a shift to the right. The difference between the second and
third hit distributions is relatively small indicating that still several hits can be
reconstructed simultaneously in the chamber with sufficient quality.
The algorithm for the reconstruction of multi-hits was tested with simulated data.
In Fig. 6.7 are shown the sum-peak distributions when five hits were reconstructed
simultaneously in the chamber. The distributions are practically identical between
hits and their width is as expected meaning that the hit-reconstruction algorithm
itself works fine. The simulated data still lack some features that are present in
experimental data like the production of random single signals, for which some
tuning in hit reconstruction might be needed (see Chap. 9).
The effect of signal pile-ups in drift direction was estimated by calculating
the distances between adjacent anode signals from measured data. The adjacent
anode-difference distribution of all chambers is presented in Fig. 6.8. The bump
around the distance of 250 channels originates from afterpulses. The minimum
distance between anodes is approximately 10 channels but the effect of signal
pile-ups appears already at the distance of around 30 channels corresponding to
1 mm distance. The effect of signal pile-ups is implemented in simulations such
that if two simulated hits are located within 1 mm in drift direction, the anode
signal of the hit farther from the anode wire is destroyed.
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Fig. 6.5. The hit quality (yN − yF ) and sum-peak (N + F - 2A) distributions of double
hits in the chamber P73-X2 from underground data. The required minimum separation
between hits was 3 cm and 40 cm in drift and delay-line directions, respectively.
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Fig. 6.6. The hit quality (yN − yF ) and sum-peak (N + F - 2A) distributions of all triple
hits in the chamber P73-X2 from underground data.
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Fig. 6.7. The reconstructed sum peak (N + F - 2A) distributions of simulated events, in
which five hits were reconstructed in the same chamber.

Fig. 6.8. The mutual distance distribution of adjacent anode signals within a chamber.
The distribution includes 5 h of data from all chambers of station C collected in Spring
2012. The range of x-axis is limited to 330 channels corresponding approximately to a
distance of 1 cm.
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6.5. Monitoring of Chamber Efficiencies
An understanding of the efficiencies of detectors and how they evolve in time is
necessary for proper analysis of data. In the present work a program for monitoring
muon hit efficiencies of drift chambers in three-layer stations was developed and
tested with simulated data. In addition, a visualisation program to illustrate the
reconstructed efficiencies was created.
The basic principle of the efficiency monitoring program is to use reconstructed
single tracks to predict hit positions in chambers, from which the efficiencies can
be calculated. In the study at least four hits were required in two plank layers to
be associated with a track to improve the quality of tracks. As the extrapolation of
a track embeds uncertainty the predicted hit position has to be located well inside
the chamber in order to avoid problems related to the regimes close to chamber
walls. Furthermore, only tracks with zenith angle < 20° and events without unused
hits, which are the hits not associated to any of the reconstructed tracks, were
selected in the study.
The program was tested with simulated events, which were reconstructed with the
ETANA program, by assuming 92% efficiency and realistic hit-position resolution
in the chambers. The reconstructed chamber efficiencies with statistical one-sigma
binomial uncertainties are shown in Fig. 6.9 on the top panel for a single three-layer
station including 105 drift chambers. The average reconstructed chamber efficiency
is 90.7% showing that the method works rather well although the efficiencies
are underestimated with the current simulation dataset by approximately 1.3%.
The reason for underestimation most probably relates to wrongly reconstructed
inclined events, in which two hit pairs of the track in two plank layers were actually
produced by two different particles, resulting in a reduced efficiency in the third
plank layer. In the used simulated dataset the fraction of showers with small zenith
angles had larger weight than that is present in experimental data meaning that
the underestimation of efficiencies would be even stronger for experimental data.
In order to avoid the bias related to four-hit tracks as desribed above only threelayer five- and six-hit tracks were used to define chamber efficiencies in station
C from measured data that was collected in Spring 2012. The drawback is that
25% of the detector area in each plank layer is covered with only one layer of
chambers (halves of the X1- and X4-chambers) and, therefore, their efficiencies
cannot be determined. In addition, if the chamber is disconnected from DAQ,
the efficiency of corresponding overlapping chamber might not been able to be
determined. Nevertheless, the usage of four-hit tracks would imply additional
confirmation of their quality, for instance, from scintillation detectors but is not
available at the moment. The reconstructed chamber efficiencies for experimental
data are shown in Fig. 6.10. The trigger condition was AND between all three
plank layers but is taken into account in the analysis. As visible, four chambers
were disconnected from DAQ and a couple of chambers are having poor efficiency.
The average reconstructed efficiency of chambers is around 95%. In simulations
the chambers are assumed to operate with 92% efficiency that seems to be a fairly
good assumption.
The efficiencies of drift chambers have also been determined by the others
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Fig. 6.9. Top: The reconstructed muon-hit efficiencies of the drift chambers from simulated
data that were reconstructed with ETANA. The chambers of top, middle and bottom
plank layers are shown from left to right and separated by vertical solid black lines. The
horizontal dashed red and blue lines represent 80% and 90% efficiencies, respectively.
Bottom: Three-dimensional rotatable visualisation of the efficiencies as calculated in
10 × 10 cm2 bins. The color coding of efficiencies is the following: < 75% (red), 75–90%
(blue), > 90% (green). The variations of efficiencies in the bins result mainly from low
statistics.
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Fig. 6.10. The reconstructed muon-hit efficiencies of the drift chambers from 30 h of data
(R02-F1700–F1729) measured by station C in Spring 2012.

from the experimental data collected with the stack of planks in the surface
laboratory. The reconstructed chamber efficiencies were at the same level of 95%
giving confidence of the functionality of the efficiency monitoring program. The
chamber efficiencies, however, could differ because of slightly different conditions
underground. There is, as an average, approximately 10 mbar higher air pressure
underground and, because the chambers are known to be sensitive for the changes
of air pressure, the chamber efficiencies could change too. Moreover, because of
varying air pressure the values of high voltage have sometimes been changed a
bit to compensate the effect of changed air pressure. Also temperature at the
EMMA level is about 10°C lower than on the surface that could influence on the
functionality of the chambers.

7. ETANA Event Reconstruction Program
The event reconstruction program ETANA (Emma Tracking ANAlysis) was designed to reconstruct hits and the tracks of muons as well as the arrival direction
of muon bundles in the EMMA detector stations using drift chambers. The design,
implementation, optimisation and testing of the ETANA program covered the
major part of the present work. Originally the project was started by Z. Zhang
who programmed the framework for ETANA but was later changed completely by
the author. Especially the algorithm for reconstructing the tracks of muons and a
shower arrival direction, which is the most important part of ETANA, had to be
re-designed to fulfil performance requirements.
The reconstruction of shower arrival direction and muon multiplicities in the
detector stations play a key role in EMMA analyses when successful event reconstruction with small uncertainties are required. Several algorithms for hit and track
searching were tested to find the optimal solutions for the event reconstruction.
The program includes several tunable parameters that had to be fine-adjusted as
well (see Sec. 7.4). Finally, the performance tests of ETANA were carried out and
the main results are presented in Chap. 8.

7.1. Overview of ETANA
The ETANA program was written in C++ for the Linux architecture. The execution
can be steered flexibly with command-line options and from several input files. The
program recognises the detector setup (the EMMA array or the calibration stack)
and a data type (real or simulated) directly from a data file name. All events in the
EMMA data file are first read into memory using classes designed by M. Slupecki
and then analysed event by event, after which the results are written either to
output files or to the EMMA database.
The ETANA program can be used to reconstruct real and simulated events of
the underground EMMA array and the calibration setup (8- or 10-plank stack) that
is located in the surface laboratory. In the case of EMMA, hits and tracks are reconstructed station by station independently of each other except that reconstructed
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Fig. 7.1. An example of the reconstructed event R04-F2508 56823 containing 21 tracks in
station C (right) and 22 tracks in station F (left) that was measured in Summer 2012.
The angle between the arrival directions of muon bundles reconstructed independently in
stations C and F is 0.06 .

shower arrival directions obtained by three-layer stations are compared with each
other and, if they are in disagreement, suspicious tracks are re-reconstructed the way
that the shower arrival direction will be given from other three-layer stations. In
two-layer stations the shower arrival direction is primarily obtained from three-layer
stations but is reconstructed if the shower direction is not available. An example
of the reconstructed event measured with station C in Summer 2012 is shown in
Fig. 7.1.
Projected two- and three-layer detector area of the station in the line of shower
arrival direction is the area where tracks can be reconstructed with ETANA. For
inclined showers part of station’s projection is covered only by single detector layer,
in which the number of passed muons has to be evaluated by other techniques.
An UML1 activity diagram showing the flow of event reconstruction in ETANA
is illustrated in Fig. 7.2. The first step in event reconstruction is to reconstruct hits
in all detectors. After that, the shower arrival direction and the tracks of muons
are reconstructed in two- and three-layer stations. If the shower arrival direction
is reconstructed at least in one three-layer station, it is also used to reconstruct
tracks in two-layer stations because three-layer stations can provide the shower
arrival direction more accurately.
The coordinate system used in ETANA is displayed in Fig. 7.3. Global coordinates provide the relative positions of stations with respect of the origo that is
placed in the middle of station C. The y-axis is set to be parallel with the delay
lines of drift chambers in station C and to increase towards station B. The x-axis
1 Unified

Modeling Language.
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Fig. 7.2. An UML activity diagram showing the event reconstruction procedure of the
ETANA program. After the reconstruction of hits in all detectors the shower arrival
direction and the tracks of muons are reconstructed in two- and three-layer stations.
Finally the results are combined and written to output files.

