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We argue that ultrahigh-energy cosmic-ray collisions in Earth’s atmosphere can probe the strange quark
density of the nucleon. These collisions have center-of-mass energies ≳104.6A GeV, where A ≥ 14 is the
nuclear baryon number. We hypothesize the formation of a deconfined thermal fireball which undergoes a
sudden hadronization. At production the fireball has a very high matter density and consists of gluons and
two flavors of light quarks (u, d). Because the fireball is formed in the baryon-rich projectile fragmentation
region, the high baryochemical potential damps the production of uū and dd̄ pairs, resulting in gluon
fragmentation mainly into ss̄. The strange quarks then become much more abundant and upon
hadronization the relative density of strange hadrons is significantly enhanced over that resulting from
a hadron gas. Assuming the momentum distribution functions can be approximated by Fermi-Dirac and
Bose-Einstein statistics, we estimate a kaon-to-pion ratio of about 3 and expect a similar (total) baryon-to-
pion ratio. We show that, if this were the case, the excess of strange hadrons would suppress the fraction of
energy which is transferred to decaying π0’s by about 20%, yielding an ∼40% enhancement of the muon
content in atmospheric cascades, in agreement with recent data reported by the Pierre Auger Collaboration.

DOI: 10.1103/PhysRevD.95.063005

I. INTRODUCTION

Ultrahigh-energy (E≳ 109.8 GeV) cosmic rays provide a
formidable beam to study particle collisions at center-of-
mass energies and kinematic regimes not accessible at
terrestrial accelerators. The incident cosmic radiation inter-
acts with the atomic nuclei of air molecules and produces
air showers which spread out over large areas. If the
primary cosmic ray is a baryon, hundreds to thousands
of secondary particles are usually produced at the inter-
action vertex, many of which also have energies above the
highest accelerator energies [1]. These secondary products
are of course intrinsically hadrons. Generally speaking, by
extrapolating final states observed at collider experiments,
we can infer that, for pp collisions at center-of-mass energyffiffiffi
s

p
∼ 140 TeV, the jet of hadrons contains about 75%

pions (including 25% π0’s, in accord with isospin invari-
ance), 15% kaons, and 10% nucleons [2].
During the shower evolution, the hadrons propagate

through a medium with an increasing density as the altitude
decreases and the hadron-air cross section rises slowly with
energy. Therefore, the probability for interacting with air
before decay increases with rising energy. Moreover, the
relativistic time dilation increases the decay length by a
factor Eh=mh, where Eh and mh are the energy and mass of
the produced hadron. When the π0’s (with a lifetime of
≃8.4 × 10−17 s) do decay promptly to two photons, they
feed the electromagnetic component of the shower. For

other longer-lived mesons, it is instructive to estimate the
critical energy at which the chances for interaction and
decay are equal. For a vertical transversal of the atmos-
phere, such a critical energy is found to be ξπ

�
c ∼ 115 GeV,

ξK
�

c ∼ 850 GeV, ξ
K0

L
c ∼ 210 GeV, ξ

K0
S

c ∼ 30 TeV [3]. The
dominant Kþ branching ratios are to μþνμð64%Þ, to
πþπ0ð21%Þ, to πþπþπ−ð6%Þ, and to πþπ0π0ð2%Þ, whereas
those of the K0

S are to πþπ−ð60%Þ, to π0π0ð30%Þ, and for
K0

L we have π�e∓νeð40%Þ, π�μ∓νμð27%Þ, π0π0π0ð19%Þ,
πþπ−π0ð12%Þ [4]. With these figures in mind, to a first
approximation it seems reasonable to assume that in each
generation of particles about 25% of the energy is trans-
ferred to the electromagnetic shower, and all hadrons with
energy ≳ξπ�c interact rather than decay, continuing to
produce the hadronic shower.1 Eventually, the electromag-
netic cascade dissipates around 90% of the primary
particle’s energy and the remaining 10% is carried by
muons and neutrinos.
As the cascade process develops in the atmosphere, the

number of particles in the shower increases until the energy
of the secondary particles is degraded to the level where

