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It is very well known that the fraction of energy in a hadron collision going into electromagnetic
particles (electrons and photons, including those from decays) has a large impact on the number of
muons produced in air shower cascades. Recent measurements at the LHC confirm features that can
be linked to a mixture of different underlying particle production mechanisms such as a collective
statistical hadronization (core) in addition to the expected string fragmentation (corona). Since the
two mechanisms have a different electromagnetic energy fraction, we present a possible connection
between statistical hadronization in hadron collisions and muon production in air showers. Using a
novel approach, we demonstrate that the core-corona effect as observed at the LHC could be part of
the solution for the lack of muon production in simulations of high energy cosmic rays. To probe this
hypothesis, we study hadronization in high energy hadron collisions using calorimetric information
over a large range of pseudorapidity in combination with the multiplicity of central tracks. As an
experimental observable, we propose the production of energy in electromagnetic particles versus
hadrons, as a function of pseudorapidity and central charged particle multiplicity.

Keywords: LHC, collectivity, core-corona, high energy hadron collisions, EPOS, cosmic ray, extensive air

shower, muon production

I. INTRODUCTION

Cosmic ray particles reach Earth from galactic and ex-
tragalactic sources with enormous energies and produce
huge particle cascades in the atmosphere. The resulting
extensive air showers are measured with the aim to un-
veil the astrophysical nature and origin of high energy
cosmic rays. The Pierre Auger Observatory [I], 2] and
the Telescope Array [3] are the largest contemporary ex-
periments targetin% the most energetic cosmic rays with
energies beyond 10 SeV.

Of particular interest is the cosmic ray mass compo-
sition, which is expected to carry a unique imprint of
the physics at the sources. The mass composition as a
function of the cosmic ray energy Ej is inferred from air
shower observables, of which the most important ones are
the depth of the shower maximum X, ., and the num-
ber of muons N, [4]. The depth X,y is the integrated
matter density column that a shower traversed until the
maximum number of charged particles in the shower is
reached. The number of muons is obtained by count-
ing muons when the shower arrives at ground. Experi-
mentally the muon counting is limited to a radial range
around the shower axis as well as to a minimal energy of
muons.

To infer the cosmic ray mass composition from these
observables, accurate predictions from air shower simu-
lations are needed for cosmic rays with various primary
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masses. However, the Pierre Auger Observatory [5l [6]
and the Telescope Array [7] observed that the measured
number of muons in air showers drastically exceeds ex-
pectations from model predictions at shower energies
around and above 10" eV. A recent summary of muon
measurements [8] shows that a consistent muon excess
is seen by the majority of cosmic ray experiments over
a very wide energy range. The discrepancy between re-
sults based on X, and N, is currently preventing an
unambiguous interpretation of air shower data in terms
of mass composition.

The amount of energy ending up in electromagnetic
particles in hadron collisions

Ee m

R= Zem
Ehad

(1)
where E,, is the summed energy over all 4 (mostly from
m° decay) as well as ei7 and E,q the summed energy of
all hadrons, is one of the crucial parameters driving muon
production in extensive air showers [OHIT]. It is closely
related to the way an excited partonic system hadronizes.
In hadronic interaction models used to simulate air show-
ers, the hadronization is mainly done using a string frag-
mentation model which was successfully developed to de-
scribe the hadron production in et-e” collisions, and low
energy proton-proton collisions. In systems with higher
energy densities, such as heavy ion collisions, a statisti-
cal hadronization of a fluid is expected where the pro-
duction of heavy particles is favored, thus, reducing the
fraction of 7° compared to other types of particles. In
the early 2000s “collective effects” have been observed in
heavy ion collisions (often referred to as large systems) at
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RHIC [12HT5]. Similar effects have been predicted [T6H2T]
for proton-proton collisions (aka small systems) and were
eventually discovered at the LHC [22] (see Refs. [23] 24]
for detailed reviews).

While a fluid-like behavior (referred to as collective
effects in the following) is confirmed in both large and
small systems, their origin is still unclear. In large sys-
tems the existence of a quark-gluon-plasma (QGP) is
commonly assumed as a phase of parton matter where
confinement is no longer required [25H27]. This QGP
will evolve according to the laws of hydrodynamics and
eventually decay statistically. There are various ex-
pected consequences of such a scenario, such as long-
range two-particle correlations, the so-called “ridge” phe-
nomenon [22, 28], jet quenching [29], [30], or enhanced
production of strange hadrons [3I]. It was initially a sur-
prise when such effects were also discovered in small sys-
tems. While it was argued that also in central collisions of
small systems the energy densities may be high enough
to allow for the formation of a QGP [I6], other recent
studies have shown that collective effects can be achieved
by alternative mechanisms such as microscopic effects in
string fragmentation [32] or QCD interference [33]. The
possibility of collective effects in smaller systems opens
the door to study the impact of a different hadroniza-
tion scheme in high energy interactions also within air
showers. Air shower cascades are driven by collisions of
hadrons and light nuclei at ultra-high energies. We show
that statistical hadronization in collisions of hadrons and
nuclei can play a so far underestimated importance in the
understanding of muon production in air showers [34] [35].

