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Abstract. Ultra-High Energy Cosmic Rays (UHECRs) interact with the Earth’s atmosphere producing Exten-
sive Air Showers (EAS) at very high energies, which are not accessible at the Large Hadron Collider (LHC).
The number of muons at the ground is a key observable to infer the mass composition of cosmic rays. But
the data that has been collected along the years shows that the hadronic interaction models used to simulate
EAS produce a muon deficit in regard to the experimental measurements. This is known as the Muon Puz-
zle and its source should be observable in high-energy collisions at the LHC. Incidentally, recent experiments
with heavy-ions at the LHC have unraveled a new state of matter, called Quark-Gluon Plasma, which has been
studied through models like the EPOS-LHC. However, this model was insufficient and so it was modified in
order to phenomenologically explain the muon deficit that had been observed, originating the EPOS-QGP. The
goal of this dissertation is to use this new model to assess if quark-gluon plasma can explain the measurements
performed at the LHC and on UHECRs.

1 Theoretical Overview

The Earth is continuously bombarded by fully-ionised
nuclei with relativistic kinetic energies, which are known
as Cosmic Rays (CRs). The mass composition of these
particles range from proton to iron, with a negligible frac-
tion of heavier nuclei, while their energy can range from
less than 1 GeV up to a few 1020 eV. They are labelled
Ultra High-Energy (UHE) when their energy is greater
than 1018 eV. When UHECRs reach the Earth’s atmo-
sphere and interact with air nuclei, they produce hun-
dreds to thousands of particles, which themselves inter-
act, triggering macroscopic cascades of secondary parti-
cles, known as Extensive Air Showers (EAS). For cos-
mic rays with energies greater than 1014 eV, their flux
drops below one particle per square meter per year [1] and
their extensive air showers can only be observed indirectly
through ground-based experiments with huge apertures,
like the Pierre Auger Observatory [2] and The Telescope
Array [3]. These showers of secondary particles have two
components: electromagnetic and hadronic. The electro-
magnetic component is mostly due to the immediate de-
cay of neutral pions into photons (π0

→ γγ) and then
develops independently via electron pair-production and
bremsstrahlung. The hadronic core is composed by the
long-lived secondary hadrons, such as baryons, charged
pions and kaons. Although a small fraction of muons
is produced electromagnetically by direct pair-production,
90% of the muons come from the hadronic cascade. The
depth of the shower maximum (Xmax), the number of
muons at the ground (Nµ), the USP shape parameters R
and L and the muon production depth maximum (Xµmax)
are some of the most relevant shower observables.

The Heitler-Matthews model is a simplified analytical
model that approximates the air shower by a pure pion
shower. This means that, after having travelled a depth
corresponding to the mean interaction length λint, the ini-
tial hadron with energy E0 produces Nπ pions with energy
E0/Nπ each. One-third of these particles are neutral pi-
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Figure 1: Simplified hadronic cascade, according to the
Heitler-Mathews Model. The parameter n represents the
generations and λint mean interaction length. Charged pi-
ons are represented in full lines, while neutral ones are in
dashed lines. Both figures taken from [1].

ons, which decay immediately into photons, yielding elec-
tromagnetic subshowers, and two-thirds are charged pions
Nπ± , the only ones that feed the hadronic cascade. The
cascade ends when the charged particles reach a critical
energy Ecπ. Thus, Xmax and Nµ can be written as:

Nµ = A
(

E0

AEcπ

)β
= A1−β

(
E0

Ecπ

)β
, (1)

Xmax(E0) = λint + λ ln
(

E0

ANπEc

)
, (2)

where A is the mass of the primary, that can be though
of as A independent nucleons with energy E0/A each,
and β = ln(Nπ± )/ ln(Nπ), with Nπ± being the number of
charged pions and Nπ the total number of pions produced
in each interaction.

Energy and composition information of the cos-
mic ray are derived indirectly by simulating these
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extensive air showers and comparing the models predic-
tions with the experimental measurements. It has been
found that different models consistently predict a lower
muon production. This discrepancy is known as the
Muon Puzzle. To compare all the measurements from
the different models, the Working group on Hadronic
Interactions and Shower Physics (WHISP) introduced the
abstract muon scale parameter z defined as:

z =
ln(Ndet

µ ) − ln(Nµ
det
p

)

ln(Nµ
det
Fe

) − ln(Nµ
det
p

)
, (3)

where Ndet
µ is the muon density estimate as seen in the de-

tector, and Nµ
det
p

and Nµ
det
Fe

are the simulated muon den-
sity estimates for proton- and iron-induced showers, ac-
counting for detector effects, respectively [4]. Figure 2
shows the muon density measurements converted to the z-
scale for the EPOS-LHC hadronic interaction model, after
energy-scale cross-calibration.

