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1Oulu Southern Institute and Department of Physics, University of Oulu, Finland
2Institute of Nuclear Research, Russian Academy of Sciences, Moscow, Russia
3Department of Physics and Astronomy, University of Aarhus, Denmark
4Department of Physics, University of Jyväskylä, Finland
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Abstract: EMMA is an underground cosmic-ray experiment being constructed at the depth of 75 metres in the caverns
of Pyhäsalmi mine in Finland. By June 2011 six of the nine detector stations have been constructed and two are already
fully equipped with detectors and taking data. In the present paper the first results on the performance of EMMA tracking
stations are presented.

Keywords: EMMA experiment, underground muon measurements, knee composition

1 Introduction

Despite numerous efforts to measure and explain the com-
position of cosmic rays in the knee region the results are
inconclusive and the models inadequate. Most experiments
indicate that at the knee energies the composition changes
from light to heavier particles but its magnitude tends to de-
pend on the detection technique and analysis method used
in the experiment. The EMMA experiment (Experiment
with MultiMuon Array [1]) is designed to study the com-
position in a new way by measuring the lateral density dis-
tribution of high-energy muons event by event. The ex-
periment is being built at the depth of 75 metres in the
Pyhäsalmi mine. The rock overburden sets an average
energy threshold of 50 GeV for vertical muons filtering
out also all other components of the extensive air shower
(EAS).

2 Description of the Experiment

EMMA will consist of nine detector stations arranged in
the patterns shown in Fig. 1. The layout is imposed by
the outline of the existing caverns. Each station is 15 m2

and the distance between the centres of neighboring sta-
tions is 10 m. Currently (June 2011) six stations (marked
A-F) have been constructed and two of them (stations B
and C) are fully equipped with detectors and are taking data
since April 2011.

Figure 1: The layout of EMMA as viewed from the top.
Stations A-F have been constructed. Stations C and F are
three-layer tracking stations. The average distance between
the centres of neighbouring stations is 10 m.

The bulk of EMMA detectors consists of MUB drift cham-
bers (20×365×2 cm3) obtained from the decommissioned
LEP-DELPHI [2] experiment at CERN. The drift cham-
bers are operated with Ar:CO2 (92%:8%) gas mixture that
is mixed on ground and delivered through a 100 m pipeline
to the EMMA level. The flow rate is slow so the used gas
is simply vented to the cavern and dispersed by the mine’s
ventilation system.
The drift chambers are glued together into groups of seven
(3+4 overlapping chambers), called planks. They have a
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Figure 2: EMMA construction phase in Spring 2011. The
three-layer tracking station F is under construction, two-
layer station E locating behind it. The three-layer station C
is partly visible on the left. One-layer stations A, B and D
are behind other stations.

size of 85 × 365 × 6 cm3 each, and they are placed in the
stations either in one, two or three layers. The vertical dis-
tance between plank layers is 112.5 cm. In total, 79 planks
are used covering the effective area of 135 m2.
EMMA will also include 96 plastic scintillation detectors
(SC16s [3, 4]), each having a size of 50× 50× 3 cm3 and
covering the total area of 24 m2. One SC16 consists of
16 small-size plastic scintillation units (12× 12× 3 cm3),
which use avalance photodiodes (APDs) to register col-
lected light enabling their compact design. All scintilla-
tion detectors have been delivered to Pyhäsalmi and will be
mounted in EMMA stations after their testing is completed.
A view of the contruction of EMMA is shown in Fig. 2.
Two- and three-layer stations can be used to reconstruct the
tracks of muons and the shower arrival direction. Three-
layer stations C and F were built in the centre of EMMA
where the muon density is the highest and reliable tracking
is crucial. The third three-layer station will be added later.
The scintillation detectors will form the fourth layer in the
central stations. Our simulations indicate that the fast,
high-granularity layer improves the accuracy of shower
reconstruction and especially the reconstruction of high-
density muon events.
EMMA aims to measure the composition of cosmic rays
around the knee region by studying the lateral distribution
of high-energy muons (E > 50 GeV) event by event. The
high-energy muons are produced at high altitudes close to
the primary interaction carrying more direct information
about the primary particle than low-energy particles pro-
duced closer to the ground level. The position of shower
core and, similarly, the muon density in the core can be
reconstructed by fitting a two-dimensional muon density
function to the measured muon multiplicities in the detec-
tor stations providing nearly a model-independent estimate
for the primary energy as described in [1]. Correspond-