The underlying mechanism responsible for the pro-
duction of these effects is expected to produce char-
acteristic observables in the final state of hadron col-
lisions. We demonstrate how statistical hadronization
affects the energy fraction contained in electromagnetic
versus hadronic particles, R, and show how this has im-
portant possible implications for the muon production in
cosmic ray air showers.

We further propose detailed measurements of R as a
novel opportunity to study collective hadronization in
small systems at the LHC. This may lead to a bet-
ter understanding of the underlying nature of statistical
hadronization since different theoretical approaches lead
to predictions that may be distinguished based on mea-
surements. In addition those measurements are able to
constrain models for air shower simulations.

II. THE MUON PROBLEM AND THE R
OBSERVABLE

The dominant mechanism for the production of muons
in air showers is via the decay of light charged mesons.
The vast majority of mesons are produced at the end
of the hadron cascade after typically five to ten genera-
tions of hadronic interactions (depending on the energy
and zenith angle of the cosmic ray). The energy carried

by neutral pions, however, is directly fed to the electro-
magnetic shower component and is not available for fur-
ther production of more mesons and subsequently muons.
The energy carried by hadrons that are not neutral pi-
ons is, on the other hand, able to produce more hadrons
and ultimately muons in following interactions and de-
cays. Using a simple Heitler type toy-model [36] based
on [37], the neutral pion fraction ¢ = N_o /Ny, defined
as the number of neutral pions N _o divided by the total
number of final-state particles IN,,,;; in a collision, was
found to have a strong impact on the muon number and
in particular on the slope of the energy dependence of
the muon production. Indeed in this model we get

B
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where Ej is the energy of the primary cosmic ray parti-
cle and Fg,. is the typical energy at which mesons de-
cay in the cascade. So the muon number N, increases
strongly with decreasing ¢, which is understandable since
more hadrons is available to produce muons. A second
quantity with a strong impact on the muon number was
identified to be the hadron multiplicity Ny

The value of ¢ is very important for the muon produc-
tion. Unfortunately, it is difficult to measure both N o
and N, experimentally (for example at the LHC) since
neutral particles cannot be easily counted individually.
In general, secondary particle identification is unavail-
able at large pseudorapidities n where the energy flow is
large enough to become relevant for the air shower de-
velopment. Hence, we propose a new observable which
is sensitive to properties of the hadronization and which
can be directly related to c: the ratio of the electromag-
netic to the hadronic energy density R given by

(dEem /dn)
(AEyaa/dn)

Here the energy densities (dE/dn) are obtained by sum-
ming the energy of all final-state particles except for neu-
trinos in bins of n and averaging over a large number of
collisions.

The neutral pion fraction ¢ can be easily related to
the energy ratio R, since both are very similar kinematic
aspects of final state distributions. If all particles have
the same energy such as in the generalized Heitler model,
then we have simply R = ¢/(1 —¢). But R is experimen-
tally much easier to measure, since, using a calorimeter,
the signals deposited by electromagnetic particles and
by hadrons are characteristically different. We compute
a detailed conversion between R and c using standalone
EPOS LHC [38] simulations of fixed energy proton-proton
collisions at various center-of-mass energies, and found
that for the relevant parameter range, a change of R by
AR affects ¢ by Ac =~ 0.8 - AR, where R is computed by
integrating eq. over all . In section we will study
R for different models as a function of 7, and at fixed 7
as a function of the charged particle density at central

R(n) = (3)



pseudorapidity dNe,/dnl,_o, which is determined as the
average multiplicity within |n| < 0.5.

The influence of various effective parameters ¢ in inter-
action models (like R, ¢, or Ny,,1;) on the main air shower
observables was investigated in a previous study [J] in
which the behavior of hadronic interaction models in air
shower simulations was modified in an energy-dependent
way during full air shower cascade simulations within
CONEX [39].