Figure 2: Muon density measurements from various
experiments converted to the z scale for the EPOS-
LHC hadronic interaction model, after energy-scale cross-
calibration using the isotropic all-particle flux of cosmic
rays as a reference. The grey band represents the expected
muon-value inferred from Xmax, while the dashed line rep-
resents the muon-value computed from the Global Spline
Fit (GSF) model. Based on [4, 5].

As we can see, muon measurements seem to be consis-
tent with simulations up to 4×107 GeV, which corresponds
to a centre-of-mass energy of √sNN ≈ 8 TeV, within the
reach of the Large Hadron Collider (LHC). From these en-
ergies up, there is a growing muon deficit in the simula-
tions with a slope in z per decade in energy of 0.22, with
8σ significance. It has been proven that baryon and anti-
baryon production is a very efficient mechanism to affect
the muon numbers in simulations without changing Xmax
[6]. In fact, a promising approach would thus be the intro-
duction of new phenomena at high energy that could pre-
serve the main features of the interaction while increasing
the strangeness production. Such a mechanism has indeed
been observed at the LHC in heavy-ion collisions - the for-
mation of Quark Gluon Plasma.

Quark-Gluon Plasma (QGP) is a dense, energetic

‘soup’ made of asymptotically free quarks and gluons that
manifest colour degrees of freedom on nuclear scales, but
that are always very strongly coupled to each other [7, 8].
In fact, QGP exhibits a relativistic hydrodynamic fluid-like
behavior with an extremely low viscosity to entropy ra-
tio [9]. Besides being the earliest complex state of matter
to form in the Universe, it can be produced in heavy-ion
collisions, like the ones performed at the RHIC [10–13]
and at the LHC [8, 14–17]. QGP-like phenomena appears
to have been observed in various experiments spanning a
wide range of densities, from dense-dense collisions (such
as Pb-Pb, Au-Au and Xe-Xe) to dense-dilute (like p-Pb
and He-Au) and even to dilute-dilute (namely high mul-
tiplicity pp) [8, 18]. So far, the most visible effects of a
QGP presence are jet-quenching (energy loss phenomena),
strangeness and baryon enhancement and anisotropic and
transverse collective flow (collective elliptic flow). The
visibility of these signatures is highly dependent on the
centrality of the collision: the more central the collision,
or, in other words, the bigger the overlap region of the two
incident nuclei, the more visible are the QGP effects. Fig-
ure 3 sums up the most visible experimental signatures of
QGP for each colliding system.

Figure 3: Correspondence between each experimental sig-
nature of QGP and the possible colliding systems in which
they have been observed, from dilute-dilute (pp) to dense-
dilute (p-Pb) and dense-dense (Pb-Pb).

Note that the effect of jet-quenching in the modifica-
tion of high-pT particle production is quantified by the nu-
clear modification factor RAA, which is given by the ex-
pression:

RAA =
dNAA/dpT

⟨Ncoll⟩dN pp/dpT
, (4)

where NAA and Npp are the charged-particle yields in A-
A and pp collisions, respectively, and ⟨Ncoll⟩ is the av-
erage number of binary nucleon-nucleon collisions. Fig-
ure 4 shows the nuclear modification factor dependence
on the transverse momentum measured by the ALICE col-
laboration in Pb-Pb collisions at √sNN = 2.76 and 5.02
TeV, for charged particles in the pseudo-rapidity region
−0.8 < η < 0.8 and for the centrality class 0−5%. We can
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see that the RPbPb has a quick initial growth followed by
a rapid decrease and a subsequent slow increase, always
staying below unity.

Figure 4: The nuclear modification factor dependence on
the transverse momentum measured by the ALICE collab-
oration in Pb-Pb collisions at √sNN = 2.76 (open sym-
bols) and 5.02 TeV (full symbols), for charged particles
in the pseudo-rapidity region −0.8 < η < 0.8 and for the
centrality class 0 − 5%. The boxes around unity show the
normalization uncertainties. Based on [19].