1The electromagnetic shower fraction from pions only is less
than 25%, but simulations show that inclusion of other hadronic
resonances brings the electromagnetic shower fraction up to
about 25% [5]. We take 25% as a reasonable estimate of the
energy transfer to the electromagnetic shower.
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ionization losses dominate. At this point the density of
particles starts to decline. The number of particles as a
function of the amount of atmosphere penetrated by the
cascade (X in g cm−2) is known as the longitudinal profile. A
well-defined peak in the longitudinal development, Xmax,
occurs where the number of e� ’s in the electromagnetic
shower is at its maximum. Xmax increases with primary
energy, as more cascade generations are required to degrade
the secondary particle energies. Evaluating Xmax is a funda-
mental part of many of the composition analyses done when
studying air showers. The generic shower properties can be
qualitatively well understood using the superposition prin-
ciple, which states that a shower initiated by a nucleuswithA
nucleons and energy E behaves to a good approximation as
the superposition of A proton showers with initial energy
E=A [6]. This phenomenological assumption relies on the
fact that the effect of nuclear binding must be negligible at
extremely high energies. Thus, for a given total energy E,
showers initiatedby a heavynucleus have a smallerXmax than
proton induced showers.
The integrated longitudinal profile provides a calorimetric

measurement of the energy of the primary cosmic ray, with
a relatively small uncertainty due to the correction for
energy lost to neutrinos and particles hitting the ground.
The characteristics of the cascade depend dominantly on the
elasticity (the fraction of incoming energy carried by the
leading secondary particle) and themultiplicity of secondary
particles in the early, high-energy interactions. Modeling the
development of a cosmic-ray air shower requires extrapola-
tion of hadronic interaction models tuned to accommodate
LHC data [7]. Not surprisingly, such extrapolation usually
leads to discrepancies between measured and simulated
shower properties. The hadronic interaction models are
further constrained by independent measurements of Xmax
and the density of muons at 1 km from the shower core Nμ

[8]. ThemeanXmax is primarily sensitive to the cross section,
elasticity, multiplicity, and primary mass. The mean Nμ is
primarily sensitive to the multiplicity, the π0 energy fraction
(the fraction of incident energy carried by π0’s in hadronic
interactions), and the primary mass.
Over the past few decades, it has been suspected that the

number of registered muons at the surface of Earth is by
some tens of percentage points higher than expected with
extrapolations of existing hadronic interaction models
[9,10].2 Very recently, a study from the Pierre Auger
Collaboration [12] has strengthened this suspicion, using
a novel technique to mitigate some of the measurement
uncertainties of earlier methods [5]. The new analysis of
Auger data suggests that the hadronic component of
showers (with primary energy 109.8 < E=GeV < 1010.2)
contains about 30% to 60% more muons than expected.
The significance of the discrepancy between data and
model prediction is somewhat above 2.1σ.

Changing the π0 energy fraction or suppressing π0 decay
are the only modifications which can be used to increase Nμ

without coming into conflict with the Xmax observations
[13].3 Several new physics models have been proposed
exploring these two possibilities [13–15]. In this paper we
adopt a purely phenomenological approach to develop an
alternative scheme. In sharp contrast to previous models, our
proposal is based on the assumption that ultrahigh-energy
cosmic rays are heavy (or medium mass) nuclei. Our work
builds upon some established concepts, yet contravenes
others.
We conceive the production and separation of strangeness

in a baryon-richCentauro-like fireball before its spontaneous
explosive decay [16–20]. At production the fireball has a very
high matter density and consists of gluons and two flavors of
light quarks (u, d). Because the fireball is formed in the
baryon-rich projectile fragmentation region, the high baryo-
chemical potential slows down the creation of uū and dd̄
pairs, resulting in gluon fragmentation dominated by g → ss̄.
The larger amount of u and d with respect to ū and d̄ gives a
higher probability for s̄ to find u or d and formKþ orK0 than
for s to form the antiparticle counterparts. Prompt hard kaon
emission then carries away all strange antiquarks and positive
charge, lowering somewhat the initial temperature and
entropy. The late-stage hadronization is characterized by
production of K−, K̄0, nucleons, pions, and strange baryons.
Overall, after hadronization is complete, the relative density
of strange hadrons is significantly enhanced over that result-
ing from a hadron gas alone, damping the π0 energy fraction.
The layout of the paper is as follows. We begin in Sec. II

with an overview of the fireball paradigm and make a
critical review of the available experimental data from
colliders. After that, in Sec. III we discuss the particulars of
air-shower evolution and present our results from
Monte Carlo simulations. We show that the formation of
a plasma, with gluons and massive quarks, could play a key
role in the hadronization process, modifying shower
observables. In particular, we demonstrate that air showers
triggered by a fireball explosion tend to increase Nμ, and
under some reasonable assumptions can accommodate
Auger data. Finally, we summarize our results and draw
our conclusions in Sec. III.