is perpendicular to the y-axis and is positive to the direction of station D. The
positive z-axis points upwards. Local coordinates define the positions of detectors
in station’s own coordinate system. The axes are always viewed from the near end
of the planks so that y-axis, which is set parallel with the delay lines, increases
towards the far end, and the x-axis increases to the right. The positive z-axis
points upwards as in the global coordinate system. The event reconstruction is
always done in station’s local coordinate system to ensure similar reconstruction
conditions between the stations. After the reconstruction of an event the local hit
and track coordinates are transformed to global coordinates which are then stored
to output files.
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Fig. 7.3. The partial EMMA array in a global coordinate system. Top (T), middle (M)
and bottom (B) plank layers are indicated with letters. The local coordinate system of a
station is shown in the box.
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7.2. Event Reconstruction Procedure
Hits
The first step in event reconstruction is to reconstruct hit positions of particles in
drift chambers and scintillation detectors. The hits in drift chambers are reconstructed by searching such signal triplets (anode-near-far triplets) that minimise
the quality parameter (yN − yF ) and fulfil the condition of quality (see Sec. 6.2).
Then, the hits in drift chambers are used to reconstruct the shower arrival direction
and the tracks of muons. The hits of scintillation detectors are not utilised yet
in track reconstruction but are expected to improve the reconstruction of shower
direction and the tracking accuracy. Because of the left-right ambiquity of a hit,
which means that a priori it is not known on which side of the anode wire the
muon passed through the chamber as the measured drift time is always a positive
value, the track reconstruction becomes more complicated. It can be eased a lot
by making an educated guess of the possible hit pairs of overlapping chambers in
the planks. It means that if two hits in overlapping chambers are roughly on top
of each other in delay-line direction they were most likely produced by the same
muon solving on which side of the wire the hits are located. However, if the local
hit density is high the decision of the hit pairs is not straightforward. All possible
combinations have to be allowed and the final decision of the hit pairs needs to be
done later during track searching.
Shower direction
Before final track searching an initial estimate for the shower arrival direction
has to be reconstructed. It is done by a check-all-possibilities technique developed
by the author, in which the direction maximising the number of parallel three-layer
tracks is selected as the most probable shower arrival direction. Only three-layer
tracks are used in the reconstruction of arrival direction because they embed the
highest quality. Therefore, in three-layer stations at least one three-layer track
is required to obtain the estimate of a shower arrival direction2 . In the present
work it was found that this requirement improves the accuracy of shower arrival
direction remarkably although the reconstruction may fail for very inclined showers,
in which the projected three-layer reconstruction area is reduced strongly. Anyhow,
the comparison of reconstructed shower arrival directions between the stations and
the reconstruction of shower arrival direction from the relative time differences of
fired scintillation detectors can be used to recognise mis-interpreted showers.
For the reconstruction of shower arrival direction two other techniques were
considered too. One was the usage of Hough transform, in which one makes a
transformation from cartesian space to track’s parameters space where parallel
tracks would occupy certain region. The correct shower arrival direction would
appear as a sharp peak whereas wrong track candidates would produce residual
background all over the space. Another possibility was to use a cross-correlation
2 This

requirement can be disabled but increases the probability for the failed reconstruction
of the shower arrival direction.
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technique, in which the correlation of hit patterns between detector layers would be
the strongest in the direction the muon bundle arrived. Although after implementation of scintillation detectors to the shower reconstruction procedure the arrival
direction should be reconstructed reliably, it might be useful to include these two
methods in ETANA.
The method to find the initial guess for the shower arrival direction is the
following: Three-layer tracks are searched by selecting a hit or a hit pair from the
top and bottom plank layers and checking if a hit is found also in the middle plank
layer close to the line connecting hits from top and bottom plank layers. If yes,
the track is selected as a reference track. After that three-layer tracks parallel
with the reference track are searched similar way from the rest hits by checking all
hit combinations. The same procedure is repeated by selecting another reference
track and searching parallel tracks with it. After all, each hit combination giving a
three-layer track works once as a reference track. Because of the left-right ambiquity
of single hits, both sides of the anode wire have to be tested for them. Although the
number of reference tracks in the event increases strongly with increasing number
of hits, modern computers can reconstruct even the biggest events in some minutes
that is well acceptable, a typical reconstruction rate being of the order of 10000
events per second.
Because the reference track itself has some deviation from the true shower arrival
direction the condition for the parallelism of tracks has to be set a bit wider than
what is expected from simulations. Justification for the wider condition is also
supported in a sense that typically three-layer tracks represent only a part of the
total number of tracks in multi-muon events and thus cause additional uncertainty
to the reconstructed shower arrival direction. The uncertainty in reconstruction of
the initial shower arrival direction is, however, the order of a couple of degrees that
is accurate enough in this phase.

Tracks
After finding the initial guess for the shower arrival direction the actual tracks are
searched with respect to it. First are reconstructed three-layer tracks, then two-layer
tracks between the top and middle as well as between the middle and bottom plank
layers and finally between the top and bottom plank layers. The three-layer tracks
were chosen to be reconstructed first because they are the highest-quality tracks
one can obtain. Anyway, the ordering should not matter much as the density of
tracks remains always relatively low.
As first in track searching, a hit or a hit pair is selected from the top plank
layer and a virtual cone is drawn through the middle and bottom plank layers
in the direction of the reconstructed shower arrival direction estimate. All hits
being located inside the cone are participating local track searching, in which a fit
through hit positions with the smallest reduced chi-square is selected as a track. In
principle, one could select the track that is most parallel with the shower direction
but, because the shower direction itself in this phase is not known accurately and
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Fig. 7.4. The difference in the number of reconstructed tracks of the event in a three-layer
station between the bias-free (optimal) and biased track searching methods. The methods
were tested with simulated data. The bin contents are shown in logarithmic scale.

the original muons may be scattered up to a couple of degrees from the true shower
arrival direction, the selection of tracks is based on their quality rather than their
parallelism.
Obviously in this track searching method the hit from the top plank layer is
automatically associated with the found track that could cause unwanted bias in
track reconstruction. This is avoided by searching locally all possible tracks the
way that hits may be associated to several tracks simultaneously. If a hit is shared
between the tracks the best track will be chosen and the parameters of the track,
from which the hit was taken out, will be updated. The bias-free track searching
method occasionally results in 1–2 track differences as compared with the biased
method which is presented in Fig. 7.4.
If there are more than one shower direction candidate with the same number
of three-layer tracks, all of them are studied separately and the direction leading
to the largest number of parallel tracks is selected as the shower arrival direction.
When the final tracks are found the shower arrival direction is updated. Then, the
final shower arrival direction in the station is calculated from the reconstructed
two- and three-layer tracks that had deviated less than 0.8 ◦ from the updated
shower arrival direction. The final shower arrival direction of the muon shower is
calculated from the tracks reconstructed in all three-layer stations.
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Fig. 7.5. A PHP-based web page to search events from the EMMA MySQL database.
Left: Search fields to apply selection cuts and to query results by a submit button. Right:
After submission a new page is opened showing a summary of found events in a tabulated
form.

7.3. Merging and Storing Results
In the first round the shower arrival direction and the tracks of muons are reconstructed independently in three-layer stations. After it the reconstructed shower
arrival directions are compared with each other to check the validity of results. If at
least in two three-layer stations the same direction was reconstructed with the accuracy of < 2 , the reconstructions were successful and the shower arrival direction
is re-calculated from the tracks of those stations. If the third station reconstructed
different direction, its tracks are searched again the way that the shower direction
will be given from other stations. In two-layer stations the tracks are primarily
searched using the shower arrival direction obtained from three-layer stations. In
the present work, however, the emphasis was to optimise the reconstruction of
shower arrival direction by three-layer stations independently on each other. The
reconstruction of a combined shower arrival direction from several stations still
needs to be studied, in which the analysis of experimental data will be necessary.
The reconstruction results of ETANA can be stored directly from the program
to the EMMA MySQL database or to ascii-based output files. The development
and testing of the first version of the EMMA database was a part of the present
work. The database was decided to be built because it allows a fast search of events
with desired selection cuts from a vast set of data and fetching of selected events
in compact user-defined format for further analysis. The work also included the
design of a PHP-based web page to search and view summarised information of
events as shown in Fig. 7.5. The tests of the database have shown that data can be
stored efficiently and searching of events is very fast. Although the basic structure
of the database and the communication between the database and ETANA are
ready there are still some work to do before it can be taken in use. For instance,
the program to provide fetched results for a user in a format of a Root, text or
binary file should be developed.
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7.4. Optimisation of ETANA Parameters
The ETANA program includes some free parameters that has to be tuned to
optimal values to maximise the performance of hit and track reconstruction. On
one hand it is beneficial to reconstruct hits and tracks with open conditions in
order not to lose any of them but, on the other hand, conditions should be tight
enough to filter out fake hits and tracks being originated, for instance, by electrons.
In the present work it was found that the best way is to reconstruct events with
slightly wide conditions and afterwards reject poorly reconstructed events and
tracks with higher-level techniques. In this Section the parameters of ETANA and
their selected values are described and some test results are presented to justify
selections. For event rejection and purification the EtanaAnalysis program was
developed as a part of the current work which basic principles are described in
Sec. 7.5.

7.4.1. Hit Reconstruction Parameters
A hit position in a drift chamber can be reconstructed from the anode-near-far
signal triplet produced by a particle that passed through the chamber as was
described in Sec. 6.1. The x-coordinate of the hit is proportional to the anode time.
The y-coordinate can be calculated two different ways, from the relative difference
of either the near or far time with respect of the anode time. The quality of the
signal triplet can be controlled by comparing the y-coordinates yN and yF obtained
by these two ways. If the hit position difference (yN − yF ) is too large the hit is
rejected. In the present work the hit position difference was allowed to be relatively
wide of 20 cm to ensure that all potential hits will be reconstructed. At very high
hit densities the wide gate could result in additional fake hits but was estimated to
be of less significance.
As was mentioned in Sec. 6.3, afterpulse hits may be reconstructed close to
the real hit but are always located farther from the anode wire. By starting the
reconstruction of hits from the earliest anode time one can ensure that at least one
real hit will be reconstructed in the chamber3 . To get rid of most of the afterpulses
it was decided to filter out hits that are located too close to the real hit. The
procedure is such that the second hit in the chamber has to be located farther than
two centimetres from the first hit in y-direction to be accepted as a hit. Similarly,
the third hit has to be separated by the same distance from the second hit, and so
on.
In Fig. 7.6 is shown the average distance of a muon to the nearest neighbouring
muon as a function of distance from the shower core. Thick red lines with one-sigma
zones, which are limited by thin red lines, correspond to proton showers at energies
1 PeV (top) and 10 PeV (bottom). Correspondingly, blue lines with zones represent
iron showers. The average nearest distance is the smallest at the shower centre,
3 The first hit refers to the hit that is located closest to the anode wire, which means it has the
earliest anode time. The second hit has the second earliest anode time, and so on.
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being 80 cm at 1 PeV and 20 cm at 10 PeV both in proton and iron showers. Thus,
the selected ±2 cm afterpulse filtering distance in y-direction rejects most of the
afterpulses and a large fraction of electron hits efficiently but leaves muon hits
mainly intact. The hit filtering in x-direction, however, covers the whole chamber
width of 20 cm resulting in the total filtering area of 40 cm2 . It corresponds
approximately to the area of 6.3 × 6.3 cm2 but still leaves muon hits mainly intact.
When a charged particle passes through the overlapping chambers in a plank
two hits are produced. For their x-coordinates only the absolute distances from
the anode wires are known. If both hits can be identified to be produced by the
same particle the signs of x-coordinates, that is, on which side of the anode wire
the particle passed through, can be solved. For track reconstruction it is important
to try to find out possible hit pairs to make track reconstruction faster and more
reliable. A potential hit pair is selected if the hits in overlapping chambers are
located within 6 cm in y-direction from each other. If the local hit density is high
the same hit may be included in several hit pairs but is eventually used only once
in track searching. The 6 cm gate for the maximum separation was set relatively
wide by taking into account the position uncertainty of hits and the influence of
inclined tracks. A drawback on the wide gate is that at high hit densities the event
reconstruction gets slower as all potential hit pairs have to be studied separately.
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Fig. 7.6. The average distance to the nearest neighbour muon as a function of distance from
the shower core. Thick red and blue lines with one-sigma uncertainties (correspondingly
thin red and blue lines) represent proton and iron showers, respectively. The primary
energies were 1 PeV (top) and 10 PeV (bottom).
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Fig. 7.7. The angular deviation of muon tracks resulting from the position uncertainty of
hits. Solid lines represent three-layer tracks and dashed lines two-layer tracks (between
top and middle plank layers). In the three-layer case, for 2-, 3- and 4-hit tracks the hits
are located in top and bottom plank layers. The true hit positions were smeared by
Gaussian with sigma of 0.55 cm in x-direction and 0.5 cm in y-direction.