The effective quantity ¢ of the hadronic event genera-
tors inside the air shower cascade simulation is changed
in an energy dependent way

Q(Elab) - q(Elab) X (1 + qu(Elab; Eth7 Escale)) (4)

using the modification scale f,,
dependent factor

and the energy-

_ log1o(Elab/ Ein)
1OglO (Escale/Eth)

F(Elab; Eth) Escale) for Elab > Etha

()
representing the assumption that models are well con-
straint by accelerator data at lower energies (below E,},),
where F(F,,) = 0, while they become logarithmically
unconstrained going to higher energies. The parame-
ter F,.,e is the reference energy scale. We will use
Eyeale = Eihic = sune/(2my) ~ 90 PeV, using an LHC
center-of-mass energy of 13 TeV. Typical threshold values
are Eyp, ~ Steyatron/(2mp) = 1PeV, using the center-of-
mass energy of the Tevatron accelerator. However, in
particular particle production, in the important forward
phase space, may be largely unconstrained by both Teva-
tron and LHC data, allowing much lower values of Ey
to be explored. It is a key point of the application of
eq. () inside CONEX that a significant fraction of the
air shower cascade is consistently modified during the
simulations.

We apply egs. to explore the correlated impact of
q= Rand g = N, on X, and InN,, in full air shower
simulations. The resulting correlated effect is shown in
Fig. [1] as demonstrated for air showers at E, = 10" eV
using EPOS LHC in CONEX. Lines in this figure show all
possible resulting mean values of X,,, and InN,, for any
mass composition of cosmic rays between pure proton
(bottom right end of lines) and pure iron (top left end of
lines). The resulting values of X, and InN,, are located
on a straight line because the mean values for both are
linear functions of the mean-logarithmic mass of cosmic
rays [40, 4] given a fixed air shower energy. The line-
shape is universal, but its location, and to a lesser degree
the slope and length, depend on the hadronic interac-
tion model. Current hadronic interaction models predict
lines, which are too low compared to experimental data
from air showers, as indicated by the vertical gap between
the representative data point from the Pierre Auger Ob-
servatory [B] and the EPOS LHC line. This discrepancy is
the expression of the muon problem outlined above.

When N,,,;; is modified the simulated line shifts along
itself: the multiplicity has a correlated effect on X,
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FIG. 1. Impact of the modification scales f, (in %) of

the hadron multiplicity N, (dashed lines) and the energy
ratio R (dotted lines) in collisions at the LHC energy of
\/s =13 TeV on EPOS LHC predictions of the air shower ob-
servables X, and InN,, in 10" eV air showers. The datum
is from the Pierre Auger Observatory [5]. The model lines
represent all values that can be obtained for any mixture of
cosmic nuclei from proton (bottom right) to iron (top left).

and InN,, that cannot close the gap to the data. How-
ever, modifications of R mainly affect the muon number
and leave X .. unchanged, creating vertical shifts and
tilts of the line in the plot. Thus, within the assumptions
outlined here, we find that a decrease of R by f, = —15%
at the LHC energy of /s = 13 TeV would be sufficient
to make the simulations compatible with the air shower
data at 10" eV. These results have been cross-checked
with alternate interaction models in the air shower sim-
ulations. There is a very good qualitative agreement in
all cases.

Furthermore, in Ref. [8] it was established that the
muon discrepancy in simulations increases smoothly with
energy. Thus, the slope of the energy dependence intro-
duced in eq. is also affected, pointing to a too small
value of 5. This may be related to a too large m° produc-
tion. We explore this energy dependence in more detail
in the next section.

III. CORE-CORONA EFFECT AND MUON
PROBLEM

The discussion in the previous section suggests that a
change of R (or ¢, which is equivalent) is a potential way
to reduce the discrepancy between measurements and air
shower simulations. Nevertheless, R is quite well con-
strained by theory as well as laboratory measurements



and, thus, can not be changed entirely arbitrarily as
studied in the previous section [[]} In a naive model like
Ref. [37] where only pions are considered as secondary
particles, R = 0.5. In a more realistic approach based on
string fragmentation we have R ~ 0.41. But as shown
in Ref. [3I], particle ratios such as K/m, p/m or A/mw
change with increasing secondary particle density, satu-
rating to the value given by a thermal/statistical model
with a freezeout temperature of 156.5 MeV [42] yielding
R =~ 0.34. Such a behavior can be explained in terms
of a core-corona picture [43]. This approach has been
used in the framework of realistic simulations [44], but
also in simple model calculations [45H4g]. The basic idea
is that some fraction of the volume of an event (or even
a fraction of events) behaves as a quark gluon plasma
and decays according to statistical hadronization (core),
whereas the other part produces particles via string frag-
mentation (corona). The particle yield N; for particle
species 7 is then a sum of two contributions

Ni = Weore NiCOI‘e + (1 - wcore) NiCOrOna’ (6)

where N;'° represents statistical (grand canonical) par-
ticle production, and N;°"°"® is the yield from string de-
cay. Crucial is the core weight w.g,.. In order to explain
LHC data [31] the weight w.. needs to increase mono-
tonically with the multiplicity, starting from zero for low
multiplicity pp scattering, up to 0.5 or more for very
high multiplicity pp, reaching unity for central heavy ion
collisions (PbPb).