ingly, the shape parametre of the fitted muon density func-
tion tells the type of the primary particle.
In addition to composition analysis, EMMA is prepared
to catch very high-density muon bundles detected in some
CERN experiments [6, 7, 8]. By so far, none of the high-
energy interaction models was able to explain such bun-
dles. EMMA may give a new insight to this phenomenon
as it is designed to reconstruct the number of muons up to
high densities and reconstruct their lateral shape.

3 Event Reconstruction

Before delivery underground each drift chamber is position
calibrated in the surface laboratory. To be accepted for in-
stallation the detector must reach the hit position resolution
of better than 1 cm2 and the muon detection efficiency at
the level of 90-95%.
The 75 m thick rock layer above EMMA filters out most
of the particles of EAS letting only high-energy muons
to reach the EMMA level. The effect of rock overburden
on muon trajectories was studied in detail with Geant4 [9]
simulations. The results indicate that muons traversing the
rock preserve their line of flight to better than one degree
making the reconstruction of the shower direction possible.
Based on the parallelism of tracks the shower arrival direc-
tion and the tracks of muons can be reconstructed with data
from the multi-layer stations. The track reconstruction is
done with a two-step procedure: to approximate the shower
direction in order to find the most optimal tracks and to give
the final shower arrival direction from these tracks.
To find the first estimate for the shower arrival direction
a ’check-all-possibilities’ technique is used in which all
such directions are studied that lead to tracks with hits in
all three detector layers. The direction giving the largest
number of parallel tracks is selected as the estimate for the
shower arrival direction. After that the most optimal tracks
are searched with respect of the reconstructed shower ar-
rival direction. The tracks are selected on the basis of χ2

test after which the final shower arrival direction is calcu-
lated from these tracks. Performing independent track re-
construction for each multi-layer station before combining
the results yields a reliable reconstruction of the shower ar-
rival direction. Furthermore, time and hit information of
scintillation detectors will improve the reconstruction of
the tracks of muons and exclude miss-interpreted shower
arrival directions as sometimes may happen for highly in-
clined showers.

4 Performance of Track Reconstruction

EMMA track reconstruction program was optimised and
tested with realistic simulations. The track reconstruction
procedure is identical for all three-layer stations and, there-
fore, only the results for station C (three layers of planks)
are presented.
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4.1 Numerical Analysis Setup

Proton- and iron-initiated showers simulated by CORSIKA
[5] (QGSJET01 + FLUKA) at the energy range of 0.1 –
31.6 PeV with zenith angles of 0 – 60 ◦ were used as an
input to Geant4 simulations in which high-energy muons
were transported through the rock close to the EMMA level
and then simulated in detail through the last few metres in
rock and through station C. The position uncertainty, de-
tector efficiency, detector noise and afterpulses were taken
into account in simulations. The simulated events were re-
constructed with the track reconstruction program and the
reconstruction results were analysed by comparing them
with corresponding simulation parametres. The results are
preliminary because the parametres of the track reconstruc-
tion software need more fine-tuning.