II. FIREBALL PHENOMENOLOGY

It has long been suspected that, for systems of high
energy density, the elementary excitations can be safely

2See, however, [11].

3Wenote in passing thatmuonsmaybe able to escape the shower
core before reaching Earth’s surface if their production angle is
increased by boosting the pT distribution. Since the muon lateral
distribution function is a steeply falling function of the radius, a
larger production angle would increase Nμ. However, as shown in
[13], the measured zenith angle dependence of the ground signal
vetoes the correlated flattening of the muon lateral distribution
function necessary to accommodate Auger data.
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approximated by an ensemble of free quarks and gluons at
finite temperature and baryon number density [21–23].
This is because when the energy density is extremely high,
the expected average particle separation is so small that the
effective strength of interactions is weak (asymptotic
freedom) [24,25]. For many purposes, the order of the
energy density of matter inside a heavy nucleus is immense,

εA ∼
mpA
4
3
πR3

∼ 0.15 GeV=fm3; ð1Þ

where mp is the proton mass, A is the nuclear baryon
number, and R ∼ 1.1A1=3 fm is the nuclear radius.
However, at typical energy densities inside of nuclei,
quarks and gluons are very probably confined, on the
average, inside of hadrons such as protons, neutrons, or
pions. For ε ≫ 0.15 GeV=fm3 all of these hadrons could be
squeezed so tightly together that on average they will all
overlap and the system would become an unconfined
plasma of quarks and gluons, which are free to roam the
system. The energy scale at which hadrons begin to overlap
is above the energy density of matter inside the proton,
εp ∼ 0.5 GeV=fm3, where we have taken the radius of the
proton as measured in electron scattering R ∼ 0.8 fm.
Indeed, using phenomenological considerations it is
straightforward to estimate that the critical energy density
to form a nonhadronic medium is around 1 GeV=fm3 [26].
This result is supported by high-statistics lattice-QCD
calculations, which yield εc ∼ 7T4

c ∼ 1 GeV=fm3, where
we have taken Tc ¼ 190 MeV [27].
Besides the early Universe, the conditions of extremely

high temperature and density necessary for the appearance
of unconfined quark and gluons could occur in at least two
other physical phenomena: (i) the interiors of neutron stars
[28–34] and (ii) high-energy nucleus-nucleus collisions,
whether artificially produced at accelerators or naturally
occurring interactions of cosmic rays with particles in
Earth’s atmosphere [35–38]. We estimate the energy
density in nucleus-nucleus collisions of cosmic rays fol-
lowing [26]. We assume there exists a “central-plateau”
structure in the inclusive particle productions as a function
of the pseudorapidity variable. The energy per particle
should be of the order of the typical transverse momentum
per particle hpTi. More precisely, in the fireball frame each
isotropically emitted particle has an energy given by

hEi ∼ ½ð4hpTi=πÞ2 þm2�1=2; ð2Þ

where m is the particle’s mass [18]. The energy content is
approximately δAhEidNch, where dNch is the charged-
hadron multiplicity per pp collision, and δA the number
of nucleon-nucleon interactions in the fireball during the
collision. Consider two nuclei of transverse radius R which
collide in the center-of-mass frame. The longitudinal size of
the nuclei is Lorentz contracted forming a transverse thin

slab at midpseudorapidity. The initial fireball volume is
dV ¼ ðR2πÞτ0dη0, where τ0 is the typical time scale for the
formation and decay of a central fireball and hence τ0dη0 is
the longitudinal size, with dη0 being the pseudorapidity
width at τ0. The time scale can be estimated as the time to
traverse at light speed the fireball diameter, i.e.,
τ0 ¼ 2R=c ∼ 3 × 10−23 s. The energy density during the
cosmic-ray (CR) collision is then

εCR ∼ δAhEi
1

πR2τ0

dNh

dη

����
η¼0

: ð3Þ

The average transverse momentum of charged hadrons
produced in pp collisions can be parametrized as a function
of the squared center-of-mass energy,

hpTi ¼ ð0.413 − 0.0171 ln sþ 0.00143 ln2sÞ GeV; ð4Þ

with s in appropriate units of GeV2 [39]. On the other hand,
for a cosmic-ray nitrogen nucleus (for simplicity, we
choose the beam nucleus to be that of the dominant
element in air4) of E ≈ 1010 GeV colliding with an air
nucleus, we have

ffiffiffi
s

p
≈ 104.6A GeV, yielding hpTi ∼

0.69 GeV and ðdNch=dηÞη¼0 ∼ 7 [40]. Throughout, we
take A ¼ 14 as fiducial in our calculations and assume
that half of this number of nucleons interact per collision,
producing the fireball. Therefore, taking an effective mass
m ∼ 500 MeV and δA ¼ A=2, the energy density in such a
scattering process is