Figure 5: pT integrated strange hadron-to-pion ratios as
a function of the mean charged-particle multiplicity den-
sity measured at mid-rapidity (|η| < 0.5) for pp, p-Pb and
Pb-Pb collisions. The open shaded boxes around the mark-
ers represent full systematic uncertainties (multiplicity un-
correlated). Also, different lines represent different Monte
Carlo generators for pp collisions at

√
s = 13 TeV. Taken

from [20].

The ALICE collaboration found a universal
strangeness and baryon enhancement in pp, p-Pb and
Pb-Pb collisions that only depends on the multiplicity of

the event at mid-rapidity, as seen in Figure 5. The source
of the muon deficit should be observed in high-energy
collisions at the LHC, and the most likely explanation
consistent with all the available data is a small modifi-
cation to the hadron production that reduces the energy
fraction carried by the electromagnetic component of the
shower. Such a modification would have a compounded
effect on the hadronic cascade, causing large changes in
the number of muons over several shower stages while
leaving Xmax and the relative muon fluctuations intact. The
strangeness and baryon enhancement found by ALICE
fits into the picture quite well, although its results were
achieved at mid-rapidity. This means that measurements
of forward hadron production at pseudo-rapidities η > 2
are needed, namely with LHCb and future data on oxygen
beams at the LHC at the end of Run 3 to study p-O and
O-O collisions at

√
s = 10 and 7 TeV.

2 Hadron Interaction Models

Hadronic interaction models are essentially attempts to
calculate hadronic multiparticle production with parame-
ters constrained by the existing collider data and in such
a consistent way that allows for a theory-guided extrapo-
lation to ultra-high energies and to different phase-space
regions than the ones explored in accelerators [1]. The
leading hadronic interaction models used for air shower
simulations are EPOS-LHC [21], QGSJet-II.04 [22] and
SIBYLL-2.3d [23], which are all post-LHC models, but
are not describing correctly all aspects of hadronic physics
in air showers. In this work, we use the hadronic in-
teraction models EPOS-LHC and EPOS-QGP along with
CONEX [24, 25], which is an EAS simulation code that
combines Monte Carlo simulations for the most energetic
interactions with the solving of cascade equations at lower
energies to simulate the longitudinal development of the
shower along its axis. EPOS was the first generator to
combine Parton-Based Gribov-Regge theory [26], pertur-
bative QCD and string fragmentation with quark-gluon
plasma formation to describe both small and large col-
lision systems [27], through the use of the core-corona
model [28, 29], in which an event can be divided into two
parts:

• The high-multiplicity and high-energy-density core.
When the string density surpasses a certain threshold,
strings merge to form QGP, which then hadronizes sta-
tistically. The core dominates at mid-rapidity but also
extends into the forward region, which is crucial for air
shower simulations [29].

• The low-multiplicity and low-energy-density corona. If
the string density stays below the threshold, the strings
hadronize classically through string fragmentation, with
no formation of QGP.

While QGP effects are included in EPOS-LHC, it
has been shown that these appear only for very high-
multiplicity events and mostly at mid-rapidity [31]. The
core is produced too late compared to what is observed
at the LHC and so a modified version of EPOS-LHC that
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Figure 6: Energy dependence of the core weight, fol-
lowing equations 6 and 7, with Eth = 100 GeV and
F(Elab = 0). Escale is changed from 100 GeV to 106

GeV and 1010 GeV, and fω is varied by 0.25, 0.5, 0.75
and 1.0. In addition, F(Elab; Eth, Escale) = 1 is required for
all Elab ≥ Escale. Based on [30].

Figure 7: The average logarithm of the number of muons
at the ground scaled by a reference ln Nre f

µ as a function
of the mean depth of the shower maximum. Different
coloured lines show how the energy-dependency of the
core weight explored in Figure 6 affects the relation be-
tween the two observables. Each line shows all possi-
ble values for any mass composition of 1019 eV cosmic
rays, between pure proton (bottom right) and pure iron
(top left), simulated by hadronic interaction model EPOS-
LHC. Data collected by the Pierre Auger Observatory is
shown in black. Based on [29].

accounts for an extended core, allowing for more visible
QGP effects, was created and its called EPOS-QGP. In the
phenomenological core-corona model, the particle yield
Ni for particle species i is the sum of both contributions:

Ni = ωcoreNcore
i + (1 − ωcore)Ncorona

i , (5)

where ωcore is the core weight, Ncore
i is the particle yield if

there was only core and Ncorona
i is the particle yield if there

was only corona. It is expected to increase logarithmically
with energy and its energy-dependent factor is defined as:

F(Elab; Eth, Escale) =
log10(Elab/Eth)

log10(Escale/Eth)
, (6)

for Elab > Eth, where Elab is the energy in the laboratory
reference frame, Eth is the threshold energy above which
we have core effects and Escale is a reference energy scale

that allows us to play with the size of the core relative to
the size of the corona, marking the energy above which
the core weight saturates. The energy dependence is thus
modelled by:

ωcore(Elab) = fωF(Elab; Eth, Escale), (7)

where fω is a normalization factor that regulates the energy
density of the core and its maximum weight. Relating this
energy-dependence with multiplicity, in order to explain
LHC data [32], ωcore needs to increase monotonically with
the multiplicity, starting from zero for low multiplicity pp
scattering, up to 0.5 or more for very high multiplicity pp
and reaching unity for central heavy-ion collisions (Pb-
Pb). Note that the core and corona yeilds don’t depend on
the multiplicity itself, but on the fraction of particles pro-
duced by the core and the corona, which leads to a smooth
transition from corona yield to core yield with multiplic-
ity. Figure 7 presents how this energy-dependence of the
core weight influences the relation between two shower
observables: the number of muons at the ground and the
depth of the shower maximum. The EPOS-LHC predicted
lines are not encompassed by the experimental data sys-
tematic uncertainty area, thus expressing the Muon Puzzle
discussed in Section 1. But we can see that a higher core
contribution describes the data well.

3 QGP impact in hadron interaction
quantities

In order to assess the behaviour of the hadronic in-
teraction model EPOS-QGP, we started by looking at the
first interaction. Various proton- and iron-induced show-
ers at 1019 eV were simulated with this model, along with
proton- and iron-induced showers at the same energy us-
ing EPOS-LHC for comparison. From here onward, we
denominate the proton-induced showers simulated with
the hadronic interaction model EPOS-LHC as EPOS-LHC
proton, the iron-induced showers simulated with hadronic
interaction model EPOS-LHC as EPOS-LHC iron, and the
proton-induced showers simulated with hadronic interac-
tion model EPOS-QGP as EPOS-QGP proton. The num-
ber of simulated showers is 19800, 100000 and 9800, and
the color code used is green (in dashed lines), magenta (in
full lines) and orange (in dotted lines) for EPOS-LHC pro-
ton, EPOS-QGP proton and EPOS-LHC iron, respectively.

We looked at the multiplicity, the mean abundance of
the different particle types and the x-, y- and z-momenta of
the secondary particles. We concluded that almost all of
the particles’ momentum was along the z-direction. More-
over, EPOS-QGP produces more baryons in the first in-
teraction than the other models, which is aligned with the
baryon enhancement effect of QGP. In order to compare
our findings with the existing accelerator data, especially
with LHC data, we performed a Lorentz transformation to
the centre-of-mass frame of the interaction, studying the z-
momentum of the secondary particles, their transverse mo-
mentum and their pseudo-rapidities. We then performed
cinematic cuts in the pseudo-rapidity ranges −2 < η < 2
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and −0.5 < η < 0.5, where the bulk of the produced par-
ticles is concentrated. Since in this section we are mainly
interested in comparing EPOS-QGP proton with EPOS-
LHC proton, EPOS-LHC iron will be dropped for now.
Here, we present our findings for the mean abundance of
the different particle types, the transverse momentum and
the nuclear modification factor, i.e. the particle yield sup-
pression of EPOS-QGP proton with respect to EPOS-LHC
proton. Figure 8 presents the mean abundance of the dif-
ferent types of particles produced in the first interaction,
within the pseudo-rapidity cut −2 < η < 2. Both models
present similar values, as seen in the ratio of their distribu-
tions in the lower plot, with neutral and charged pions be-
ing the most abundant particles. Nevertheless, EPOS-QGP
proton produces more photons, neutral and charged pi-
ons, neutrons, muons, antimuons, protons and antiprotons,
while EPOS-LHC proton produces more of the remaining
particle types. We can thus conclude that EPOS-QGP pro-
ton produces more baryons and already about twice more
muons in the first interaction than the other models, which
is aligned with the baryon enhancement effect of QGP and
with a possible solution to the Muon Puzzle.