In the following, we are going to employ a straight-
forward core-corona approach, based on eq. @, for any
hadronic interaction model in CONEX air shower sim-
ulations. The particle yield from the chosen interaction
model is by definition considered to be the corona yield,
whereas we use the standard statistical hadronization
(also referred to as resonance gas) for the core part. So
Weore = 0 would be the “normal” simulation with the de-
fault interaction model. Choosing w,.. > 0 amounts to
mixing the yields from the interaction model according
to the core-corona superposition shown in eq. @ The
core will certainly help concerning the “muon problem”,
because statistical hadronization produces more heavy
particles and less pions compared to string fragmenta-
tion, and therefore R is smaller [34] B5].

Technically, we directly modify individual particle ra-
tios of the secondary particle spectra dN,/dE;, for parti-
cle species 7 and energy bins dE;, of hadronic interactions
with air nuclei used by CONEX for numerical air shower
simulations based on cascade equations. Knowing the
initial ratios 7° /7, p/a s, K* /7% p/n, K°/K* (taking
into account strange baryon decays) from a corona type
model and the value of the same ratios from the core
model, we compute new spectra in which the particle
yields include both, core and corona according to wegye-
Since the hadronization mechanism can affect only newly
produced particles the properties of the leading particle
should be preserved. To achieve that, the new particle
yields are computed for all secondaries, but excluding
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FIG. 2. Different energy evolutions probed for w¢,... The
solid lines represent changing the scale f,, of the effect, while
the dashed lines also indicate the effect of changing F a1c-

the one corresponding to the respective projectile type,
i.e. protons in proton-air, kaons in kaon-air interactions,
and so on. The yield of the projectile-type particles is
determined subsequently by exploiting energy conserva-
tion in all energy bins dF; summed over all secondary
particle species i: the sum ), F;dN;/dE; must be con-
served. Since at high rp = E;/E},, only the projectile-
type particles will have dN;/dE; significantly different
from zero (aka leading-particle effect), the resulting mod-
ified leading-particle type spectra at high zp follow the
original distribution, and are only affected by the scaling
procedure at lower values of xp. Together, this assures
that energy conservation as well as the total multiplic-
ity are not affected, but only the particle ratios. More
details will be given in a future publication.

We expect the core weight w,, to increase with energy
in a logarithmic way. Thus, we use

wcorc(Elab) = fw F(Elab; Etha Escalc) (7)

to model this (in analogy to eq. ), starting already
at fixed-target energies, E,;, = 100 GeV. Different en-
ergy dependencies are explored by changing Escalg from
100 GeV (corresponding to a step function), to 10° GeV,
and 10"° GeV. The f. scale is varied from 0.25, 0.5, 0.75

to 1.0; in addition we enforce F(Eyy; By, Eeate) = 1 for
all By, > Eycale- This yields the w,,,, energy dependen-
cies as depicted in Fig. [2] All these scenarios have been
used to simulate full air showers with CONEX, using cas-
cade equations from the first interaction to the %round,
for proton and iron primary particles at E, = 10 eV. In
Fig. |3| the results are shown in the X, ,.-InN,, plane for
two models EPOS LHC (left) and QGSJETII.04 [49, [50]
(right). These examples illustrate that it is well possi-
ble with modified hadronization in air shower cascades
to describe the data of the Pierre Auger Observatory. As
expected, more core-like contributions are needed com-
pared to what is currently provided by the models. This
means, QGP-like effects also in light colliding systems



and starting in central collisions at much lower center-of-
mass energies may play a decisive role.

Furthermore, from eq. also a different energy evolu-
tion of the muon production follows. To study the effect
of our core-corona model on the muon production as a
function of the energy, we can compare the different sce-
narios with the compilation of data presented in Ref. [§]
using the renormalized factor

(InN,) —(InN,),

<1an,>Fe — <lnNM>p7 (8)

z =

with N, being any muon related experimental observable
and (In N,), and (In N,,) g, being the average of the loga-
rithm of the same observable simulated with proton and
iron primaries respectively for a given reference hadronic
interaction model. This allows a direct comparison be-
tween different experiments for various types of muon
observables.