7.4.2. Conditions for Track Reconstruction
One of the most important parameters in track reconstruction is the condition
of parallelism for a track candidate to be accepted as a track. The position
uncertainty of hits, the muon angular deviation in rock and uncertainties related to
track reconstruction itself result in a certain angular spread at the EMMA level and,
hence, some angular deviation between tracks has to be accepted. The parallelism
condition sets the maximum allowed angular deviation of the track from the shower
direction estimate.
The angular deviation of reconstructed muon tracks resulting from the realistic
position uncertainty of hits in drift chambers is illustrated in Fig. 7.7. For threelayer tracks (solid lines) the average angular deviation is 0.16–0.24°, of which for 2-,
3- and 4-hit tracks the hits are located in top and bottom plank layers. Because
the angular deviation is the same for 4- and 6-hit tracks, two additional hits in the
middle plank layer are no longer improving notably the angular accuracy of the
track. The average angular deviation is 0.33–0.47° for two-layer tracks, in which
the hits are located in adjacent plank layers with 1.1 m vertical separation.
In track reconstruction the hits of electrons may involve in track searching
especially if an electron hit is produced close to a muon hit and closer to the anode
wire, which can result in the loss of the muon hit because of afterpulse filtering
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technique. In general, if the hits of electrons are participating, the track is expected
to have larger angular deviation with respect to the shower arrival direction.
When the angular deviation of a track is calculated in track reconstruction
the direction candidate itself has some uncertainty. This together with sources of
uncertainty rising from the hits of electrons, afterpulses, hit position resolution
and the muon scattering in rock (. 1°, see Sec. 5.3) the optimal values for the
parallelism conditions were found to be 2.1° for three-layer tracks and 2.5° for
two-layer tracks.

7.5. Track and Event Qualification Tests
As was mentioned in the previous Section the most efficient way to reconstruct
events is to reconstruct them with open conditions and then try to reject poorly
reconstructed events, in which local muon-induced electromagnetic showers set too
difficult conditions for proper reconstruction. Such electron-rich events tend to be
too complex for successful reconstruction even if very tight conditions would have
been applied.
In the present work a method to reject poorly reconstructed events and tracks
was developed and tested. The basic idea in event rejection is that if an event
contains locally dense cluster of tracks, which is most probably related to the
electromagnetic shower, the event is classified as poorly reconstructed shower. The
2
track density ρlocal
tracks in 1 m area around each track is compared to the average
track density ρaverage
in
the
station and, if the threshold is exceeded, the event is
tracks
rejected. The rejection factor R was determined as

−0.4 × Ntracks + 10.8 2 ≤ Ntracks ≤ 20
R=
4.0 − log (Ntracks /3)
20 < Ntracks
average
and the event is rejected if ρlocal
tracks > R × ρtracks . The behaviour of the rejection
factor R as a function of track multiplicity is illustrated in Fig. 7.8 on the top panel.
The linear description for the range of 2 ≤ Ntracks ≤ 20 was found by estimating
qualitatively and quantitatively (see Chap. 8) how dense local track clusters could
be acceptable for different kind of track patterns. As a result of event rejection it
follows that, for instance, if four tracks are reconstructed in a station, two of them
are allowed to be located within a square metre but not three or four.
If the event passed the qualification test the quality of its tracks are evaluated.
In the case that two adjacent tracks are closer than Dmin in centimetres one of
them may be rejected. The Dmin was defined as

15.0
Ntracks ≤ 15
Dmin =
−1
15.0 × log (Ntracks /2.7)
15 < Ntracks ,

and its behaviour as a function of track multiplicity is shown in Fig. 7.8 on the
bottom panel. Now, from the two adjacent tracks the one with fewer hits will
be rejected if the track has less than four hits belonging to it. If both tracks are
equally poor, the track with worse reduced chi-square is rejected.
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Fig. 7.8. Top panel: The rejection factor R as a function of the number of tracks
reconstructed in a detector station. The factor sets the upper limit for the relative density
of a local track cluster allowed in order not to reject the event. Bottom panel: The
distance parameter Dmin as a function of track multiplicity. If two tracks are located
within Dmin one of them may be rejected.

Although the methods above to filter out poorly reconstructed events and tracks
work relatively well, some failed reconstructions may pass the checks. Especially
single muons with associated local electromagnetic showers are problematic because
the very steep muon multiplicity spectrum present in nature gives significantly more
weight for small muon multiplicities and, as a consequence of imperfect qualification
tests, single muons can contribute to higher reconstructed track multiplicities. In
order to avoid this, one should use other checks too as, for instance, require for muon
showers that there are tracks reconstructed at least in two stations simultaneously.
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In the following Chap. 8, where the ETANA program is tested with simulated data,
failed single-muon events do not have significant role because the simulated muon
multiplicity spectrum was much shallower giving more weight for higher muon
multiplicities.

8. Test Results of ETANA
A set of detailed simulations was created to test hit and track reconstruction of the
ETANA program. The dataset consisted of air-shower simulations to the ground
level, transportation of high-energy muons through rock close to the EMMA level
and their passage through station C. Tests with one three-layer station is sufficient
because all three-layer stations are identical with each other. Realistic detector
response was included in simulated events and produced hit information was stored
to a binary file with similar format as in the case of experimental data. Then, the
simulated data were reconstructed with ETANA and the reconstructed events were
analysed with the EtanaAnalysis program, in which poorly reconstructed tracks
and events are rejected from the analysis. Finally, the parameters of reconstructed
events were compared with the corresponding simulation parameters, and the
results are presented in this Chapter.

8.1. Numerical Analysis Setup
The CORSIKA (FLUKA < 400 GeV, QGSJET01 > 400 GeV) simulations included
proton- and iron-initiated showers at discrete primary energies 0.1, 0.316, 1.00,
3.16, 10.0, 31.6 and 100 PeV. For each primary energy simulations were run at
zenith angles 0°, 15°, 30° and 45° while the azimuth angle was selected randomly
in the range of 0–360°. The shower inclinations were later altered the way that the
simulation set covered all zenith angles up to 60°. For instance, perfectly vertical
showers covered the zenith angle range of 0°–7.5°and 45°-showers the range of 37.5°–
60°. The simulated statistics of proton and iron showers after event qualification
tests are summarised in Tabs. 8.1 and 8.2.
The simulation dataset does not represent realistic cosmic-ray spectrum nor
angular distribution but emphasises strongly higher primary energies at small
zenith angles. The purpose was to get enough statistics at high muon densities
and to pronounce small zenith angles that are most important for analyses. In the
tests the statistics is weighted realistically when appropriate.
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[PeV]
0–7.5°
7.5–22.5°
22.5–37.5°
37.5–60°

0.100
3638
3241
2107
799

0.316
8131
7066
5190
2066

1.00
13250
12154
9952
4934

3.16
18243
17639
16266
11218

10.0
9632
9604
9335
8011

31.6
1121
1003
1098
1069

100
158
157
156
147

Table 8.1. The number of simulated proton showers at different primary energies
and zenith-angle ranges that qualified in the analysis.

[PeV]
0–7.5°
7.5–22.5°
22.5–37.5°
37.5–60°

0.100
2968
2307
1393
377

0.316
9025
7872
5497
2015

1.00
16412
15368
13110
7406

3.16
10746
19030
18319
12990

10.0
9531
9539
5366
8871

31.6
1751
1679
1619
1721

100
351
352
348
211

Table 8.2. The number of simulated iron showers at different primary energies and
zenith-angle ranges that qualified in the analysis.

The high-energy muons of CORSIKA showers were used as an input to Geant4
simulations where they were transported through the rock close to the EMMA level
and then simulated in detail through the last few metres in rock and finally through
station C. The showers were aimed at in the middle of station C by randomising
the core position from a uniform distribution in a square area of 1–6.25 m2 . Thus,
the ETANA program was tested with muon bundles sampled only from the central
area of the showers. The shower centre is the most difficult region to reconstruct
because of the high muon-induced electron background and high muon density
gradient guaranteeing that ETANA was tested under the most difficult conditions.
The transportation through the rock overburden was performed by analytical
formulas (see Chap. 5) taking into account the muon survival probabilities, lateral
displacements, energy losses and angular deviations in rock. After it, the passage
of muons through the last few metres in rock was simulated if their extrapolated
trajectory passed station C close enough either to produce hits by themselves or
indirectly by electrons following the parent muon from rock.
If the muon survived to the EMMA level its simulation was continued through
station C. The hits of muons and secondary particles as electrons in drift chambers
were recorded. After Geant4 simulations realistic detector response was added
including the position uncertainty (5.5 mm and 5.0 mm in drift and delay-line
directions, respectively), detector efficiency (92% in all chambers), detector noise
(100 Hz / chamber) and afterpulses (as detected in real data).
The simulated events were reconstructed with the track reconstruction program
ETANA and analysed with the EtanaAnalysis program. The reconstruction results
were analysed by comparing them with corresponding simulation parameters.
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8.2. Track and Event Qualification Efficiency
Before a reconstructed event is included in the analysis it has to pass event
qualification tests. An event could be rejected if it contained a localised cluster
of tracks originating from muon-induced electromagnetic showers produced in the
rock close to the cavern ceiling. The local track cluster can be found by calculating
the local track density around each track and comparing it to the average track
density in the station as described in Sec. 7.5.
The efficiency for an event to pass the event qualification test as a function
of simulated muon multiplicity of the tracking area1 is presented in Fig. 8.1. It
shows that the efficiencies of single and double muons are relatively poor because
in such events muons may pass the detectors the way that none of them produces
hits in all three plank layers although at least one three-layer track is required for
successful event reconstruction. This is emphasised in the case of inclined showers
at zenith angles 20–40° where the projected three-layer area decreases strongly.
The efficiencies for vertical showers at muon multiplicities 3–10 are close to 100%
but start to decrease steadily and reach the minimum around multiplicity 25 when
the qualification efficiency is 85–90%. Events need to be rejected more easily at
high track multiplicities because otherwise a local dense track cluster produced by
electrons might not be detected under the relatively dense pattern of true muon
tracks. In Fig. 8.1 the lines close to the horizontal axis show probabilities for
that the error of the reconstructed shower arrival direction, which is the angle
between the reconstructed and true shower arrival direction vectors, is more than
5 ◦ . Thus, at zenith angles 0–40° showers at track multiplicities < 5 have a few
percent probability for mis-reconstruction of the shower arrival direction.
The efficiencies of events with one-sigma uncertainties at different muon bundle
sizes to pass rejection checks are shown in Fig. 8.2. As can be seen, in the
multiplicity range 5–10 the qualification efficiencies are > 95% up to simulated
shower zenith angle 40° after which they start to decrease strongly. This is because
the event must include at least one three-layer track to get rid of events with
wrongly reconstructed shower arrival direction. The dashed lines close to the
horizontal axis represent probabilities for that the reconstructed shower, which
passed the event qualification test, the error of the shower arrival direction was
> 5 ◦ . One can see that up to zenith angle 40 ◦ the probability for mis-interpretation
is small but increases rapidly for very inclined showers. Such showers are expected
to be recognised when reconstructed shower arrival directions from all tracking
stations are compared with each other and when the shower arrival direction will
be reconstructed independently by scintillation detectors.
The quality of tracks in the qualified events are checked with the method
described in Sec. 7.5. If a track is located close to some other track it may be
rejected. The fraction of rejected tracks as a funtion reconstructed muon multiplicity
is shown in Fig. 8.3. At small multiplicities 2–5% of the reconstructed tracks are
rejected. The fraction of rejected tracks increases slowly a couple of percents
1 Projected

two- and three-layer detector area in the line of shower arrival direction where tracks
can be reconstructed. For now on the muon multiplicity in the station refers to the multiplicity
corresponding to the tracking area.
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Fig. 8.1. The event qualification efficiency as a function of simulated muon multiplicity at
zenith-angle ranges of 0–20° and 20–40°. The symbols close to x-axis show the fraction
of qualified showers with reconstructed shower arrival direction error of > 5°. The lines
connecting datapoints are just to guide the eyes.