Figure 8: Mean abundance of the particles produced in
the first interaction in the range −2 < η < 2, for EPOS-
LHC iron (orange, dotted line), EPOS-LHC proton (green,
dashed line) and EPOS-QGP proton (magenta, full line)
primaries at fixed energy log(E/eV) = 19. The CORSIKA
numbering system is presented for an easier reading. The
lower plot presents the ratio of EPOS-QGP proton distri-
bution with respect to EPOS-LHC proton.

Figure 9 displays the distribution of the transverse mo-
mentum of the secondary particles of the first interaction
in the center-of-mass frame in the mentioned kinematic
cut region, normalized by the number of simulated show-
ers. The transverse momentum is calculated through the
following equation:

pT =

√
p2

x + p2
y. (8)

Both models present more particles with low-pT than
with high-pT . EPOS-QGP proton follows the distribution

Figure 9: Distribution of the transverse momentum of the
secondary particles in the center-of-mass frame and in the
rapidity range −2 < η < 2, normalized by the number
of simulated showers Nsh for EPOS-LHC proton (green,
dashed line) and EPOS-QGP proton (magenta, full line)
primaries at fixed energy log(E/eV) = 19.

Figure 10: Nuclear modification factor dependence on
the center-of-mass transverse momentum of the secondary
particles, calculated for EPOS-QGP proton with respect to
EPOS-LHC proton in the pseudo-rapidity region −2 < η <
2, for log(E/eV) = 19 primaries.

of EPOS-LHC proton quite closely, although it produces
slightly more particles with low-pT and less particles with
high-pT than EPOS-LHC, apart from the fluctuations in
the tail. This is confirmed by Figure 10, which shows
the nuclear modification factor dependence on transverse
momentum in the same pseudo-rapidity region. The pro-
cedure was the following: both EPOS-QGP proton and
EPOS-LHC proton pT distributions were scaled by the re-
spective number of simulated showers and then the ratio
of these quantities was performed. Compared to Figure 4,
our nuclear modification factor presents the expected be-
haviour, with an initially growth followed by a descending
curve that afterwards grows again. However, its values are
different since our colliding system (p-A) is less dense and
thus QGP-like effects are expected to be smaller. In fact,
the low-pT particles have an RAA equal or a bit higher than
1 and the high-pT particles have an RAA smaller than one,
apart from the fluctuations in the tail. We can thus con-
clude that EPOS-QGP proton presents more particles with
a low-pT than with a higher pT , when compared to EPOS-
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LHC proton, which is aligned with the energy loss caused
by jet-quenching, associated with the presence of a QGP
medium.

Figure 11: Strange hadron-to-pion ratios as a function of
the charged-particle multiplicity density in the rapidity in-
terval −0.5 < η < 0.5 and in the pT interval 0.1 < pT < 20,
for EPOS-QGP and EPOS-LHC proton primaries at fixed
energy log(E/eV) = 19. Data collected by the ALICE col-
laboration is shown in open markers [20].

Finally, to understand the strangeness production, in
Figure 11 we show the ratio of strange to non-strange par-
ticles, namely K0

S

π±
and Λ+Λ̄

π±
, as a function of the charged-

particle multiplicity density in the pseudo-rapidity region
−0.5 < η < 0.5 and for the pT interval 0.1 < pT < 20,
both for EPOS-LHC proton and for EPOS-QGP proton.
These results are also compared to the ALICE findings for
pp collisions at

√
s = 13 TeV [20], which showed an uni-

versality independent of the colliding system and of the
centre-of-mass energy. The EPOS-QGP K0

S ratio displays
values compatible with the ones from the ALICE data, al-
though the behaviour trend is not quite the same. As for
the EPOS-QGP Λ+Λ̄ ratios, both the values and the be-
havioral trend are similar to the ones from the ALICE data.
In fact, both start with an increase and tend to a plateau,
but EPOS-QGP exhibits a second increase along the way,
reaching the same final values as the ALICE data. Cu-
riously enough, the EPOS-LHC proton results show the
exact same behavioral trend as the EPOS-QGP ones but
with much lower values, not reaching the ALICE data at
all. However, this discrepancy between the values reached
by EPOS-LHC proton and EPOS-QGP proton shows a
strangeness enhancement in the later which is compatible
with the presence of a QGP medium.