Considering the energy dependence of z, there is an
implicit dependence on the cosmic-ray mass A, since
(In A) varies with energy. However, as expected from
the Heitler model formula, and even more importantly,
verified via explicit simulations, z and (ln A) are re-
lated as z = a + b(ln A), and from z(pure Fe) = 1 and
z(pure p) = 0 we simply get a = 0 and b = 1/In56. This
is very useful, since it means that the A-dependence of z
(called zy,,s) is given as

Zmass — M7 (9)
n 56

and the expectation of Az = z — 2z, is zero for the
case of full consistency between all experimental observ-
ables and the simulations based on a valid reference
model. This means, plotting Az for experimental data,
we should get zero if the reference model were perfect,
whereas Az > 0 implies a muon deficit in the simulations.
In this way we can visualize the energy dependence of the
muon excess, corrected for mass dependencies. More de-
tails and references are given in Ref. [§].

As pointed out in Ref. [§], for all models the data
have a positive Az showing a significant logarithmic in-
crease with the primary energy, indicating an increasing
muon deficit in the simulations. In Fig. (4] the effect of
the different energy evolution of w.,, for EPOS LHC and
QGSJETII.04 on Az are shown. Here the new simula-
tions are treated like data and the z factor is calculated
using the original (quoted) models as a reference such
that the new Az can be compared to the data points
directly. The positive Az of the lines indicate a larger
muon production when w,.,, increases and the positive
slopes mean that the slope of the muon production as
a function of the primary energy is larger when weye
increases. By including a consistent core-like hadroniza-
tion, we thus reproduce the energy evolution as found in
the data. This is even possible for values wey., < 1.

The possibility to see the effect of a core hadronization
(QGP or similar more exotic phenomena) on air shower

physics have already been studied in the literature [5I-
54]. Changes in the muon production because of a change
of R under either extreme or exotic assumptions (which
were not yet observed at the LHC) are usually assumed.
Furthermore, it was shown that the production of a core
only in very central, high-density, collisions is not suf-
ficient to significantly change the muon numbers in air
shower simulations [55].

In contrast to the new results presented here, in those
previous studies the core-like production does not cover
sufficient phase space to change the muon production in
air showers significantly. We demonstrate that core-like
effects potentially starting at much smaller colliding sys-
tems, and at much lower center-of-mass energies as stud-
ied here, have an important impact on muon production
in air showers. There are various indications at the LHC
in pp and pA collisions that such a scenario is compatible
with current data [22] [3T], or even suggested by it, at en-
ergy densities as reached by cosmic rays interacting with
the atmosphere [35]. Studying LHC data at mid-rapdity
it is found that for events with (dNg,/dn)y<05 ~ 10
(corresponding to typical proton-air interactions) wgoye
is already ~ 50-75%. Since our study is based on the
simple assumption that the full phase space has a modi-
fied 7" ratio, it remains crucial for cosmic ray physics to
conduct further dedicated measurements at the LHC to
better understand 7° production relative to other parti-
cles. The phase space for the formation of core-like effects
is potentially significantly larger than previously studied,
and in particular may extend towards larger rapidities.

IV. TESTING CORE CONTRIBUTIONS VIA
MEASUREMENTS OF R AT THE LHC

As previously outlined an enhanced contribution of
core-like hadronization can help to explain the data of
the Pierre Auger Observatory. In the following we dis-
cuss how this can be probed with accelerator data.

We mainly use EPOS LHC as the baseline model to
test sensitivity towards a QGP-like state. As alterna-
tive model we use PYTHIA8 [56, 57], which provides en-
tirely different (non-QGP-like) physics concepts for col-
lectivity. EPOS LHC is a general purpose event genera-
tor widely used in high energy physics, and in particu-
lar also for heavy ion collisions. It includes the descrip-
tion of a QGP-like behavior in high energy collisions.
PYTHIAS8, on the other hand, is the reference model in
high energy physics for proton-proton interactions. Both
models generate a distribution of colored strings from
the collision of a projectile and a target. Despite a
very different underlying approach for the string genera-
tion (pQCD factorization for PYTHIA8 and parton-based
Gribov-Regge theory [58] for EPOS LHC), the string distri-
butions are not very different, because they are strongly
constrained by the data on particle multiplicities. These
strings can be hadronized directly in both generators us-
ing the Lund string model [59] in PYTHIAS, or the area