εCR ∼ 2.2 GeV=fm3; ð5Þ

well above εc, complying with the requirement for the
formation of a deconfined thermal fireball.
We envision the fireball as a plasma of massive quarks

and gluons maintained in both kinetic and chemical
equilibrium. Because the total number of particles is
allowed to fluctuate, we adopt the viewpoint of the grand
canonical ensemble. In this representation, which allows an
exchange of particles among the system and the reservoir,
the control variables are the baryochemical potential μB and
the temperature T. In the limit μB → 0 and T → 0 the
system becomes the vacuum.
The momentum distribution functions fðpÞ can be

approximated by Fermi-Dirac (þ) and Bose-Einstein (−)
statistics,

4In air, nitrogen is a dimer, N2, with total A ¼ 2 × 14 ¼ 28.
However, the electronic binding is ∼eV, whereas the nuclear
binding is ∼MeV, so the energy scales and length scales differ by
∼106, and the dimerization is not expected to survive the cosmic-
ray production process. The nuclear binding of the single nucleus
apparently does survive this process.
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fi;�ðpÞ ¼
�
exp

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

i

p
− μi

T

�
� 1

�−1
; ð6Þ

yielding the following equilibrium number densities:

ni;� ¼ gi

Z
d3p
ð2πÞ3 fi;�ðpÞ; ð7Þ

where the index i runs over fu; d; s; gg, μs ¼ 0 because of
the total strangeness neutrality of the initial state,
μu ¼ μd ≡ μq ¼ μB=3, p and mi are the particle’s momen-
tum and mass, and gi is the spin-color degeneracy factor.
The plus sign is to be used for quarks and the minus sign for
gluons, with μg ¼ 0. The density of the strange quarks is
found to be (two spins and three colors)

ns ¼ ns̄ ¼ 6

Z
d3p
ð2πÞ3

1

e
ffiffiffiffiffiffiffiffiffiffiffi
p2þm2

s

p
=T þ 1

¼ 3

π2
T3

X∞
n¼1

ð−1Þnþ1

n3
ðnms=TÞ2K2ðnms=TÞ

≈
3

π2
m2

sTK2ðms=TÞ; ð8Þ

where K2ðxÞ is the second-order modified Bessel function
[41,42]. In addition, there is a certain light antiquark
density (q̄ stands for either ū or d̄):

nq̄ ¼ 6

Z
d3p
ð2πÞ3

1

ejpj=Tþμq=T þ 1

¼ 6

π2
T3

X∞
n¼1

ð−1Þn−1
n3

e−nμq=T

≈
6

π2
T3e−μq=T: ð9Þ

Note that the baryonic chemical potential exponentially
suppresses the qq̄ pair production. This reflects the chemi-
cal equilibrium between qq̄ and the presence of a light
quark density associated with the net baryon number. Now,
since the chemical potentials satisfy μq ¼ −μq̄, it follows
that [43]

nq − nq̄ ¼
gi
2π2

Z
∞

0

dpp2

�
1

eðp−μqÞ=T þ 1
−

1

eðpþμqÞ=T þ 1

�

¼ μ3q
π2

þ μqT2: ð10Þ

Note that this result is exact and not a truncated series. The
gluon density also follows from (7) and is given by

ng ¼
16

π2
ζð3ÞT3; ð11Þ

where ζðxÞ is the Riemann function. (See Appendix A for
details.) By comparing (8) and (9), it is straightforward to
see that there are often more s̄’s than antiquarks of each
light flavor,

ns̄
nq̄

≈
1

2

�
ms

T

�
K2ðms=TÞeμq=T: ð12Þ

For T ≳ms and μB → 0, there are about as many u and d
quarks as there are s quarks.
For T ≫ Tc, many of the properties of the quark-gluon

plasma can be calculated in the framework of thermal
perturbation theory. Neglecting quark masses in first-order
perturbation theory, the energy density of the ideal quark-
gluon plasma is found to be