4 QGP impact in air shower observables

After having evaluated the impact of EPOS-QGP on
the first interaction, we studied its effects on the subse-
quent shower development, evaluating different shower
observables, namely the depth of the shower maximum
Xmax, the number of muons at the ground Nµ and its cor-
responding ratio Rµ, the Universal Shower Profile (USP)
shape parameters R and L and the muon production depth

maximum Xµmax. The same simulations mentioned in sec-
tion 4 were used for the distributions of these observ-
ables and for their correlations. In addition, we also ob-
served their energy-dependence by simulating showers in
the same conditions as before, but now for the following
energies: 1014, 1015, 1016, 1017.5, 1018, 1018.5, 1019 and
1019.5 eV for EPOS-QGP proton and EPOS-LHC proton,
and 1017.5, 1018, 1018.5 and 1019 eV for EPOS-LHC iron.
Note that the study of EPOS-QGP focused only on show-
ers with a pure proton composition for the primary, but
other compositions are possible. Our findings are summa-
rized in Figure 12, which presents the discrepancy values
between EPOS-QGP proton and EPOS-LHC proton for
the mean and for the fluctuations of the different shower
observables, for showers with a 1019 eV primary.

*Relative fluctuations.

Figure 12: Systematization of the obtained results for the
mean value and the fluctuations of each air shower ob-
servable, when comparing the performance of hadronic in-
teraction models EPOS-QGP and EPOS-LHC for proton-
induced showers at 1019 eV.

Figure 13: Distribution of the depth of the shower max-
imum normalized by the number of simulated showers
Nsh for EPOS-LHC iron (orange, dotted line), EPOS-LHC
proton (green, dashed line) and EPOS-QGP proton (ma-
genta, full line) primaries at fixed energy log(E/eV) = 19.

Starting with the depth of the shower maximum, Fig-
ure 13 shows its distribution and we can see that the iron-
induced showers have a much narrower and lower-valued
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distribution than the proton-induced ones, which com-
plies with equation 2. In addition, EPOS-QGP proton and
EPOS-LHC proton have very similar behaviours, with the
former having a slightly broader Xmax distribution by start-
ing at lower values. This means that EPOS-QGP accounts
for slightly shallower air showers than EPOS-LHC proton.
The slope of the exponential tail of both models is also
similar, indicating an unchanging first interaction cross-
section [33, 34]. This behaviour shows how EPOS-QGP
does not alter Xmax significantly. Furthermore, Figure 14
presents the energy dependence of the average Xmax for all
the models and compares it to data collected by the Pierre
Auger Observatory [35]. In all models,

〈
Xmax

〉
shows a

positive linear increase with the logarithm of the energy,
as would be expected since Xmax increases with the energy
of the primary particle, as was seen through equation 2.
This equation is also aligned with the fact that the iron-
induced showers present lower average values of Xmax. As
for the proton-induced showers, EPOS-QGP and EPOS-
LHC exhibit similar elongation rates but with the former
presenting slightly shallower showers. Note that the data
collected by the Pierre Auger Observatory is contained be-
tween the proton and iron lines.

Figure 14: The average value of the depth of the shower
maximum for EPOS-LHC iron (orange, dotted line),
EPOS-LHC proton (green, dashed line) and EPOS-QGP
proton (magenta, full line) primaries at fixed energies
log(E/eV) = 14, 15, 16, 17.5, 18, 18.5, 19 and 19.5.
Compared with data obtained by the Pierre Auger Ob-
servatory (gray) [36]. The fits follow the line equation〈
Xmax

〉
= p0 + p1 log(E/eV).

As for the number of muons at the ground, Fig-
ure 15 exhibits the distribution of Nµ with two fits per-
formed for the exponential tails of EPOS-LHC proton and
EPOS-QGP proton. According to equation 1, heavier
primaries imply more muons at the ground, which jus-
tifies the narrower but higher-valued curve of the iron-
induced showers, in comparison to EPOS-LHC proton.
However, EPOS-QGP proton demonstrates a wider distri-
bution, starting roughly in the same place as EPOS-LHC
proton, growing slower, reaching a maximum a bit later
and ending at higher values of Nµ. Thus, EPOS-QGP does
increase the number of muons at the ground, in compar-
ison to the other simulations. Also note that the slopes

Figure 15: Distribution of the number of muons at the
ground normalized by the number of simulated showers
Nsh for EPOS-LHC iron (orange, dotted line), EPOS-LHC
proton (green, dashed line) and EPOS-QGP proton (ma-
genta, full line) primaries at fixed energy log(E/eV) = 19.