at higher multiplicities where the average track density is higher increasing the
probability for the rejection.
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Fig. 8.2. The data points represent the efficiency for a reconstructed event to be qualified
in the analysis at different muon multiplicity ranges as a function of simulated shower
zenith angle. The lines connecting the data points are only guides for the eye. The shaded
areas represent statistical one-sigma uncertainties. The symbols connected by dashed
lines (close to the horizontal axis) show the probability for that the error of reconstructed
shower direction was > 5°.

Fig. 8.3. The fraction of rejected tracks as a function of reconstructed muon multiplicity
at different zenith-angle ranges.
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Max. dev.
0.6°
0.7°
0.8°
0.9°
1.0°
1.8°

hδφi
0.184°
0.181°
0.181°
0.183°
0.187°
0.242°

Table 8.3. The average angle error hδφi of the reconstructed shower arrival direction
as calculated from tracks with different conditions of parallelism, that is, the
deviation of the track from the average pre-reconstructed shower arrival direction
had to be less than the maximum allowed deviation. Only showers with angle error
< 5°, reconstructed muon multiplicity ≥ 4 and zenith angle theta 0–37.5° were
included.

8.3. Reconstruction of Shower Direction
The parallelism of muon tracks and the good position resolution of drift chambers
allow an accurate reconstruction of the shower arrival direction, that is, the arrival
direction of the primary cosmic-ray particle. In the present study it was found that
the shower arrival direction should be calculated only from the most parallel tracks.
In Tab. 8.3 are shown the average shower direction error2 as calculated from tracks
with different conditions of parallelism when at least four tracks were reconstructed
in the event. The best accuracy is achieved when tracks with angular deviation of
< 0.8° are included in calculation of the final shower arrival direction.
The error of reconstructed shower arrival directions at different zenith-angle
ranges are shown in Fig. 8.4. Most of the showers are reconstructed with the
accuracy of < 1°. The average shower angle error as a function of reconstructed
muon multiplicity for showers with angle error < 5° at different zenith-angle ranges
are shown in Fig. 8.5. The average angle error decreases with muon multiplicity
until it stabilises to a level of 0.1°. The more muons in the shower, the more accurate
shower direction can be achieved although at high multiplicities the average quality
of tracks gets worse and thus the accuracy is no longer improved.
Figure 8.6 displays the average shower angle error as a function of simulated
zenith angle. As visible, in most of the cases the angle error is below one degree.
Clearly failed shower reconstructions, in which the shower direction error was > 10°,
are located almost solely at zenith angles > 35°.
The average angle error of showers, in which the angle error was < 5°, is shown in
simulated phi-theta space in Fig. 8.7. There is no dependence on the reconstruction
accuracy with the azimuth angle phi except at high inclinations where directions
along the cavern tend to be more difficult to reconstruct. This is probably related
to electrons coming from the rock ceiling that have more time to spread evenly over
2 The angle error of the shower direction is the angle between the true and reconstructed shower
direction vectors.
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Fig. 8.4. Reconstructed shower angle error distributions for different zenith-angle ranges.
The most-probable-values of distributions in degrees are shown in the legend.

Fig. 8.5. The average shower angle error as a function of reconstructed muon multiplicity
at different zenith-angle ranges.

100

Fig. 8.6. The shower angle error as a function of simulated zenith angle theta. Note the
logarithmic y-axis.

Fig. 8.7. The average shower angle error in simulated shower arrival direction phi-theta
space as calculated from showers with angle error < 5°.

the detectors to make the reconstruction of shower arrival direction more difficult
as compared with electrons coming from the walls close to station C.
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8.4. Reconstruction of Muon Multiplicity
A part of the muons in a bundle may pass through the station the way that they
are not reconstructable. This happens if the muon produces hits only in one plank
layer or no hits at all. Some hits may be lost due to imperfect detector efficiencies
or muons passing through the gaps between chambers or planks. Furthermore,
the track reconstruction algorithm itself may lose some tracks that should be
reconstructable. Therefore, in order to obtain the muon multiplicity in the station,
the number of reconstructed tracks has to be corrected sometimes slightly upwards
to compensate the number of lost tracks. In this Section the performance of
track reconstruction algorithm and the accuracy for the reconstruction of muon
multiplicity are evaluated.

8.4.1. Performace of Track Reconstruction Algorithm
The capability of ETANA to reconstruct the number of muon tracks that should
be reconstructed is shown in Fig. 8.8. The number of simulated tracks corresponds
to the number of muons that produced hits at least in two layers and, thus,
should be reconstructable. The relation between the simulated and reconstructed
track multiplicities bends moderately downwards as a function of simulated track
multiplicity up to multiplicity of 50 after which the bending gets a bit stronger.
The bending in Fig. 8.8 results mainly from the rejection of individual tracks
carried out after the track reconstruction. It is, however, necessary to reject poor
tracks to ensure the quality of reconstructed events. Otherwise the number of muons
in the station might be highly overestimated in electron-rich events. There are also
some minor effects leading to lost tracks. They arise from the shortcomings of the
track reconstruction algorithm and the nature of muon bundles. The muon-induced
electrons may produce hits in drift chambers close to muon hits but closer to anode
wires and, hence, filter out muon hits due to afterpulse filtering as described in
Sec. 6.3. As a consequence, the track could be lost either because of lost hits or
poorer track direction accuracy that did not fulfil the condition of track parallelism.
Both the effect of afterpulse filtering and inaccuracy of track direction are expected
to increase the number of lost tracks with increasing track density. The possible
shortages of the track reconstruction algorithm should be more pronounced at high
track densities too. In any case, the correlation between the reconstructed and
simulated track multiplicities is satisfactory when considering the present quality
and layout of detectors in the station.

8.4.2. Translation from Tracks to Muon Multiplicity
As was mentioned in the previous Section, because of the imperfect detector efficiencies and the narrow gaps between chambers and planks some muon tracks may
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Fig. 8.8. The number of reconstructed tracks as a function of the number of simulated
muon tracks that corresponds to the number of muons that produced hits at least in two
plank layers. The dataset contains > 300000 proton and iron events at zenith-angle range
of 0–40°. Showers with the shower arrival direction error > 5° are not included. The bin
contents are in logarithmic scale.

not be reconstructed. Afterpulse filtering and the track reconstruction algorithm
may also lead to loss of some tracks. From these factors it follows that the loss is
pronounced with increasing muon multiplicity. In Fig. 8.9 is shown the correlation
between the number of reconstructed tracks and the true muon multiplicity simulated through the tracking area, that is, the two- and three-layer detector area
where the tracks of muons could be reconstructed. Second-order polynomial fits
to proton (solid curves) and iron (dashed curves) datasets at zenith-angle ranges
0–10° and 25–40° are also presented. The fits demonstrate how the lost tracks lead
to the bending of the dataset and is pronounced with increasing zenith angle.
It is important that the difference in track reconstruction accuracy between
proton and iron showers is relatively small up to highest muon multiplicities.
In Fig. 8.10 are shown the relative differences of fitted proton and iron curves
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Fig. 8.9. The number of reconstructed tracks as function of simulated muon multiplicity.
The fitted polynomials to datasets at zenith-angle ranges of 0–10° and 25–40° for proton
(solid) and iron (dashed) showers are shown as black and red curves, respectively.

with respect of their average. Mostly systematic uncertainties, which rise from
the ignorance of the primary particle type, are within one percent, the largest
uncertainties being present in very inclined showers. Another source of uncertainty
comes from the selection of the data sample. It was both used to find the polynomials
for track multiplicity corrections and to study the properties of data sample itself.
Nevertheless, the small differences between proton and iron polynomials indicate
that the bias coming from the usage of the same data sample is insignificant.
As was seen in Fig. 8.9 the number of reconstructed tracks tends to be smaller
than the true number of muons that passed through the tracking area. By correcting
the reconstructed track multiplicity upwards according to the fitted polynomials
one can get the muon multiplicity that passed through the tracking area. Because
the primary type is not known, the correction has to be calculated from the average
of proton and iron datasets. The magnitude of the correction gets a bit larger
with increasing zenith angle of the shower and, therefore, different corrections are
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Fig. 8.10. The relative difference of fitted polynomials of proton and iron datasets as
compared with the average of proton and iron datasets. The zenith-angle ranges of 0–10°
and 25–40° as a function of simulated muon multiplicity are shown as black and red lines,
respectively.

applied for reconstructed zenith-angle ranges of 0–10°, 10–25°, 25–40° and > 40° .
The correlation between the reconstructed and simulated muon multiplicity is
plotted in Fig. 8.11. The dataset includes events with reconstructed zenith angle
< 40° but events with clearly wrong shower arrival direction > 5° were excluded.
One can see that the reconstruction accuracy is moderate up to a multiplicity of 100
but is poor at very high multiplicities. Because the correlation between the number
of reconstructed tracks and the simulated muon multiplicity is non-linear some
muon multiplicities can never be reconstructed especially at high multiplicities
where the non-linearity is pronounced. Those missed muon multiplicities emerge as
narrow horizontal stripes in Fig. 8.11.
The simulated and reconstructed muon multiplicity spectra of the dataset used
for testing ETANA are shown in Fig. 8.12. The reconstructed spectrum stays below
the simulated spectrum because a fraction of events did not pass the qualification
tests. The spectrum has its maximum at multiplicity 1 instead of 2 because the
qualification tests affect only on multi-track events giving more weight for singletrack events, and because some multi-muon events were reconstructed as single
muons. Despite of them, the reconstructed spectrum follows rather nicely the
simulated spectrum.
In order to estimate uncertainties of the reconstructed muon multiplicities one
has to include the effect of very steep muon multiplicity spectrum present in the
nature. Although the probability to interpret single-muon event as a multi-muon
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Fig. 8.11. A relation between the reconstructed and simulated muon multiplicities at
zenith-angle range of 0–40°. The one-sigma spreads around the average reconstructed
multiplicity are displayed as horizontal bars for some selected multiplicities. The bin
heights are in logarithmic scale. The perfect correlation is represented as solid line.

event would be very low the number of single muons with respect of multi-muon
events can be huge and, therefore, single (and double) muons may give a notable
contribution to the reconstruction uncertainties at higher multiplicities.
The re-weighted response distributions of simulated muon multiplicity at given
reconstructed muon multiplicities of 8, 14, 29 and 45 are illustrated in Fig. 8.13.
Practically the weighting does not contribute to reconstructed multiplicities above
10 but can be seen as a narrow tail in the histogram corresponding to reconstructed
multiplicity 8. At smaller multiplicities 2–6 the contribution of single-muon events
is significant, which would require more sophisticated methods to filter out such
failed reconstructions. Such methods could be, for instance, the requirement of
reconstructed tracks at least in two stations simultaneously to select only muon
bundles.
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Fig. 8.12. The simulated and reconstructed muon multiplicity spectra of the dataset used
in the tests of ETANA.