4.2 Test Results

Before a reconstructed event is qualified for the analysis it
has to pass event qualification checks. An event could be
rejected, e.g., if it contained a localised cluster of tracks
such as those originating from muon-induced electromag-
netic showers produced in the rock close to the cavern ceil-
ing. 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.
Efficiencies for events at different muon sizes to pass qual-
ification checks are shown in Fig. 3. As can be seen, the
efficiencies are > 90% up to simulated shower zenith an-
gle 30 ◦ 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 ar-
rival direction.
Figure 3 also shows probabilities that the error in extracted
shower direction is larger than 10 ◦ (dashed lines close to
the horizontal axis). A very inclined shower may some-
times be interpreted as a vertical shower but can be recog-
nised when the shower arrival direction is obtained inde-
pendently by scintillation detectors.
Some muons in the bundle may pass through the station the
way that they are not reconstructable. This realises if the
muon produces hits only in one plank layer or no hits at all.
Some hits may be lost due to low detector efficiencies or
due to muons passing through the gaps between chambers
or planks. Therefore, in order to obtain the muon multiplic-
ity in the station, the number of reconstructed tracks has to
be corrected slightly upwards to compensate the number of
lost tracks.
For the simulated events, the reconstructed muon multiplic-
ity as a function of true simulated muon multiplicity set in
corresponding simulations for showers with reconstructed
zenith angle < 10 ◦ is presented in Fig. 4. Black horizon-
tal lines represent 15% uncertainty to give a reference for
the spread of data points. As visible, muon multiplicity
reconstruction accuracy is moderate at least up to multi-
plicity 100. Further study is needed to extend primary en-
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Figure 3: Data points represent the efficiency to recon-
struct an event at different muon multiplicity ranges with
the simulated shower zenith angle. The lines connecting
the data points are only to guide the eye. Points connected
by dashed lines (close to the horizontal axis) show proba-
bility that the error of reconstructed shower direction was
> 10 ◦. The results are preliminary.
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Figure 4: First estimate of the reconstructed vs. simulated
muon multiplicity for simulated events in station C shown
as grey symbols. Black horizontal lines indicate 15% un-
certainty range. The diagonal is represented by a solid line.

ergy range towards higher energies, gather more statistics
at high multiplicities and find out the saturation limit of the
station.
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5 Track Distribution Analysis

First preliminary analysis of the track multiplicity distribu-
tion measured in Spring 2011 (33 days of data) with station
C was performed by comparing measured track multiplic-
ity distribution with predictions from simulations. In the
analysis, the cosmic rays were assumed to contain only pro-
tons. CORSIKA program (QGSJET01 + GHEISHA) was
used to simulate proton-initiated showers at discrete ener-
gies in the energy range 1012 – 6.3×1016 eV, zenith angles
ranging up to 35 ◦. The index of primary energy spectrum
was set to −2.7 below 3 PeV and to −3.1 above it. The ef-
fect of rock overburden to muon parametres was estimated
by applying 45 GeV × sec θ energy cutoff in the analysis.
The measured track distribution was cleaned from events
which included local cluster of tracks of electromagnetic
showers produced by single muons (the method is de-
scribed in detail in [1]). Although the electromagnetic
shower following a muon to the cavern is a relatively rare
process they play an important role because the number
of events decreases rapidly with multiplicity. As a con-
sequence, single muons with electromagnetic showers may
contribute to the track distribution over a wide multiplicity
range. Such events can be, however, filtered out, with the
method described in [1].
As the first approximation, the effect of detector response
to the simulated track multiplicities was neglected and the
simulated track distribution was simply normalised to ex-
perimental data. The reconstructed track distribution mea-
sured with station C is shown in Fig. 5 as white circles. Re-
spectively, the simulated track distribution, assuming that
all cosmic rays are pure protons, is shown with a solid line
as normalised to the measured track multiplicity 5.
The results show that the similarity between the measured
and simulated track multiplicity distributions is good al-
though some details are not included in the analysis yet. In
addition, mixed composition scenario will be implemented
in further analysis.

6 Conclusions

Six out of nine detector stations of the EMMA experiment
have been constructed. Two of them (stations B and C) are
already fully equipped and taking data. The first version
of the newly developed software for event reconstruction
works well. The positions of hits can be reconstructed with
good accuracy and the uncertainties in reconstruction of the
shower arrival direction and muon multiplicities with the
tracking stations are at a good level. The addition of the
high-granularity, fast scintillation detectors will consider-
ably improve the event reconstruction. Data analysis of the
first measured tracks has started. The obtained multiplicity
spectrum matches well the simulations.

Figure 5: Preliminary track multiplicity distribution ex-
tracted from a 33 days data sample collected by station
C. The solid line represents the simulated distribution nor-
malised to the measured value at multiplicity equal 5.The
normalisation was necessary because the detector response
was not yet included. The simulation was calculated as-
suming that all primary cosmic-ray particles are protons.
The comparison is shown for multiplicities > 4.
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