εQGP¼
�
1

30

�
Ngþ

7

4
Nq

�
−
11αs
3π

�
π2T4þ

�
Nq

4
−
6αs
π

�
μ2qT2

þ
�
Nq

8
−
3αs
π

�
μ4q
π2

þB; ð13Þ

where Ng ¼ 16 and Nf are the gluon and quark degrees of
freedom, αs is the QCD coupling constant, and B is the
difference between the energy density of the perturbative
and the nonperturbative QCD vacuum (the bag constant)
[44–46]. One observes that (13) is essentially the equation
of state of a gas of massless particles with corrections due to
QCD perturbative interactions, which are always negative
and thus reduce the energy density at a given temper-
ature T.
Since the u and d flavors are almost massless even in the

fireball phase, we can get an estimate of the baryochemical
potential by considering only the contribution from the
nearly massless (even in the fireball phase) two quarks at
T ¼ 0. For two quark flavors, Nf ¼ 12 and so (13)
simplifies to

εT¼0
fb ¼

�
3

2
−
3αs
π

�
μ4q
π2

þ B: ð14Þ

Substituting (5) into (14), with αs ≃ 0.2 [47] and the MIT
bag constant B1=4 ≈ 328 MeV [45], we obtain

μB ∼ 2.0 GeV: ð15Þ

The temperature of the plasma can be approximated by [43]

T ¼ 2

3
ðhEi −mÞ ∼ 580 MeV: ð16Þ

A point worth noting at this juncture is that the shapes of
the pT spectra are expected to be determined by an
interplay between two effects: the thermal motion of the
particles in the fireball and a pressure-driven radial flow,
induced by the fireball expansion. To disentangle the two
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contributions, namely thermal motion and transverse flow,
one has to rely on model calculations which seem to
indicate that the observed temperature in the particle
spectra is close if not exactly equal to the temperature
value that would be present in the chemically equilibrated
fireball [48].
Substituting (15) and (16) into (12), with

ms ≃ 175 GeV, we obtain ns̄=nq̄ ∼ 3.1. The pion-to-
nucleon density ratio is found to be

nπ
nN

∼ ϰ
3

2
exp f½mN − 4μB=3 −mπ�=Tg; ð17Þ

where the factor 3=2 comes from the number of the particle
species, mπ is the pion mass, mN ∼ 1 GeV is the average
baryon mass, and ϰ is a normalization constant fixed by the
choice of boundary values [18].
It is worth commenting on an aspect of this analysis

which may seem discrepant at first blush. From relativistic
heavy-ion experiments one infers a temperature falling
with the chemical potential, from TðμB ¼ 0Þ ¼ 166 MeV.
However, to accommodate the muon excess in Auger data
one needs TðμB ¼ 2 GeVÞ ¼ 580 MeV. Details of this
discrepancy and eventual accommodation are given in
Appendix B.
In our analysis we will adopt a pragmatic approach and

avoid the details of theoretical modeling of the hadroniza-
tion process. Which of the two points of view one may find
more convincing, it seems most conservative at this point to
depend on experiments to resolve the issue. The multiplic-
ity ratio π∶K∶N ∼ 0.15∶0.45∶0.40 has been eyeball fitted
to reproduce the anomalous muon signal observed in Auger
data. We show the success of this protocol in the next
section. Here we simply note that these ratios are in partial
agreement with (12) and (17) for ϰ ∼ 7.

III. AIR-SHOWER EVOLUTION

We now make contact with the shower evolution. As a
first-order approximation we adopt a basic phenomeno-
logical approach. Namely, we assume that the hadronic
shower carries a fraction fh of the total energy of the
primary cosmic ray E, which scales as

fh ∼ ð1 − fEMÞngen ; ð18Þ

where ngen is the number of generations required for most

pions to have energies below ξπ
�

c and fEM is the average
fraction in electromagnetic particles per generation [49].
In the canonical framework hadronic interaction models
transfer about 25% of the energy to the electromagnetic
shower. Conspicuously, the production of light hadrons in
this canonical framework is virtually local in rapidity and,
therefore, since the interaction models are tuned to fit
collider data, fEM would remain approximately constant
with energy. We have found that for the considerations in

the present work we can safely approximate that each
interaction diverts about 75% of the available energy
into pions and 15% into kaons, while 10% continues
as nucleons. Roughly speaking, this is consistent with
a multiplicity ratio π∶K∶N ≃ 0.75∶0.15∶0.10. Now,
taking then fEM ∼ 0.25 and fh ∼ 0.10 we conclude that
ngen ∼ 8.5 This is in agreement with the estimates of [49]
which indicate that the number of interactions needed to
reach ξπ