Fig. 8.13. Simulated muon multiplicity response distributions at reconstructed muon
multiplicities 8, 14, 29 and 45. The bin contents of histograms were weighted with a
realistical muon multiplicity spectrum.
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8.4.3. Quality of Reconstructed Tracks
Because the hits of electrons cannot be distinguished from that of muons they
inevitably involve track searching. In Figs. 8.14 and 8.15 are shown the fraction
of electron and muon hits from the hits associated with reconstructed two- and
three-layer tracks. The distributions are displayed separately for proton and iron
showers at different reconstructed shower zenith-angle ranges. The contribution of
afterpulses is the order of 1–2%, and they were inluded in the hits of electrons and
muons depending on which of them was producing the afterpulse. It is evident that
the relative contribution of electrons on the reconstruction of two-layer tracks is
larger than that of three-layer tracks. This is understandable because the probability
to reconstruct a track from a random coincidence of hits is larger when only two
detector layers are considered.
Both for two- and three-layer tracks the fraction of electron hits increases with
reconstructed track multiplicity. The total number of electron hits increases with the
number muons passing through the station and hence the probability to reconstruct
tracks with poorer quality increases too. However, quite often the electron hit may
be located very close to muon hit and thus is not affecting notably on the quality
of the track.
The average number of hits belonging to two- and three-layer tracks as well as
to all tracks in the event as a function of reconstructed track multiplicity are shown
in Fig. 8.16. One can see that as an average two- and three-layer tracks have the
same average number of associated hits at all multiplicities which indicate that
their quality stay relatively constant. On the other hand, the average number of
hits associated with all tracks decreases with reconstructed track multiplicity. For
single-track events three-layer tracks are favoured because in track reconstruction
the event was reconstructed only if there was at least one potential three-layer track
present. At higher track multiplicities the fraction of two-layer tracks increases (red
line), which have as an average less hits associated with their tracks, explaining the
decrease in average number of hits on the track. This can be understood because
at higher track multiplicities the probability to find additional tracks partly from
random electron hits increases as the absolute number of electron hits inreases with
the number of muons in the event.
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Fig. 8.14. The fraction of muon (green) and electron hits (red) associated with two-layer
tracks as a function of reconstructed track multiplicity at different reconstructed shower
zenith-angle ranges. Distributions are shown separately for proton (top) and iron (bottom)
showers.

109

Fig. 8.15. The fraction of muon (green) and electron hits (red) associated with three-layer
tracks as a function of reconstructed track multiplicity at different reconstructed shower
zenith-angle ranges. Distributions are shown separately for proton (top) and iron (bottom)
showers.
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Fig. 8.16. The average number of hits associated with two- and three-layer tracks are
represented as dotted blue and dashed black histograms, respectively. The solid magenta
histogram represent the average number of hits associated with all tracks in the event.
The dashed-dotted red histogram on the bottom shows the average fraction of two-layer
tracks in the event that can be read from the y-axis on the right hand side.
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The angular deviation of two- and three-layer tracks with respect of the reconstructed shower arrival direction when at least two tracks were reconstructed are
shown in Fig. 8.17. The angular deviation of ideal tracks, in which all hits belonging
to the reconstructed track were produced by muons, are shown as dashed blue lines.
The maximum allowed deviation was limited to 1.8°. One can see that the quality
of three-layer tracks is good whereas for two-layer tracks the hits of electrons more
often participate tracking, which leads to stronger tail at large angles.
The angle error of reconstructed two- and three-layer tracks with respect of their
original simulated tracks are shown in Fig. 8.18. The track was included in analysis
only if it was reconstructed mostly through the hits of muons of the original muon
track. Otherwise the identification of the corresponding original track would not
be possible. In general, reconstructed three-layer tracks are more parallel with the
original simulated track than that of two-layer tracks. The tracks, which include
one or more electron hits, have almost as good quality as the tracks including only
muon hits, which means that the hits of electrons are filtered out efficiently by
tracking or that, when their participated tracking, they tend to be located close to
the original track. The corresponding average angle errors with reconstructed muon
multiplicity are shown in Fig. 8.19. In case of single tracks the angle error can be
sometimes very large because there is a possibility that the left-right ambiquity of
hits is solved wrongly. The probability that the hits of electrons are participating
tracking increases with muon multiplicity, which can be seen as increasing average
angle error with multiplicity.
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Fig. 8.17. The angular deviation of two- (top) and three-layer (bottom) tracks with respect
of the reconstructed shower arrival direction. The angular deviation of ideal reconstructed
tracks, in which all hits on the track were produced by muons, are shown as dashed blue
lines.
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Fig. 8.18. The angle error of reconstructed two- (top) and three-layer (bottom) tracks
with respect of their original simulated tracks. The ideal reconstructed tracks, in which
all hits on the track were produced by muons, are shown as dashed blue lines.
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Fig. 8.19. The average angle error of reconstructed two- and three-layer tracks with
respect of their original simulated tracks as a function of reconstructed muon multiplicity.
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The two-track distance distributions of the events at different zenith-angle
ranges are shown in Fig. 8.20. In the top panel are shown the distances between
three-layer tracks and in the bottom panel between all tracks. On can see that
the maximum distance between three-layer tracks gets smaller with increasing
zenith angle because the projected three-layer reconstruction area decreases. In the
bottom panel the reconstruction area of two- and three-layer tracks stays almost the
same at different zenith angles, by which there is no clear zenith-angle dependence.
The distributions lack some track pairs from the beginning (< 20 cm). The lost
tracks mainly results from afterpulse filtering, which rejects hits reconstructed
within 2 cm in the delay-line direction of a chamber. Local electron showers could
produce localised track clusters and would be seen as a bump in the bottom panel
in Fig. 8.20 but, as visible, such bump is not present indicating that in general
badly reconstructed events are not qualified to the analysis and that most of the
badly reconstructed tracks are rejected in the tests.

116

Fig. 8.20. Two-track distance distributions of three-layer tracks (top) and all tracks (bottom) within the event at different zenith-angle ranges. The distributions were normalised
to 1000.
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8.5. Comparison Between Two- and Three-Layer Tracking
Proper two-layer tracking is important because a fraction of tracks in the event is
reconstructed only with two layers of planks in three-layer stations especially if the
shower has a strong inclination. Moreover, the EMMA experiment will be upgraded
by LST detectors (see Sec. 3.3.3) that can be used to form the second layer of
detectors in current one-layer stations or to fill some stations completely whereas
in some stations both two layers could be constructed of planks. In this Section
the performance of track reconstruction with two plank layers were compared with
that of three plank layers. The settings for track reconstruction had to be adjusted
a bit wider for two-layer tracking in order to obtain optimal results.
Track reconstruction works relatively well with three plank layers but is sufficient
with two plank layers too if the density of tracks is moderate. The simulated muon
multiplicity response distributions at reconstructed muon multiplicities 3, 6, 9 and
14 are shown in Fig. 8.21 for the cases when the events were reconstructed either
using top and middle, middle and bottom or all three plank layers. As expected,
the distributions are the narrowest when all three plank layers were used in tracking.
Practically, there is no difference whether the tracks are reconstructed with top
and middle or with middle and bottom plank layers.
The average one-sigma spread of simulated muon multiplicity response distributions as a function of reconstructed muon multiplicity for two- and three-layer
tracking are shown in Fig. 8.22. In the case of two-layer tracking tracks are lost
more easily because, as an average, a muon produces fewer hits, by which stronger
corrections are needed to translate the number of reconstructed tracks to a muon
multiplicity. This can be seen as empty gaps in the distributions already at relatively small multiplicities. The reconstruction with two plank layers works rather
well up to multiplicities 20–30.
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Fig. 8.21. Simulated muon multiplicity response distributions at reconstructed muon
multiplicities 3, 6, 9 and 14 as reconstructed with two and three plank layers.
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Fig. 8.22. The average one-sigma (rms) spread of simulated muon multiplicity response
distributions as a function of reconstructed muon multiplicity with statistical error bars.
The events were reconstructed either with two or three plank layers.

9. Estimation of the Validity of Simulated Data
Simulated data of the EMMA experiment are used to test programs and to develop
analysis methods, by which it is important that they mimic experimental data
accurately enough by including all essential features of the detector response and
the nature of muon showers. In the present work the simulated and experimental
data are compared with each other in order to estimate the validity of simulations
used in EMMA analyses, and the results are presented in this Chapter.