0.9
0.8
0.74
0.6 4

ref
nNy

= 0.51

—

5. 0.4

N,

0.34

(In

0.24
0.1 EPOS LHC

0.0 T T T
700 720 740

760

780

(Xmax) /gcm‘z

800

QGSJetll.04 p

== fo=1.00,Egq. = 102GeV
..... fo =100, Egqe = 10°GeV
fo=1.00,Egqe = 101°GeV
fo=0.75, Egqe = 101°GeV
fo=0.50, Egqe = 1010GeV
fo =025, Eqqe = 1010GeV
fo =0 (Default model)

700

720 740 760 780 800
(Xmax) /gcm_z

FIG. 3. Comparison of different core-corona mixing scenarios, as described in the text, on air shower simulations at 10" eV
using EPOS LHC (left) and QGSJETIL.04 (right) in the X ,,.-InN,, plane. The solid lines represent changing the scale f,,, while
the dashed lines also indicate the effect of changing F ... The default model corresponds to the corona-only simulations. The
datum is from the Pierre Auger Observatory [5]. Each model line represents all values that can be obtained for any mixture of
cosmic nuclei from proton (bottom right) to iron (top left).

EPOS LHC

QGSlJetIl.04

018 ERTSD

== fu=1.00, Egqe = 10>GeV
veen fo=1.00, Exqe = 10°GeV
— fu=1.00, Ege = 101°GeV
— fy=0.75, Egeqe = 1010 GeV
—— fu=0.50, Egcpre = 101°GeV
fo =025, Egq. = 1010GeV
fo = 0 (Default model)

—&— AMIGA [Preliminary]
~©— IceCube [Preliminary]
©@— NEVOD-DECOR

—©&— Pierre Auger
SUGAR
Yakutsk [Preliminary]
> EAS-MSU“
KASCADE-Grande*

FIG. 4. Evolution of the mass corrected z-factor, Az = z — 2,455, as a function of the primary energy. The data are taken from
Ref. [8] and references therein. Overlayed are predictions obtained from changing the scale f,, (solid lines) and E,,. (dashed
and dotted lines) obtained with EPOS LHC (top) and QGSJETII.04 (bottom) air shower simulations.



law [58] in EPOS LHC — both cases are strongly con-
strained by LEP data. At low energy (=10 to 100 GeV)
this is sufficient to successfully describe proton-proton
interactions with good accuracy. Nevertheless, it turns
out that at the LHC additional physics mechanisms are
needed to describe the observed particle correlations and
abundances in the final state. In PYTHIAS, a modified
color reconnection approach [60}, [6I] or a “string shov-
ing” mechanism [32] have been proposed to introduce
collective effects such as a modified hadronization or par-
ticle correlations, similar to those obtained from a QGP.
In EPOS LHC, on the other hand, the “core-corona” ap-
proach [44] is used as originally developed for heavy ion
collisions. As already explained, the core amounts to ar-
eas with high string/energy densities, where strings are
assumed to “melt” and produce matter that expands hy-
drodynamically and then decays statistically, whereas the
corona represents particles from ordinary string fragmen-
tation, which escape from the dense regions. While in
EPOS3 [62] the hydrodynamic expansion is fully imple-
mented and hadronization occurs on a freeze-out hyper-
surface, in EPOS LHC this expansion is mimicked by pa-
rameterizing the flow at hadronization. This has proven
to describe various collective observables well [38]. Sim-
ulations of EPOS LHC are readily available via the CRMC
software [63]. On generator level, we study particles with
a lifetime ¢7 > 1cm, which is consistent with most ex-
perimental detector designs.

In fact, in EPOS LHC final-state particles originate from
three different production mechanisms: standard string
fragmentation (corona), statistical decay of a fluid (core),
and the decay of the beam remnants. While experimen-
tally the origin of the production mechanism for a par-
ticle cannot be identified, individual production mecha-
nisms can still be studied since they predominantly con-
tribute to different regions of phase space. This is demon-
strated in Fig. |5| (top), which shows the relative contri-
bution of these mechanisms to the total energy density
(dE/dn) for minimum bias proton-proton collisions at a
center-of-mass energy of 13 TeV. Three regions can be
identified: The energy density at central pseudorapidi-
ties, |n| < 5, is dominated by particles originating in the
dense core of the interaction, at intermediate rapidities,
5 < |n| < 8, it is dominated by particles from string
fragmentation, and at large rapidities, |n| > 8, by the
fragmentation of beam remnants. Underlying differences
in particle production, therefore, lead to varying observ-
ables as a function of pseudorapidity.