�
c is ngen ¼ 3, 4, 5, 6 for E ¼ 105, 106, 107,

108 GeV, respectively.
A comprehensive study of the uncertainties associated

with the modeling of hadronic interactions indicates that a
simple reduction of ngen to increase fh correlates with Xmax,
which becomes too shallow before Nμ is sufficiently
increased to accommodate Auger data [13].
Now, if the shower is initiated in a fireball explosion in

the first generation, then we have seen that we can
approximate the multiplicity ratios by ∼0.15∶0.45∶0.40.
Moreover, this is a completely inelastic process, but differs
from the usual inelastic processes in that a fireball is also
produced. We assume this fireball creates a higher multi-
plicity of particles and to a first approximation equally
partitions energy among the secondaries (thereby negating
a large leading particle effect). The fireball production thus
accelerates the cooling of the cascade and could reduce the
number of generations. We denote by n0gen the numbers of
generations for a shower initiated by a fireball. We may
then assume that n0gen ∼ 7 or 8 would be enough to reach the

critical shower energy ξπ
�

c . To include the fireball effects we
rewrite (18) as

fh ∼ ð1 − ffbEMÞð1 − fEMÞn0gen−1; ð19Þ

where ffbEM ∼ 0.05 is the fraction of electromagnetic energy
emitted by the fireball. We arrived at ffbEM from considering
the π0 fraction, equal to 1=3 the total π fraction, as before.
By substituting our fiducial numbers in (19) it is straight-
forward to see that the hadronic shower is increased by
about 30% if n0gen ¼ 8 and by about 70% if n0gen ¼ 7, in
agreement with recent Auger results [5].
Of course, (19) is a dreadful simplification of the shower

evolution. As we have noted before, the shower evolution
depends on primary energy, as well as the elasticity and
particle multiplicity which also depend on E. Note that all
these restrictions have not been specified explicitly as
separate parameters in (19), but rather as a combined
constant n0gen. Moreover, heavy meson production must
also be taken into consideration when modeling the shower

5The average neutrino energy from the direct pion decay is
hEνi ¼ ð1 − rÞEπ=2≃ 0.22Eπ and that of the muon is
hEμi ¼ ð1þ rÞEπ=2≃ 0.78Eπ , where r ¼ 0.573 is the ratio of
the muon to the pion mass squared. Thus, we can safely neglect
the missing energy in neutrinos.
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evolution (distinctively, η and η0 contribute about 4% to the
electromagnetic cascade). Unfortunately, it is difficult to
estimate accurate parameter values of the shower evolution
in a simple analytical fashion. For such a situation, a full-
blown simulation may be the only practical approach.
As a second-order approximation, we estimate the fire-

ball spectrum and propagate the particles in the atmosphere
using the algorithms of AIRES (version 2.1.1) [50]. Most of
the large multiplicity of observable quanta emitted in the
fireball is expected to come through hadronic jets produced
by the quarks. We assume that A=2 nucleons (each with
initial energy E=A) produce the fireball and that the
remaining nucleons scatter inelastically at the collision
vertex. We further assume that for the nucleons producing
the fireball, each of the valence quarks interact to give dijet
final states without any leading particle. We calculate the
total energy of each jet Ejet in the rest frame of the fireball
from the momentum fraction carried by the up and down
quarks, using CTEQ6L parton distribution functions [51].
The precise nature of the fragmentation process is

unknown. We adopt the quark → hadron fragmentation
spectrum originally suggested by Hill,

dNh

dx
≈ 0.08 exp ½2.6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnð1=xÞ

p
�ð1 − xÞ2

× ½x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnð1=xÞ

p
�−1; ð20Þ

where x≡ Eh=Ejet, with Eh being the energy of any hadron
in the jet. This is consistent with the so-called “leading-log
QCD” behavior and seems to reproduce quite well the
multiplicity growth seen in collider experiments [52].
dNh=dx ≈ ð15=16Þx−3=2ð1 − xÞ2 provides a reasonable
parametrization of (20) for 10−3 < x < 1. And so we set
the infrared cutoff to xcut ¼ 10−3. The main features of the
jet fragmentation process derived from this simplified
parametrization are listed in Table I. Using the multiplicity
ratios derived in the previous section and the fractional
equivalent energies given in Table I, we construct the
fireball particle spectra. More specifically, for each jet, we
start first from x ¼ 1 and integrate down in x until three

leading hadron particles are obtained. The resulting interval
in x is Δx≡ ðx2 ¼ 1Þ − x1, as shown in column 3, with x2
and x1 values listed in columns 2 and 1, respectively. We
assign one of three species types to each hadron using the
π∶K∶N weights. The energy fraction of the jet contained in
these three hadrons is given in column 4, and the average
energy fraction for each of these three hadrons, denoted
xequivalent, is given in column 5. Next, we duplicate the
procedure for the remaining hadron species following the
splitting of fractional energies,