Figure 16: The mean value of the ratio Rµ =
Nµ

⟨Nµ⟩p,1019
,

normalized by the energy of the shower divided by the ref-
erence energy of 1019 eV, in function of the shower energy
for EPOS-LHC iron (orange, dotted line), EPOS-LHC
proton (green, dashed line) and EPOS-QGP proton (ma-
genta, full line) primaries at fixed energies log(E/eV) =
14, 15, 16, 17.5, 18, 18.5, 19 and 19.5. A rough estimate
for iron-induced showers simulated with EPOS-QGP was
calculated through the difference found between EPOS-
QGP proton and EPOS-LHC proton (orange, open cir-
cles). Compared with data obtained by the Pierre Auger
Observatory (gray) [37].

of the exponential tail of EPOS-LHC proton and EPOS-
QGP proton curves are very similar, indicating that the
π0 energy spectrum tails in the first interaction are essen-
tially the same [38]. The Pierre Auger Collaboration [37]
introduced a new parameter Rµ, given by the integrated
number of muons at the ground divided by a reference re-
lated to the average number of muons in simulated proton-
induced showers at 1019 eV. Figure 16 shows the energy
dependence of the average value of Rµ, as predicted by the
different models. They all show a decrease with energy,
with EPOS-LHC iron exhibiting higher values of ⟨Rµ⟩,
as would be expected from equation 1. Comparing the
proton-induced showers, EPOS-QGP exhibits higher ⟨Rµ⟩
values than EPOS-LHC, which is aligned with the con-
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clusion that EPOS-QGP increases the number of muons at
the ground. A rough estimate was made for the results of
EPOS-QGP iron-induced showers, based on the difference
found between this model and EPOS-LHC proton, and one
can see that this prediction overlaps the data region.

Figure 17: Relative fluctuations in the number of muons
at the ground for EPOS-LHC iron (orange, dotted line),
EPOS-LHC proton (green, dashed line) and EPOS-QGP
proton (magenta, full line) primaries at fixed energies
log(E/eV) = 14, 15, 16, 17.5, 18, 18.5, 19 and 19.5. Com-
pared with data obtained by the Pierre Auger Observatory
(gray) [37].

Figure 18: Mean of the number of muons at the ground for
each bin of the depth of the shower maximum for EPOS-
LHC iron (orange, dotted line), EPOS-LHC proton (green,
dashed line) and EPOS-QGP proton (magenta, full line)
primaries at fixed energy log(E/eV) = 19.

The relative fluctuations in the number of muons at the
ground as a function of the energy were also studied and
are shown in Figure 17. EPOS-QGP does not seem to al-
ter these fluctuations in comparison to EPOS-LHC pro-
ton, which is a condition to solve the Muon Puzzle, as dis-
cussed in section 1. EPOS-LHC iron presents much lower
values, in comparison to the proton-induced showers, and
the data collected by the Pierre Auger Observatory is con-
tained between all the models lines. Figure 18 depicts the
average number of muons in function of Xmax. Heavier

primaries indicate smaller Xmax but higher Nµ, which is
what we observe for EPOS-LHC iron. EPOS-QGP pro-
ton exhibits the same trend as EPOS-LHC proton. It spans
the same values of Xmax, except that it also encompasses
slightly lower values, but presents higher values of Nµ.
This is in line with the muon increase of EPOS-QGP that
has already been observed in Figures 15 and 16.

The distributions of the USP shape parameters R and
L are presented in Figures 19 and 20, respectively. R has
a narrower but higher-valued distribution for iron-induced
showers. EPOS-LHC and EPOS-QGP behave very sim-
ilarly for proton-induced showers, with the EPOS-QGP
curve starting above the EPOS-LHC one, but inverting
this tendency after the peak. However, EPOS-QGP does
not seem to alter R significantly. As for L, its distribution
peaks roughly at the same value for all models, with iron-
induced showers having a slightly narrower but lower-
valued distribution, while proton-induced showers have
a wider distribution, reaching higher values of L. Once
again, EPOS-QGP does not seem to alter the L values sig-
nificantly, with its curve basically overlapping the EPOS-
LHC proton one.

Figure 19: Distribution of the shape parameter R normal-
ized by the number of simulated showers Nsh for EPOS-
LHC iron (orange, dotted line), EPOS-LHC proton (green,
dashed line) and EPOS-QGP proton (magenta, full line)
primaries at fixed energy log(E/eV) = 19.