A corresponding effect is also observed as a function of
the central charged particle multiplicity V.. Final states
with large particle multiplicity are known to be an effec-
tive trigger for pronounced statistical hadronization [22].
Therefore, at fixed pseudorapidity, the influence of the
core increases as a function of particle multiplicity. This
effect is expected to be most significant at |n| ~ 0 since
the relative contribution of the core is largest. This is il-
lustrated in the middle panel of Fig.[5|for n = 0 and in the
bottom panel for n = 6. It can be seen that the contribu-

tion of the core to the energy density at n = 0 becomes
dominant for pp collisions with more than =~ 7 charged
particles per unit of pseudorapidity, while at n = 6 this
transition is shifted to a larger number.

Using EPOS LHC we find that the fraction of sec-
ondary pions in the dense core is reduced because many
other more massive hadrons and resonances are pro-
duced. This leads to a lower ratio of the electromag-
netic to hadronic energy density in particles produced
from the core. Accordingly, this effect can be seen in
the pseudorapidity-dependent ratio of the average elec-
tromagnetic to hadronic energy density R shown in top
panel of Fig. [f] At |n| ~ 0, the energy density is
dominated by the core and therefore the value of R for
EPOS LHC is as low as 0.34. As the contribution of the
core to the total energy decreases with increasing pseu-
dorapidity, also R increases and reaches a value of 0.4
at |n| ~ 7 before it decreases rapidly due to the very
low electromagnetic contribution in the beam remnants.
In comparison, a flat ratio below |n| & 7 is obtained
when statistical hadronization is disabled in EPOS LHC
(corona only). The data point shown in this figure at
1 ~ 6 is derived from Ref. [64], where we have corrected
the original values from detector level to generator level
using the Rivet routines provided by the CMS Collabo-
ration [65]. The shaded region corresponds to the sys-
tematic uncertainties of the measurement. These data
are consistent with all models within the experimental
uncertainty; there is a slight tension with the PYTHIAS
simulations using the modified colour reconnection ap-
proach [66]. Such data with smaller uncertainties, and
measured over a wide range of 1 have the potential to
differentiate between some of the models. In particular,
any slope observed in the region 0 < |n| < 6 would be a
clear hint for a transition of several distinct hadroniza-
tion mechanisms (i.e. core-corona).

The ratio of the electromagnetic to hadronic energy
density R at n = 0 is shown as a function of the central
multiplicity d]\fch/d77|n:0 in the middle panel of Fig.|6| It
can be observed that R drops down to values of 0.3 when
statistical hadronization is enabled in EPOS LHC while it
reaches a constant plateau of 0.4 in the case of disabled
statistical hadronization, which is similar to the PYTHIAS
predictions. At n = 6, it can be seen in the bottom panel
of Fig. [6] how the different model predictions compare to
the available CMS data (also from Ref. [64]). However,
these data are taken at n ~ 6, were one can see from
Fig. [6] (top) that the sensitivity to model differences is
unfortunately close to minimal. It would be a great way
to study hadronization in hadron collisions by measuring
this at LHC in a much wider 7 region.

We compare the simulations obtained with EPOS LHC
also to predictions by PYTHIAS in the standard minimum
bias configuration as well as with modified QCD-based
color reconnection parameters as presented in Ref. [61],
and enabled string shoving mechanisms. For the latter
we use the example parameters provided within PYTHIAS
version 8.235. We are aware that these settings are un-
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energy densities R simulated for proton-proton collisions at
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(dashed lines) in the default configuration, with string shov-
ing and with modified color reconnection (CR). The top figure
shows R (1) as function of ||, the middle and bottom figure
show R evaluated at n = 0 and n = 6 as a function of the
central charged particle multiplicity. The asymmetric uncer-
tainties of the CMS data are a feature of this measurement.



tuned and results should be treated with care but first
observations, in particular about the characteristic shape
of the distributions, can be made. It is interesting that
we do not find a visible effect of the string shoving mech-
anism on the ratio of electromagnetic to hadronic en-
ergy, R, compared to the default string fragmentation
(see Fig. @ This is consistent with the predictions
of EPOS LHC when statistical hadronization is disabled.
These findings can be understood since in all these cases
particle production is driven by QCD string fragmenta-
tion, which is well tuned to LEP data. Thus, what is
found here is a characteristic feature of string fragmen-
tation. If a microscopic collectivity model does not mod-
ify particle production by string fragmentation, as it is
the case for string shoving, this has no impact on the
observable R. With the modified color reconnection on
the other hand, a reduced value of R is observed within
|n] < 7 as well as a more prominent decrease of R at cen-
tral rapidity as a function of dN,/dnl,_,. This is due
to enhanced baryon production as explained in Ref. [61].
Still, the decrease in R is not as strong as in EPOS LHC.
More importantly, all configurations of PYTHIA8 exhibit
a flat ratio as a function of pseudorapidity within || < 7.
The value of R is a global feature of the hadronization
and independent of rapidity. No transition from a sta-
tistical, to a string-dominated phase as in EPOS LHC is
observed.