R
x2
x1
Nhdx, as given in

column 3, and assigning to each hadron in the interval
the corresponding xequivalent from column 5. Note that for
each subsequent Δx interval, the fractional hadron energy
xequivalent is significantly smaller; this feature allows us to
sensibly truncate the process after five intervals at our
cutoff value xcut. The mean energy of each of the fifth and
final batch of 30 hadrons produced by wee partons is
∼1=100 of the energy of each hadron produced by large
x partons in first batch. The average particle multiplicity per
jet is the sum of the column 3 entries, approximately 54.
Charge and strangeness conservation are separately
imposed by hand.
All secondary particles are boosted to the laboratory

frame. The particles are tightly beamed due to their very
high boost. The boosted secondaries are then injected
into AIRES as primaries of an air shower initiated at the
collision vertex. The vertex of the primary interaction is
determined using the mean free path of a 14N nucleus with
E ¼ 1010 GeV. We set the observation point at 1.5 km
above sea level, which is the altitude of Auger. All shower
particles with energies above the following thresholds were
tracked: 750 keV for gammas, 900 keV for electrons and
positrons, 10 MeV for muons, 60 MeV for mesons, and
120 MeV for nucleons. The geomagnetic field was set to
reproduce that prevailing upon the Auger experiment. For
further details, see Appendix C. Secondary particles of
different types in individual showers were sorted according
to their distance d to the shower axis. Our results are
encapsulated in Fig. 1, where we compare the density
distribution of μ� at ground level for a typical nitrogen
shower processed by the AIRES kernel with that of a
nitrogen fireball explosion. The vertical axis is given in
arbitrary units to indicate the large systematic uncertainty in
the normalization of the lateral distribution, which is
induced by the different predictions of high-energy had-
ronic event generators. Importantly, the comparison of
hadron and fireball fluxes is not arbitrary. It is easily seen
that the number of muons at d ¼ 1 km is about 40% higher
in the fireball-induced shower.
The third-order approximation should include a precise

determination of the fireball particle spectra using scaling
hydrodynamic equations, which contain the probability
amplitudes for ss̄ production and annihilation both in the
fireball phase and in the hadron gas phase [54–59]. It
should also contain a thorough high-level competitive

TABLE I. Properties of jet hadronization [53]. Columns 1 and 2
define the interval Δx ¼ x2 − x1 over which Nh hadrons are
made. Nh is listed in the third column. Column 4 presents the
fractional energy of the jet contained in these Nh hadrons, and
column 5 gives the mean fractional energy for each of these
hadrons (xequivalent).

x1 x2
R
x2
x1

Nhdx
R
x2
x1

xNhdx xequivalent

0.0750 1.0000 3 0.546 0.182
0.0350 0.0750 3 0.155 0.052
0.0100 0.0350 9 0.167 0.018
0.0047 0.0100 9 0.062 0.007
0.0010 0.0047 30 0.069 0.002
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analysis of theoretical systematics emanating from had-
ronic interaction models. This rather ambitious project is
beyond the scope of this paper, but will be the topic of a
future publication.

IV. CONCLUSIONS

Teasing out the physics of ultrahigh-energy cosmic rays
has proven to be extraordinarily challenging. The Pierre
Auger Observatory employs several detection methods to
extract complementary information about the extensive air
showers produced by ultrahigh-energy cosmic rays [12].
Two types of instruments are employed: Cherenkov particle
detectors on the ground sample air-shower fronts as they
arrive at Earth’s surface, whereas fluorescence telescopes
measure the light produced by air-shower particles exciting
atmospheric nitrogen. These two detector systems provide
complementary information, as the surface detector (SD)
measures the lateral distribution and time structure of
shower particles arriving at the ground, and the fluores-
cence detector (FD) measures the longitudinal development
of the shower in the atmosphere. A subset of hybrid
showers is observed simultaneously by the SD and FD.
These are very precisely measured and provide an invalu-
able tool for energy calibration, minimizing systematic

