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Abstract:
ALICE is one of the four main experiments of the LHC (Large Hadron Collider) at CERN in Geneva. Located 40
meters underground with 30 meters of overburden rock it can also operate to detect atmospheric muons produced
by cosmic ray interactions in the atmosphere. Exploiting the specific capability of the Time Projection Chamber
(TPC) in tracking a high number of charged particles, a special emphasis will be addressed in the study of cosmic
event with very high muon density. The muon multiplicity distribution of the data collected in 2010 and in 2011,
that in ALICE gives information on the primary cosmic ray composition around the energy of the knee, will be
presented and compared with Monte Carlo simulation. Some events with a very high muon multiplicity, found in
ALICE and already detected in previous experiments such as ALEPH and DELPHI at LEP, and not yet explained,
will be discussed. An interpretation of these events in terms of standard cosmic ray composition with the use of
last hadronic interaction models is proposed.
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1 Introduction
ALICE [1] is mainly dedicated to study a new phase of ma-
tter, called QGP (Quark Gluon Plasma), created in heavy-
ion collisions at very high energies. Although its main pur-
pose is the analysis of the Pb+Pb collisions at LHC, some
detectors have been used to collect atmospheric muons. The
use of high-energy collider detectors for cosmic-ray physics
was pioneered during the era of the Large Electron-Positron
(LEP) collider at CERN by the ALEPH [2], DELPHI [3],
and L3 [4] collaborations. An evolution of these programs
is possible at the LHC, where the experiments are expected
to operate for many years, with the possibility of recording
a large amount of cosmic data. In this context, ALICE be-
gan a program of cosmic data-taking, collecting data for
physics for 31.3 effective days in 2010-2013 (around 30
million events recorded), during pauses in LHC operations.
Since 2012, in addition to this standard cosmic data-taking,
a special trigger configuration allowed the detection of cos-
mic events during proton-proton collision runs. The 30 m
of overburden rock above ALICE imposes an energy cut of
around 15 GeV for the muons at surface level. The muon-
s with zenith angle in the range 0o − 50o are detected in
the central barrel and tracked with the TPC, while the For-
ward Muon Spectrometer (FMS) is employed for the detec-
tion of the near-horizontal muons (zenith angle in the range
70o−85o). In this paper we present a detailed analysis of
the muons detected in the ALICE central barrel.

2 Atmospheric muons in the central barrel
Specific triggers have been implemented to detect atmos-
pheric muons crossing the central barrel (detectors inside
the magnet) of the ALICE apparatus (Fig. 1). For this
purpose, three detectors have been employed: ACORDE,
TOF (Time of Flight) and SPD (Silicon Pixel Detector).

Fig. 1: The ALICE spectrometer at Point2-LHC.

ACORDE has 60 scintillator modules located on the three
upper faces of the magnet yoke, covering 10% of its area.
The trigger is given by the coincidence of the signals in two
different modules (two-fold coincidence).

TOF is a cylindrical MRPC (Multi-gap Resistive-Plate
Chamber) array with a sizeable area surrounding completely
the TPC. The trigger requires a signal in a read-out channel
(a pad) in the upper part of the TOF and another in a pad in
the opposite lower part.

SPD is composed of two layers of silicon pixel modules
located very close to the interaction point. The trigger is
given by the coincidence of two signals in the top and
bottom halves of the external layer.

An atmospheric muon crossing the apparatus is
reconstructed by the TPC as two tracks: one in the upper
semi-cylinder (Up track), the other in the lower semi-
cylinder (Down track), as shown in Fig. 2. A specific al-
gorithm to match the two tracks has been developed for
cosmic events in order to count the exact number of muons,
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Fig. 2: Single atmospheric muon. The TPC reconstructs it
as two matched tracks.

and to measure the momentum with a better precision using
the whole track length of the particle. Most of the events
are single muon or multimuons (Fig. 6 ), with a small per-
centage of interaction events, which occur when a very
energetic muon interacts with the iron of the magnet yoke
producing a shower of particles crossing the TPC . Only
single and multimuon events are analysed in this paper.

The correlation between the zenith and the azimuth
angles of the atmospheric muons shows an increase in their
number in the direction corresponding to the two shafts, as
shown in Fig. 3. This is due to a lower energy threshold
required for the muons to reach the apparatus. Muons with
zenith angles in the range 0o−20o (near-vertical muons) are
not affected by the shaft structures, regardless their azimuth
angle.

Fig. 3: Zenith vs azimuth angle of the muons in ALICE.

Fig. 4: Muon multiplicity distribution for the data taken in
2011 (black points). The red (blue) points corresponds to
pure proton (iron) primary composition obtained with the
simulations.

3 The muon multiplicity distribution and
high muon multiplicity events

The TPC excellent tracking performance can be exploited to
measure the main characteristics of the muon track such as
momentum, charge, direction and spatial distribution with
good resolution, while the arrival time can be measured
with a precision of 100 ps with the TOF. In particular, the
ability for tracking a high density of muons, unimaginable
with a standard cosmic-ray apparatus, together with the
measurement of all of these observables at the same time,
permits a new approach to the analysis of cosmic events
which has so far not been exploited. For these reasons, the
main research related to the physics of cosmic rays with the
ALICE experiment has centred on the study of the muon
multiplicity distribution and in particular the high muon
density events.