EPOS LHC was released after the first LHC data became
available. At that time, only average values and the evo-
lution of the mean transverse momentum as a function
of the particle multiplicity were known precisely. The
increase of multi-strange baryon production with parti-
cle multiplicity was a prediction of the model, but — as
shown in Ref. [31] — was only qualitatively correct. Ef-
fectively, the core is formed in EPOS LHC only at larger
multiplicities compared to what is necessary to reproduce
the data. Thus, it is expected that the density needed to
produce the core is currently overestimated and, as a con-
sequence, the effect on muon production in air showers is
significantly underestimated (not enough phase space for
core hadronization). It would be useful to have precise
data on R versus multiplicity to support (or reject) this
hypothesis.

The study made with EPOS LHC and PYTHIAS is just an
example of what can be observed. A different model may
have a different behavior, but it has been clearly demon-
strated that R is sensitive to the type of hadronization.
As a consequence, the observation of variations of the
ratio of electromagnetic to hadronic energies as function
of pseudorapidity or particle multiplicity is a strong test
also of the nature of collective effects in proton-proton
collisions (or other systems). Different implementations
of statistical hadronization, QGP-like or macroscopic,
can be distinguished. The proposed measurements will
provide new constraints on the extension of the phase
space in which statistical hadronization occurs, comple-
mentary to established measurements.

In any case, corresponding precision measurements of

R to 5% at the LHC seem feasible and could contribute
significantly to a better understanding of muon produc-
tion in air showers as described in section [[I] in partic-
ular if the measurements could be done with a light-ion
beam such as oxygen [67]. Despite the fact that calori-
metric data are taken at various pseudorapidities (central
and forward calorimeters), such ratios are not commonly
published—with currently one notable exception [64]. The
reverse argument also holds: in future huge-aperture air
shower experiments, the tail of the In N,-distribution
could be used to indirectly measure the slope of the en-
ergy distribution of neutral pions far beyond the reach of
the LHC [10, ).

V. SUMMARY

We have demonstrated that the muon production in air
shower significantly depends on the ratio R = E,,,/Ey.4,
where E,,, is the sum of energy in secondary ~ (from 7°)
and et while Flaq is the sum of energy in hadrons in
individual hadron collisions. We also showed that R it-
self depends on the hadronization mechanism. Thus, a
change or transition in these mechanisms can help to ex-
plain the discrepancy between the observed number of
muons in air showers by the Pierre Auger Observatory
and the predictions based on current hadronic models.
Since at the LHC, even in proton-proton interactions, one
observes a transition from a string-type to a statistical-
type hadronization at mid-rapidity, we used the particle
ratios of the statistical model at all pseudorapidities to
show that such hadronization scheme would in principle
be sufficient to resolve the observed difference between
simulations and cosmic ray data. Experimental measure-
ments of R at the LHC are currently compatible with this
possibility. On the other hand, extreme scenarios where
full statistical hadronization is reached at low energies
(Elap ~ O(100 GeV)) are already excluded by the slope
of the energy-dependence of air shower muon data.

Furthermore, we discuss potential measurements of R
at LHC, e.g. with calorimeters, as a function of pseudo-
rapidity n or central charged particle multiplicity Ng,.
We show that this observable can reveal properties of
the nature of underlying fundamental particle produc-
tion mechanisms. In particular we show that it provides
a new handle to characterize mechanisms proposed for
the explanation of statistical hadronization in proton-
proton collisions. It is potentially possible to distinguish
between quark-gluon-plasma-like (QGP-like) effects, as
first known from heavy ion collisions, from alternative,
more microscopic effects that do not require the forma-
tion of a QGP, see e.g. Refs. [32], 61].

Dedicated measurements at the LHC have now another
opportunity to study collectivity in proton-proton colli-
sion using this observable. This will contribute to a bet-
ter understanding of the mechanisms of hadronization in
hadron collisions, and collectivity in proton-proton col-
lisions or other light system. Measuring R at the LHC



potentially has a significant impact on resolving the cur-
rent mystery of muon production in cosmic ray induced
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extensive air showers. Thus, at last, one aspect to resolve
the cosmic ray muon mystery is a better understanding
of statistical hadronization in small collision systems.
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