9.1. Hit Production
One way to evaluate the quality of simulated data is to study how effectively detected
signals that are produced in drift chambers are utilised in hit reconstruction. This
is illustrated in Fig. 9.1 that shows the average number of anode, near and far
signals needed to reconstruct certain number of hits in a chamber. A reconstructed
hit consists of an anode-near-far signal triplet that has to fulfil the quality condition
of |yn − yf | < 60 cm. Reconstructed afterpulses were not filtered out from the data
in order to see the overall efficiency for the usage of signals in hit reconstruction.
The datapoints of both the simulated and measured data lie above the ideal case
(black line), in which all signals would have been converted to hits, meaning that a
part of the signals are not able to be used to produce hits either in the simulated
or measured data.
There exist several reasons why some of the signals are left unused. Sometimes
the reconstructed position of the afterpulse may situate outside the chamber. Then,
the hit is rejected and the signals of the afterpulse are left unused. Moreover, if two
particles pass the chamber close (≈ 1 mm) to each other in drift direction, the first
anode signal, which was produced by the particle hitting closer to the anode wire,
can overlay the second anode signal resulting in a lost hit because a full anode-nearfar triplet is required for the hit to be reconstructed. These effects are included in
simulations and result in slightly increased number of unused anode, near and far
signals with increasing hit multiplicity as shown in Fig. 9.1. Nevertheless, there
are some minor detector effects not taken into account in simulations. Presumably

121

Fig. 9.1. The average number of anode (top), near (middle) and far (bottom) signals
needed for the production of a given number of hits within a chamber. The black lines
represent the ideal usage of signals in hit reconstruction. The simulated data are shown
as red open symbols and the experimental data collected with station C in Spring 2012 as
blue triangle symbols. The lines connecting the data points are just to guide the eyes.
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during afterpulse production quite often happens that only one or two out of three
signals are produced because the afterpulse signals tend to be weaker than the
signals of real hits and, therefore, are not always registered. This is present in the
measured data at hit multiplicities ≥ 2 where the contribution of afterpulses is
significant. The number of unused signals in the measured data is higher than that
in the simulated data as can be seen in Fig. 9.1. Particularly, strong anode signals
are registered more often than weaker near and far signals, which can be seen as a
larger fraction of unused anode signals than that of near and far signals.
The anode, near and far data curves of measured data in Fig. 9.1 diverge steadily
from the ideal lines over hit multiplicities 2–5 but stay almost at constant distance
afterwards. This indicates that the drift chambers are not getting clearly saturated
at hit multiplicities < 10 that is required in order to reconstruct high-density muon
bundles. In principle, the efficiency for the usage of signals in hit reconstruction
could be improved by allowing that an anode signal can belong to more than one
hit simultaneously. It might be justified to compensate the loss of anode signals
that are lost in anode pile-ups but should be studied first carefully.
In simulations electrons have to exceed the threshold kinetic energy of 300 keV
before they can produce hits in drift chambers. The electron hit production was
studied by analysing events, in which a six-hit track was reconstructed with a zenith
angle of < 10° in the the central area (|x| < 1 m, |y| < 1 m) of station C. The
selections ensure that only clear one-track events are included and that problems
related to border regions of the station and zenith-angle dependence are minimised.
The multiplicity distributions of unused hits, which are the hits not associated
with any reconstructed track, are displayed for simulated and experimental data
in Fig. 9.2 on the top panel. On the bottom panel are shown the distributions of
the number of chambers, in which at least one unused hit was reconstructed. Both
Figures suggest that electrons are produced a bit more frequently in simulations than
are present in measured data. The lower number of unused hits in measured data
cannot be related to multi-hit reconstruction in chambers because the difference
between measured and simulated data is also present in the bottom panel, in which
the single and multi-hits have the same weight. But the difference could be partly
explained by the four chambers that were not connected to data acquisition during
the data were collected. It is, however, better to exaggerate slightly the production
of background electrons to be on a safe side in analyses.
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Fig. 9.2. The total number of unused hits (top) and the number of drift chambers with at
least one unused hit (bottom) when a six-hit track with the zenith angle of < 10° was
reconstructed in the central area of station C. The experimental data consist of 25 h of
data collected in Spring 2012.
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9.2. Track Reconstruction of Measured Data
At the moment, the functionality of track reconstruction for experimental data is
difficult to estimate because scintillation detectors, which will provide fast timing
for the drift chambers, have not included yet in data acquisition. The lack of fast
trigger results in poorer hit position resolution in drift direction which, on the
other hand, complicates track reconstruction. In any case, the experimental and
simulated data were compared by keeping this limitation in mind.
The validity of the hit position resolution of drift chambers set in simulations
can be evaluated from Fig. 9.3 that shows the hit-to-track distance distributions in
x- and y-directions. The ideal data refer to artificially generated data that include
only the effect of position uncertainty to the hit-to-track distance distribution. In
simulated and ideal data the Gaussian one-sigma hit position uncertainties in xand y-directions were correspondingly set to 5.5 and 5.0 mm, which were estimated
from the data measured in the surface laboratory.
Because of the lack of a fast trigger the drift chambers itself have to be used
to provide the trigger for events. As a result of the slow trigger, however, only
three x-coordinates out of the six hit positions along the track can be reconstructed
independently. In y-direction the self-triggering of the chambers does not influence
on hit reconstruction. Therefore, in Fig. 9.3 the hit-to-track distance distributions
include three- and six-hit tracks in x- and y-directions, respectively. The blue
lines represent ideal hit-to-track distance distributions to be expected from the
uncertainties used in the simulations. The red lines show the distributions of
the simulated data that were reconstructed with the ETANA program. The
distributions follow ideal ones except in the tails were the contribution of electron
hits and afterpulses influence on hit and track reconstruction. For the measured
data the distribution in y-direction is a bit broader than expected indicating that
the hit position resolution in some chambers underground is actually 1–2 mm
worse than on the surface after the delay corrections were applied (see Sec. 6.2).
Nevertheless, the hit position resolution of 5–7 mm in y-direction is still sufficient
for track reconstruction.
The broader hit-to-track distance distribution in y-direction of measured data
than that of simulated data can be understood also by calculating the reduced
chi-square of the reconstructed tracks in y-projection as shown in Fig. 9.4. It
includes six-hit tracks with zenith angles of < 10° . Because a straight-line fit
includes two free parameters, the number of degrees of freedom is ν = 4 and the
reduced chi-square of the track is
χ2ν,y

2
6 
1 X fi (y) − yi
.
=
ν i=1
σy

(9.1)

The ideal chi-square distribution was calculated by generating artificial hit positions
from Gaussian distributions with σx = 5.5 mm σy = 5.0 mm and fitting a straight
line through the hits. The chi-square distribution of the tracks reconstructed from
the simulated data follows quite nicely the ideal distribution although afterpulses
and the hits of electrons reduce the quality of some tracks that are located in
the tail of the distribution. The chi-square distribution of the measured data
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Fig. 9.3. The distributions showing the distances of hits from their track in x- and ydirections for reconstructed single three- and six-hit tracks, respectively. The corresponding
expected, experimental (Spring 2012) and simulated data distributions are shown as blue,
black and red lines.

Fig. 9.4. The reduced chi-square distributions of six-hit tracks with zenith angles of < 10°
for experimental, simulated and ideal data as calculated in y-projection. The measured
data were collected with station C in Spring 2012.
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peaks similarly than that of the ideal data indicating the in most of the chambers
σy ≈ 5 mm but is a bit deformed expecting 1–2 mm worse hit position resolution
in some of the chambers (see also Fig. 9.3).
A functionality of the reconstruction of muon bundles was studied by calculating
the mutual distances between the reconstructed tracks within an event. The twotrack distance distributions of the events, in which both tracks had five or six
associated hits, are shown in Fig. 9.5 for measured and simulated data. At least
four reconstructed tracks were required for an event to be selected in the analysis.
The five- and six-hit tracks are most probably reconstructed in the detector area
having a double drift-chamber coverage of the planks resulting in the characteristic
bumps that can be seen especially in the distribution of the simulated data. One
can see that there is an excess of track pairs at the distance of < 80 cm in measured
data as compared with the simulated data. The excess comes from the events, in
which one of the tracks was probably reconstructed through the hits of electrons
that tend to be located close to the track of the parent muon. These kind of
mis-reconstructions are not present in the simulated dataset. One reason is that in
the simulated muon multiplicity spectrum the number of single muon events was
too small and stronger weight was given for high muon multiplicities than is present
in nature. Therefore, rare electron-rich single-muon events, which are difficult to
be reconstructed properly, do not contribute in the simulated data significantly.
Another reason is the lack of a fast trigger in measured data that worsens the
accuracy of the reconstruction of hits and tracks.
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Fig. 9.5. The two-track mutual distance distributions of measured and simulated data.
Only events with at least four reconstructed tracks were included in the analysis and the
tracks contributing to the distribution had to have at least five hits belonging to them.
The experimental data were collected in Spring 2012. The measured dataset was scaled
to correspond to the simulated dataset.

10. Event Visualisation and Monitoring
The visualisation of reconstructed events is important for any kind of particle
experiment. In the present work a modern 3D visualisation software was developed
for the EMMA experiment completely. The EmmaEve program was designed with
the Root software using its TEve visualisation classes. They use OpenGL libraries
allowing an efficient way to represent complex vector graphics with light tracing.
In addition to the visualisation program the present work comprises the development of a Graphical User Interface (GUI) for monitoring of the detectors and
environmental parameters of EMMA on-line. It was realised by the GUI classes of
the Root software to maximise the compatibility with other Root-based programs.

10.1. Visualisation of EMMA Events
The EmmaEve program is capable to visualise real and simulated events that
are reconstructed with the ETANA program both for the calibration stack in
the surface laboratory and for the underground EMMA array. The events are
represented three-dimensionally in several windows, which can be zoomed and
rotated independently. A view of the main window of EmmaEve is shown in
Fig. 10.1.
During the startup of EmmaEve the program reads in two input files that
includes information of the hits and tracks of the event to be visualised. For the
visualisation the hits are grouped according to which station they belong to and
whether they are associated with the tracks or not. Similarly, the categorisation of
the tracks contains the information of the station. The tracks are colour-coded the
way that green lines represent original simulated muons, blue lines reconstructed
tracks and yellow lines simulated muons that were not reconstructed. Moreover,
two- and three-layer tracks are shown as dashed and solid lines, respectively. This
kind of categorisation of event data ease the analysis of events remarkably.
The 3D windows support the highlighting of the selected hits and tracks simultaneously in all the windows as well as the analysis of them in detail via popups
making the scanning of events more efficient (see Fig. 10.1). In addition to the main
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Fig. 10.1. A view of the main window of the EmmaEve program showing the simulated
event that was reconstructed with ETANA.

windows the EmmaEve program includes separate tabs for each station showing the
station-related event data. In the station tabs the centre-of-rotation is translated
in the middle of station making the rotation more convenient. Moreover, the
summary tab contains all essential information about the tracks in the event and
the histogram tab shows, for instance, the angular deviation and multiplicity of
tracks of the selected events.
General event-related information is available in several places. The most
important event information is displayed in the left column and in the bottom
field of the main window of EmmaEve as shown in Fig. 10.1. The reconstructed
and simulated shower arrival directions are illustrated as blue and green arrows in
the 3D windows, respectively. The loaded events can be browsed easily by arrow
buttons or by selecting the event number directly. The program includes also an
option to save images in a high-resolution mode, which is very useful when images
are needed for poster presentations.
For simulated events the tracks passing outside the stations can be visualised too
as demonstrated in Fig. 10.2 on the left panel. The EmmaEve program includes
also the possibility to visualise scintillation detectors in the central stations that is
illustrated in the same Figure as red planes. The addition of human figures in the
windows is possible as shown in Fig. 10.2 on the right panel.
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Fig. 10.2. Left: The high-energy muon shower produced by a 1.58 PeV iron primary
passing through the EMMA array. Right: A reconstructed muon track in the calibration
stack in the surface laboratory.