The analysis of the data taken in 2010 and 2011 revealed
a muon multiplicity distribution that can be reproduced
only by a mixed composition. Figure 4 shows the muon
multiplicity distribution for real data taken in around 11
days, together with the distributions obtained with the
simulations using the CORSIKA code [5], with qgsjet II-03
as interaction model, and assuming pure proton (p) and pure
iron (Fe) composition for the primaries. It is clear from the
simulation that the lower multiplicities are closer to the pure
proton points, while at higher multiplicities the data tends to
approach the iron points. This behaviour is expected from a
mixed composition, that on average increases the mass of
the primary when its energy increases, a result confirmed
by several previous experiments. However, few events have
an unexpectedly large number of muons, as we can see
from the Figure 5, in which is shown the muon multiplicity
distribution of the period 2010-2011, including the large
multiplicities and the curves obtained by fitting the pure
proton and pure iron composition.

The further step is to study these events to understand
whether they are caused by standard cosmic rays and if
the high multiplicity is simply a statistical fluctuation or
whether they have a different production mechanism. At
this purpose, to have a more quantitative estimation, we
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Fig. 5: Muon multiplicity distribution for the data taken in
the period 2010-2011, and the curves obtained by fitting a
pure proton (red line) and pure iron (blue line) composition.
Two events have more than 100 muons.

define high muon multiplicity events (hmme) the events
in which the number of muons reconstructed in the TPC
is greater than one hundred. In the full sample of the data
taken in the period 2010-2013, for a total effective period
of 31.3 days and in the range of zenith angle between 0o

and 50o, we found 5 hmme for a frequency of 1 event every
6.3 days. In particular the highest multiplicity reconstructed
by the TPC, for runs with magnetic field on, has a muon
density of 18.4 µ/m2. The event display of this event,
shown in Figure 6, gives an idea of the TPC capabilities
in tracking such high particle densities without problems
of saturation, a performance that was never achieved in
previous experiments. The value of the frequency of these
events has some fluctuations that can be reduced only
increasing the effective time of the data taking. However,
we are interested in a first approximation, to estimate this
frequency and understand whether it can be explained in
term of standard cosmic rays with appropriate simulations.

It is interesting to note that also the LEP experiments
ALEPH [7] and DELPHI [8] found an excess of high multi-
plicity events that were not explained by Monte Carlo mo-
dels. In the literature we can find several proposals for the
origin of those events. Among others, some authors suggest
the hypothesis of strangelets (being small percentage of
very energetic cosmic rays) interacting with the atmosphere
nuclei [9], as well as others try to explain the appearance
of high density of muon bundles as due to the creation of
quark gluon plasma in the interactions of very energetic
cosmic ray iron nuclei with air nuclei[10].

Our approach now is to understand whether with the
actual interaction models (CORSIKA 6990 with qgsjet
II-03) is possible to obtain such kind of events, that is
events with more then 100 muons reconstructed in the TPC
and at which rate. In order to reduce the fluctuations of
the rate, we have simulated a sample of pure proton and
pure iron composition corresponding to one year of data.
Some preliminary studies, using simplified simulation as
a guideline, gave us some indications useful to optimize
some quantities such as the sampling area and the energy
range for the full simulation. These studies assures us that
primary energy below 1016eV cannot contribute at hmme
also with a pure iron composition, allowing us to reduce

Fig. 6: Up: The highest muon bundle recorded in ALICE.
This event has 276 muon tracks reconstructed in the TPC.
The measured muon density projected in the X-Z plane, is
18 muon track/ m2.

the sample in the energy range 1016−1018eV . The shower
core hits the Earth surface within an area of 205 m2 with
ALICE located in the centre 40m underground. The events
are simulated in the zenith angle range 0o − 50o and the
muons arriving at surface level are propagated through the
rock above ALICE taking into account the geometry of
the ALICE cavern at P2-LHC (including shafts, corridors,
rock composition, etc.). The muons crossing the TPC are
reconstructed with the same algorithm as the real data.

With the sample of pure proton we found 31 events
with more than 100 muons reconstructed in the TPC for
a rate of 1 event every 11.8 days, while with pure iron
composition we found 64 events for a rate of 1 event every
5.7 days. A preliminary estimate of the systematic errors
in the rate of the events, due to different parameters of the
muon reconstruction algorithm in the TPC, gives an error
around 15%. The fluctuation of the rate of these rare events
are reduced in the simulations (1 year of data) giving a
total uncertainty around 20% but are quite large in the real
data due to small effective time (31.3 days) with a total
uncertainty around 40%. With this wariness in mind, this
preliminary study suggests us that we are able to explain
the hmme in term of standard cosmic ray physics with
the last interaction models. It is more remarkable that the
simulation rate of iron, 2.0×10−6 Hz, is comparable to the
rate measured in ALICE in real data which is 1.8×10−6

Hz. In Figure 7 it is shown the position of the air shower
core at ALICE level for the 64 hmme of the iron sample,
we can notice than most of the events have the core very
close to ALICE (green square).

4 Conclusions
In the period 2010-2013 ALICE experiment took more
than 31 effective days of dedicated cosmic runs, recording
around 30 million trigger events. A mixed composition
with an increasing average mass of the primary at higher
energies is suggested by the comparison of the muon
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Fig. 7: Core position at ALICE level of the 64 hmme of the
iron sample (read points) and the position of ALICE (green
mark).

multiplicity distribution of the data with the distribution
obtained simulating a sample of pure proton and pure iron
composition. This behaviour is in agreement with most
of the experiments working in the energy range around
the knee. Some events of very high multiplicity have been
detected in ALICE, in particular in the whole period of data
taking 5 events with more than 100 muons reconstructed in
the TPC have been found. These high multiplicity events
were also found by Aleph and Delphi at Lep without any
explanation. Using CORSIKA 6990 with the qgsjet II-03 as
interaction model we are able to simulate these events and
to reproduce the rate of them. These events seems mostly
due to iron or heavy nuclei with an energy greater than
1016eV and a shower core located near ALICE.
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