The distribution of the muon production depth maxi-
mum is presented in Figure 21. The iron-induced showers
show a narrower and lower-valued distribution, compared
to the proton-induced ones, much like what was observed
in the distribution of Xmax (see Figure 13). Comparing
EPOS-QGP proton with EPOS-LHC proton, they present
similarly wide distributions, with the EPOS-QGP curve
starting earlier and above the EPOS-LHC one, a trend that
generally inverts after the peak, which is reached before
for EPOS-QGP. The slope of the exponential tail of both
models is also similar, indicating that the first interaction
cross-section doesn’t change from one model to the other
[33, 34]. Thus, we can conclude that EPOS-QGP increases
the number of muons at the ground and makes the muon
production depth maximum happen sooner in the shower
development.

Finally, we also simulated an observable that hasn’t
been published yet, but that might be in the future: the dif-
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Figure 20: Distribution of the shape parameter L normal-
ized by the number of simulated showers Nsh for EPOS-
LHC iron (orange, dotted line), EPOS-LHC proton (green,
dashed line) and EPOS-QGP proton (magenta, full line)
primaries at fixed energy log(E/eV) = 19.

Figure 21: Distribution of the muon production depth
maximum normalized by the number of simulated showers
Nsh for EPOS-LHC iron (orange, dotted line), EPOS-LHC
proton (green, dashed line) and EPOS-QGP proton (ma-
genta, full line) primaries at fixed energy log(E/eV) = 19.

Figure 22: The difference between the mean of the muon
production depth maximum and the mean of the depth of
the shower maximum for EPOS-LHC iron (orange, dotted
line), EPOS-LHC proton (green, dashed line) and EPOS-
QGP proton (magenta, full line) primaries at fixed energies
log(E/eV) = 14, 15, 16, 17.5, 18, 18.5, 19 and 19.5.

ference between the mean of the muon production depth
maximum and the mean of the depth of the shower max-
imum. The energy dependence of this observable is pre-
sented in Figure 22 for the different models. All simu-
lations show a similar behaviour, with a decreasing trend
for lower energies and an increasing trend for higher en-
ergies, always in the positive range. This means that the
muon production depth is in average shallower than the
depth of the shower maximum. Indeed, EPOS-LHC iron
shows the lowest values of ⟨Xmax⟩ − ⟨X

µ
max⟩, followed by

EPOS-LHC proton and then by EPOS-QGP proton. The
later seems to imitate the behaviour of EPOS-LHC proton
but for higher values. Note that both Xµmax and Xmax de-
pend on the depth of the first interaction X1, hence their
difference is only sensitive to the subsequent development
of the shower. This means that this observable can give us
information about the history of pion production.

5 Final Remarks and Conclusions

The goal of this dissertation was to assess the be-
haviour of hadronic interaction model EPOS-QGP, com-
paring it with its predecessor EPOS-LHC. In fact, EPOS-
QGP was based on EPOS-LHC but was modified in a
phenomenological way to show more visible QGP ef-
fects, such as baryon and strangeness enhancement. When
combined with air shower simulations, like CONEX, the
stronger QGP effects of EPOS-QGP should have a direct
consequence: the enhancement of the number of muons
produced during the shower development while maintain-
ing the remaining shower observables intact, hence solv-
ing the infamous Muon Puzzle.

In fact, the results of the simulations performed for this
work showed that EPOS-QGP is able to increase the num-
ber of muons produced during the shower development by
a factor of about 13.1% with respect to EPOS-LHC proton
without changing the depth of the shower maximum sig-
nificantly. The remaining shower observables, such as the
electromagnetic longitudinal profile, the USP shape pa-
rameters R and L and most importantly the relative fluctu-
ations of the number of muons at the ground are also pretty
much unchanged. Even the slopes of the exponential tails
of the distributions of the depth of the shower maximum,
of the number of muons at the ground and of the muon
production depth maximum are similar to the ones exhib-
ited by the proton-induced showers simulated with EPOS-
LHC. The only significantly modified shower observable
is the muon production depth maximum, which happens
sooner in the shower development as a consequence of the
increase in the produced number of muons.

However, is this muon enhancement related to the for-
mation of QGP along the EAS? To answer this ques-
tion, we turned to the center-of-mass frame of the inter-
action and confirmed a baryon and strangeness enhance-
ment compatible with the presence of a QGP medium.
We also noticed that EPOS-QGP has a tendency to pro-
duce more low-pT particles and less high-pT particles than
EPOS-LHC, which is a signature of the jet-quenching phe-
nomenon typical of QGP.
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