10.2. On-Line Monitoring of EMMA Detectors
While starting measurements or running the experiment it is important to monitor
the performance of detectors that may reveal the malfunction or changes on the
properties of detectors. In the present work the EmmaDiagnosticsGUI program
for monitoring detectors on-line was developed allowing an easy access to various
parameters of several detector types through the same program. The main window
of the EmmaDiagnosticsGUI program is displayed in Fig. 10.3 that shows the
widgets of the initial information (on the right) and the scintillation detectors
(on the left). The detector information shown in the GUI is read from the Root
files containing a vast set of histograms of raw data collected with detectors. The
creation of Root files is executed by the EmmaDiagnostics program designed by
M. Slupecki but can be controlled directly from the GUI.
At the moment, the EmmaDiagnosticsGUI program can show the histograms of
the scaler, drift chambers and scintillation detectors but can be easily extended
to include the LST detectors too (see Sec. 3.3). The histograms of drift chambers
and scintillation detectors are shown in their own widgets that are further grouped
logically into several tabs according to the parameters to be displayed. For both
detector types different kind of counting rates and time spectra are presented. In
the case of scintillation detectors it is also possible to compare the histograms of
sc16 modules or individual pixels within the run. The detectors can be selected
easily via press-buttons, check boxes and radio buttons that automatically update
histograms in the tabs when the button is pressed. The datafiles can be merged
together and compared with each other. The colours of datafile sets and histograms
can be changed and the Root-styled scaling and zooming of histograms is readily
possible by drag-and-drop.
During the loading of the Root files of the selected datafiles useful information
is printed on the main window showing the progress and possible warnings and
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Fig. 10.3. The main window of the EmmaDiagnosticsGUI program. The initial (on the
right) and scintillation (on the left) information widgets are displayed. The widgets for
drift chambers, LSTs and environmental information are hidden.

errors. If the Root files do not exist yet the GUI commands the EmmaDiagnostics
program to create them. The loading of the files is handled via separate thread
so that if the Root files need to be created the GUI itself does not hang but can
be used on the background. The histograms shown on the widgets can be saved
as images individually. The Print All button creates a collection of images of the
most important histograms and saves it in the pdf format.
In addition to monitoring of detectors the EmmaDiagnosticsGUI program contains the widget for showing the information of environmental parameters that is
currently under development. It will show the mean high voltages and currents
of high-voltage power supplies, air temperature, pressure and humidity, and ups
information. Moreover, these parameters will be shown in histograms as a function
of time of the run enabling the monitoring of them with a minute resolution. They
will help to detect and solve problems that inevitably emerges during the running
of the experiment.

11. Synergy Between EMMA and ALICE
The utilisation of the LHC experiments at CERN for cosmic-ray research is an
interesting topic because they are located at shallow depths underground and
embed novel particle detectors not present in typical cosmic-ray experiments. For
instance, the TPC (Time-Projection Chamber) detector in ALICE (A Large Ion
Collider Experiment) [Aamodt et al., 2008] with 0.5 T magnetic field can identify
muons and their energies up to ≈ 500 GeV with highest muon densities, which is
not possible by any modern cosmic-ray experiment. Similarly to ALICE, which
provides the energy threshold of 15 GeV for vertical muons, the EMMA experiment
is located at shallow depth corresponding to 50 GeV energy cut-off. Although
EMMA cannot define the energies of muons and the reconstruction of very high
muon densities is difficult, the measurement of muon lateral distribution up to 30 m
on event by event is possible. Furthermore, EMMA was designed for the detection
of cosmic rays enabling a long running time of several years continuously whereas
in ALICE dedicated cosmics runs are typically limited to some days a year.
The energy definition of muons by ALICE offers an interesting possibility to
analyse events. In the present work the usage of energy information of muons to
locate the position of shower core was studied by vertical proton- and iron-induced
air showers in the knee region [Räihä and Trzaska, 2009]. For the analysis an
underground detector with a size of 25 m2 was assumed providing vertical energy
threshold of 15 GeV for muons. The detector can identify muons perfectly and
define their energies up to 500 GeV, above which the muon is interpreted to have
energy at least 500 GeV. The specs listed above describe the properties of the TPC
in ALICE rather well. The analysis consisted of 1.00 and 3.16 PeV proton and
iron showers, 2000 showers each, which were dropped randomly in a square area
of 20 × 20 m2 centered around the TPC detector (5 × 5 m2 ). The showers were
re-used such that 40000 showers at each primary type and energy were obtained.
Only events containing at least four very high-energy muons (E > 500 GeV) and
at least ten muons in total in the detector were qualified in the analysis. Then, the
core position was defined to be located in the centre-of-gravity of very high-energy
muons (E > 500 GeV).
The reconstructed core-position accuracy distributions for vertical proton- and
iron-induced air showers at primary energies 1.00 and 3.16 PeV are shown in
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Fig. 11.1. The reconstructed shower-core position-error distributions of proton- and ironinduced air showers at primary energies 1.00 (left) and 3.16 PeV (right) as reconstructed
on the basis of the energies of detected muons. See text for more detailed description.

Fig. 11.1. The average core-position uncertainty is 1.7 and 2.8 m at 1.00 PeV for
proton and iron showers, respectively. Corresponding uncertainties at 3.16 PeV
are 2.4 and 4.0 metres. The uncertainties increase with primary energy because
the number and lateral spread of very high-energy muons (E > 500 GeV) increase
too. Therefore, the event selection cuts should be defined in a way that the energydependence would be minimised. The uncertainties of iron showers are larger than
that of proton showers but are more difficult to avoid because of different nature of
the showers. In addition, iron showers qualify in the analysis more easily because,
as an average, they contain more high-energy muons. The qualification efficiency,
that is, the fraction of showers fulfilling the selection cuts which axis is hit inside
the detector, is 0.16 and 0.23 at 1.00 PeV, and 0.82 and 0.98 at 3.16 PeV for proton
and iron showers, respectively.
The reconstruction of the shower-core position would be useful because it would
make possible to study the properties of muon showers event by event. The results
described here have shown that, despite the biases related to the type and energy of
the primary cosmic ray, the core-position accuracy of some metres can be achieved,
which already offers grounds for new kind of data analysis in the ALICE experiment.
The average lateral distributions of high-energy muons produced by vertical
3.16 PeV proton and iron primaries as expected at the level of EMMA (50 GeV
cut-off) and ALICE (15 GeV cut-off) are shown in Fig. 11.2. Because of higher
energy threshold in EMMA one would expect approximately 20–25% fewer muons
as compared with ALICE in the shower centre. Already during the cosmic runs of
a couple of weeks ALICE has registered three big muon bundles containing 276,
181 and 89 muons in TPC [Alessandro, 2012]. They estimated that if the bundle of
276 muons were produced by 30 PeV iron nucleus, one would expect such an event
once in 4–5 years. Nevertheless, because of low statistics all these big events may
still be explained by statistical fluctuations.
The ALICE experiment, however, is not the only experiment that has measured
exceptionally dense high-energy muon bundles. The former CERN-LEP (Large
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Fig. 11.2. The average lateral density distributions of high-energy muons produced in
3.16 PeV proton- (solid) and iron-induced (dashed) showers corresponding to the depths
of EMMA (open circles) and ALICE (solid squares).

Electron-Positron collider) experiments DELPHI1 [Travnicek, 2003], COSMOALEPH2 [Avati et al., 2003] and L3+C3 [Wilkens, 2003a;b] all reported about
the excess in data at the highest muon multiplicities that cannot be explained
satisfyingly by any high-energy interaction models available even by assuming
pure iron composition and the highest cosmic-ray fluxes. It is interesting that
the preliminary analysis of data collected by station C (area of 15 m2 ) of EMMA
during several weeks in Spring 2012 contains only a couple of events with track
multiplicity > 40 that is consistent with predictions from simulations. This is much
less than expected from the results of ALICE and former LEP experiments. All
the CERN experiments, however, suffer from low statistics but EMMA will collect
data of several years with three tracking stations simultaneously that hopefully will
help to understand these intriguing results and will be used to test state-of-the-art
high-energy interaction models.

1 DEtector

with Lepton, Photon and Hadron Identification (at 100 m depth).
for LEP PHysics at CERN (at 140 m depth).
3 Situated in the same hall as ALICE (at 30 m depth).
2 Apparatus

12. Discussion and Conclusions
The analysis framework for studying EMMA events by simulations consists of
three main parts; air-shower simulations, the transportation of high-energy muons
through both the rock overburden and detector stations, and the reconstruction
of events from data collected with detectors. The comparison of high-energy
interaction models used in CORSIKA air-shower simulations in Sec. 4.1 has shown
that systematic uncertainties rising from the selection of the model are moderate
and that the composition signal is still present in muon lateral density distributions.
In order to estimate the effect of systematic uncertainties for the capability to study
the composition of cosmic rays by EMMA on an event-by-event basis more detailed
study still needs to be carried out. The CORSIKA simulation database created
in the present work covers a wide energy range with different arrival directions
of proton- and iron-induced air showers, which can be used for different kind of
EMMA analyses.
The effect of rock overburden to the properties of high-energy muons was studied
largely in Chap. 5. It was shown that already by applying a simple 50 GeV energy
cut-off for muons the influence of rock would have been modelled rather well but
more accurate analytical formulas and distributions for the survival probability,
energy loss, position displacement and angular deviation of muons were determined
to offer precise inclusion of the rock effect for analysis purposes. The analysis also
showed that although about 80% of the muons arrive to the EMMA level within
one degree with respect of the shower arrival direction, approximately 10% have
deviated more than two degrees, which inevitably results in some lost tracks in track
reconstruction that is based on the parallelism of muon tracks. In addition, the
contribution of muon-induced secondary electrons, which may follow their parent
muon from rock to the EMMA cavern, was studied extensively. A large fraction of
the hits in the shower centre can be produced by electrons and, hence, they form
the major background for EMMA analyses. A benefit of the usage of absorbers in
the central stations was estimated to be minimal in the identification of electron
hits but should be based on the parallelism of muon tracks and on the recognition
of electron-rich events that could be rejected from analyses.
For the validity of simulated data to describe experimental EMMA data the
understanding of detector functionality plays a very important role. In Chap. 6
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experimental data were used to study the hit production logic, the quality of single
and multi-hits, the reconstruction of multi-hits, the nature of afterpulses and the
efficiencies of drift chambers. The results showed that the reconstruction of several
hits simultaneously within a chamber is possible and the quality of hits remains
almost at the same level as that is for the first hit, which formation is not affected
by other hits that are detected later in time. Although afterpulses mimic real
hits they are typically located close to their parent hits and, therefore, can be
mostly filtered out on the basis of their location. Afterpulses can, however, pass
filtering checks but should not influence on track reconstruction notably especially
because the afterpulse production rate underground is low. The efficiencies of drift
chambers in station C seem to be on a good 95% level. The chamber efficiencies
in simulations were fixed to 92%, which is accurate enough for the production of
realistic events.
The performance of the track reconstruction program ETANA, which was
developed in the present work to reconstruct muon tracks in two- and threelayer stations, was presented extensively in Chap. 8. It was shown that muon
multiplicities in stations can be reconstructed with approximately 10–15% onesigma accuracy, the relative uncertainty being smaller at higher multiplicities.
The very steep muon-multiplicity spectrum present in nature results in increased
probability for mis-reconstructions in the multiplicity range of 2–10 when a muon
with accompanied electrons are interpreted as a muon bundle. Better methods
for the recognition of such events should be developed although the inclusion of
scintillation detectors and the comparison of reconstruction results between the
stations will improve the reconstruction accuracy. According to the tests with
simulated data muon multiplicities up to ≈ 100 could be reconstructed in a single
three-layer station that is filled only with drift chambers. A clear saturation of the
detectors occurs at much higher multiplicities enabling the reconstruction of events
beyond the multiplicity of 100 too but with poorer accuracy. In addition, the tests
showed that the systematic uncertainty of the reconstructed muon multiplicity
rising from the lack of knowledge of the type of primary cosmic ray is rather small
being less than a percent. Although the free parameters of ETANA were adjusted
with the same simulation set that was used to test the program, the bias from the
usage of single simulation set should be very small because the difference between
proton and iron sets is less than a percent even though they represent the two
extremes as a source of muon bundles.
In order to obtain the reconstruction accuracy as mentioned above the failed
event reconstructions have to be filtered out using event and track qualification tests
as described in Sec. 7.5. Although the test effectively reject events the efficiency to
qualify in the analysis is close to 100% at multiplicities of 5–10, after which the
qualification efficiency starts to decrease steadily reaching a constant level around
the multiplicity 25 when it is approximately 85–90%. Because the event rejection
is based on the recognition of local track clusters the probability for the rejection
increases with muon multiplicity.
The reconstruction of shower arrival direction by three layers of plank detectors
works very well. Only problem are very inclined showers, in which the reconstruction
of shower direction quite often fails because in event reconstruction at least one
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three-layer track is required but is not always present. Nevertheless, the condition is
needed to improve the quality of reconstructions. The mis-reconstructions, however,
should not be a problem because the shower arrival directions obtained from several
stations can be compared with each other, and the scintillation detectors may offer
an independent estimate for the shower direction. It was also found that only
muons that have deviated less than 0.8° from the average shower arrival direction
should be included in the calculation of the final shower arrival direction. This way
the average shower direction accuracy of 0.10–0.15° at multiplicities ≥ 10 can be
achieved.
The quality of reconstructed tracks was estimated in Sec. 8.4.3 by analysing
the fraction of electron hits participating track searching. It turned out that in
three- and two-layer tracks correspondingly approximately 5% and 10% of the
associated hits were produced by electrons indicating better quality for three-layer
tracks. This was confirmed by comparing the angular deviation of tracks with
respect of shower arrival direction in the cases when either all or a part of the hits
along the track were produced by muons. The average angle error of reconstructed
three-layer tracks were found to be 0.3–0.5° the way that the error increases with
muon multiplicity. Similarly, for two-layer tracks the angle error was 0.5–0.7°.
The track quality was also evaluated by studying the average number of hits
associated with two- and three-layer tracks as a function of reconstructed track
multiplicity. The results showed that the quality of tracks stay constant with
multiplicity but also that the fraction of two-layer tracks of the total number of
tracks in the event increases from the level of 16% to 20% over the whole multiplicity
range, which indicates that the quality of the highest multiplicity events is a bit
worse. At high multiplicities the probability to find wrong tracks from the hits of
electrons increases but is expected to be improved when scintillation detectors are
placed in three-layer stations.
At the moment, only hit information of drift chambers is used in tracking but the
shower and track reconstruction algorithms should be updated to include the hits of
scintillation and LST detectors that will improve the accuracy of the reconstruction
of shower arrival direction and the tracks of muons in stations.
The comparison between two- and three-layer tracking showed that the reconstruction of muon multiplicities up to 20–30 with two plank layers works relatively
well. This is a good news as the LST detectors make possible to upgrade current
single-layer stations to contain two layers of detectors. Then, the reconstruction of
tracks could be carried out in each station improving the accuracy of reconstructed
muon multiplicities.
The validity of simulated data to describe experimental data was evaluated in
Chap. 9. The main difference seems to be the lack of single random signals in
simulated data that are present in measured data. They should, however, not
influence on hit reconstruction notably as a full signal triplet with sufficient quality
is required for a hit to be reconstructed. There is no clear indication of the saturation
of drift chambers allowing the reconstruction of several hits simultaneously in a
chamber. In addition, the number of secondary electrons produced in simulations
agrees rather well with measured data although being a bit overestimated.
The position resolution of hits was estimated by calculating the distance of
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hits from their track. The one-sigma position uncertainties of σx = 5.5 mm and
σy = 6 mm describe experimental data pretty well even though in y-direction the
position resolution varies from chamber to chamber being rather σy = 5–7 mm. At
the moment, an estimation of the functionality of track reconstruction is difficult
because the lack of fast trigger worsens significantly the reconstruction of real
events. Anyhow, the track reconstruction was studied by a two-track distance
distribution, which showed that at least the reconstructed track-to-track distances
of five- and six-hit tracks are reasonable.
Finally, synergy benefits between EMMA and ALICE were discussed in Chap. 11.
The study showed that the energy information of muons could be used to define
the position of the shower core with an accuracy of few metres if the reconstructed
shower core was located inside the TPC detector of ALICE. The knowledge of
the position of shower core would offer new kind of possibilities to analyse muon
showers. Because both EMMA and ALICE are located underground at shallow
depths but have different capabilities to study the properties of muon showers the
comparison of data could help to interpret results of the experiments.
To conclude, the simulation and analysis programs developed in the present work
offer a comprehensive set of basic analysis tools for all kind of EMMA analyses.
They were tested carefully and the comparison of simulated data with experimental
data has shown that the EMMA event generation program can provide realistic
simulated data for analysis purposes. In addition, the event visualisation and
on-line data monitoring programs were developed and described in Chap. 10, of
which especially the visualisation of reconstructed events of simulated and measured
data is necessary for proper data analysis.

13. Summary
The complete analysis toolset for the EMMA experiment was developed in the
present work including the design, development and testing of the Geant4-based
event generation program, the track reconstruction program ETANA, the efficiency monitoring program for three-layer stations, the event visualisation program
EmmaEve, the graphical user interface EmmaDiagnosticsGUI for on-line data
monitoring and the design of the structure of EMMA database for storing the
reconstruction results. These programs are necessary for running EMMA and for
proper data analysis that necessarily rely on the reconstruction results obtained by
the ETANA program.
The work was started by learning to produce air-shower simulations with the
CORSIKA program. The high-energy interaction models used in simulations were
compared with each other to get an understanding how they influence on the
production of high-energy muons in air showers. The work was continued by the
development of EMMA event generation program by the Geant4 package, which
was needed to generate simulated EMMA events for testing ETANA and to develop
other software as EmmaEve and the efficiency monitoring program. The event
generation program transports high-energy muons from CORSIKA simulations
through rock down to the EMMA level and simulates their passage through the
detector stations, in which the particle hits in detectors are stored. Additional
EmmaEventGenerator program was developed to add detector-related effects into
data so that the production of different kind of event sets from the same simulated
dataset is possible.
The influence of rock overburden to the properties of muons was studied in detail.
The high-energy muon showers from CORSIKA simulations were simulated through
rock to the level of EMMA and changes on the properties of muons were analysed.
The results were parametrised such that they would allow a fast transportation of
muons through rock by applying analytical formulas to describe the their survival,
energy loss, angular deviation and position displacement.
A major part of the current work comprised the design, implementation, optimisation and testing of ETANA, which is the most crucial program for any kind of
data analysis. The structure and logic of the program as well as the optimisation
of its parameters were described and the extensive tests of ETANA were performed
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with simulated data. The most sensitive part of the program is the reconstruction
of a shower arrival direction and the tracks of muons. Several techniques for both
of them were tested until the most suitable algorithms were selected and optimised.
The results showed that the shower arrival direction can be reconstructed with good
accuracy and that the probability for mis-reconstruction is very small except for
very inclined showers, for which additional information from scintillation detectors
or from other stations are needed. The tracks of muons can be reconstructed by
three-layer stations relatively well with approximately 10–15% one-sigma accuracy
up to muon multiplicity 100 but works rather well by two-layer stations too if the
muon densities are moderate.
The generation of realistic simulated events is necessary for testing programs and
developing analysis methods. The comparison between simulated and experimental
data showed that the simulated events generated by the EMMA event generation
program mimic real events sufficiently well. The adjusting of detector-related effects
in simulations were based on detailed study of measured data like the hit formation
procedure, the quality of reconstructed hits and the contribution of afterpulses on
hit reconstruction. In addition, the efficiencies of drift chambers were estimated by
developing the program for monitoring efficiencies in three-layer stations.
The development of the event visualisation program EmmaEve was an important
step to enable the scanning of events three-dimensionally, which is needed to develop
analysis programs like track reconstruction and to verify the most important events.
For efficient on-line monitoring of detectors during data taking the development of
the EmmaDiagnosticsGUI program was required that provides the graphical user
interface for checking the functionality of detectors. In addition to the programs
described here, the present work includes an active participation on the construction
of the EMMA experiment as well as on the testing and monitoring of detectors.
Finally, synergy between the EMMA and ALICE experiments was discussed.
The analysis showed that the usage of the energy information of muons might
be used to locate the shower core in the ALICE experiment making possible the
event-by-event based study of the parameters of muon showers in the shower centre.
Moreover, the detection of very high-density muon bundles seen in ALICE brings
interesting expectations for the EMMA experiment in the near future.
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A. T. Shaykhiev, W. Trzaska, G. V. Volchenko, A. F. Yanin, and N. V. Yershov,
Background and muon counting rates in underground muon measurements with a
plastic scintillator counter based on a wavelength shifting fibre and a multi-pixel
avalanche photodiode readout, Cent. Eur. J. Phys., 8, 445–447, 2010.

151
Wang B., Q. Yang, C. Fan, J. Zhang, H. Hu, and X. Bi, A study on the sharp knee
and fine structures of cosmic ray spectra, Sci. China Phys. Mech. Astron., 53,
842–847, 2010.
Werner K, Strings, pomerons and the VENUS model of hadronic interactions at
ultrarelativistic energies, Phys. Rep., 232, 87–299, 1993.
Werner K, F. M. Liu, and T. Pierog, Parton ladder splitting and the rapidity
dependence of transverse momentum spectra in deuteron-gold collisions at RHIC,
Phys. Rev. C, 74, 044902, 2006.
Wilkens H. G. S. (L3 Collaboration), Electron and muon densities in cosmic rays
measured at L3+C, Nucl. Phys. B - Proc. Sup., 122, 297–300, 2003a.
Wilkens H. G. S., Experimental study of high energy muons from extensive air
showers in the energy range 100 TeV to 10 PeV, PhD. Thesis, University of
Nijmegen, 2003b.
Zatsepin G. and V. Kuzmin, Upper Limit of the Spectrum of Cosmic Rays, J. Exp.
and Theor. Phys. Lett., 4, 78–80, 1966.