uncertainties and studying composition by simultaneously
using SD and FD information. Very recently, the Pierre
Auger Collaboration exploited the information in individ-
ual hybrid events initiated by cosmic rays with 109.8 ≲
E=GeV≲ 1010.2 to study hadronic interactions at ultrahigh
energies [5]. The analysis indicates that the observed
hadronic signal of these showers is significantly larger
(30% to 60%) than predicted by the leading LHC-tuned
models, with a corresponding excess of muons. The
significance of the discrepancy between the data (411
hybrid events) and the model prediction is above about
2.1σ. A deployment of a 4 m2 scintillator on top of each SD
is foreseen as a part of the AugerPrime upgrade of the
Observatory to measure the muon and electromagnetic
contributions to the ground signal separately [60]. This will
provide additional information to reduce systematic uncer-
tainties and perhaps increase the significance of the muon
excess.
Even though the excess is not statistically significant yet,

it is interesting to entertain the possibility that it corre-
sponds to a real signal of QCD dynamics flagging the onset
of deconfinement. In this paper, we have proposed a model
that can explain the observed excess in the muon signal. We
have assumed that ultrarelativistic nuclei (E≳ 109.8 GeV)
that collide in the upper atmosphere could create a
deconfined thermal fireball which undergoes a sudden
hadronization. At production, the fireball has a very high
matter density and consists of gluons and two flavors of
light quarks (u, d). Because the fireball is formed in the
baryon-rich projectile fragmentation region, the high bar-
yochemical potential damps the production of uū and dd̄
pairs, resulting in gluon fragmentation mainly into ss̄. The
strange quarks then become much more abundant and upon
hadronization the relative density of strange hadrons is
significantly enhanced over that resulting from a hadron
gas. We have shown that the augmented production of
strange hadrons by the fireball, over that resulting from a
hadron gas alone, provides a mechanism to increase the
muon content in atmospheric cascades by about 40%, in
agreement with the data of the Auger facility.
Contrary to previous proposals [13–15] to explain the

muon excess in Auger data our model relies on the
assumption that ultrahigh-energy cosmic rays are heavy
(or medium mass) nuclei. As noted elsewhere [61], upper
limits on the cosmic diffuse neutrino flux provide a
constraint on the proton fraction in ultrahigh-energy cosmic
rays, and therefore can be used to set indirect constraints on
the model proposed herein. In particular, the nearly
guaranteed flux of cosmogenic neutrinos is a decay product
from the generated pions in interactions of ultrahigh-energy
cosmic rays with the cosmic microwave background and
related radiation [62]. The spectral shape and intensity of
this flux depend on whether the cosmic-ray particles are
protons or heavy nuclei. For proton primaries, the energy-
squared-weighted flux peaks between 109.6 and 1010 GeV,

FIG. 1. Density distributions at ground level of μ� as a function
of the distance d to the shower axis. The error bars indicate the
rms fluctuations.
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and the intensity is around 1 in Waxman-Bahcall (WB)
units [63–70].6 For heavy nuclei, the peak is at much lower
energy (around 108.7 GeV [72,73]) and the intensity is
about 0.1 to 0.01 WB, depending on source evolution
[69,70]. The sensitivity of existing neutrino-detection
facilities has a reach to 1 WB, challenging cosmic-ray
models for which the highest energies are proton dominated
[74–81]. Next-generation neutrino detectors will system-
atically probe the entire range of the parameter space of
cosmogenic neutrinos [82–87]. Observation of the cosmo-
genic neutrino flux with an intensity of 0.1 to 0.01 WB
could become the smoking gun for the ideas discussed in
this paper. Complementary information can be obtained
with accompanying cosmogenic photons [88]. As a matter
of fact, the Pierre Auger Observatory has begun to probe
the region of the parameter space relevant for proton
primaries [89]. A third probe of proton-dominated ultra-
high-energy cosmic ray models is the extragalactic gamma-
ray background seen by Fermi-LAT (and, in the future,
CTA) [79,90]. For heavy nuclei, however, the cosmogenic
photon intensity is almost negligible and therefore cannot
be used (for the time being) as a harbinger signal [91].
For 109.5 ≲ E=GeV≲ 1010.6, the mean and dispersion of

Xmax inferred from the fluorescence Auger data point to a
light composition (protons and helium) towards the low end
of this energy bin and to a large light-nuclei content (around
helium) towards the high end (see Fig. 3 in [92]). However,
when the signal in the water Cherenkov stations (with
sensitivity to both the electromagnetic and muonic com-
ponents) is correlated with the fluorescence data, a light
composition made up of only proton and helium becomes
inconsistent with observations [93]. The hybrid data
indicate that intermediate nuclei, with A≃ 14, must con-
tribute to the energy spectrum in this energy bin. Moreover,
a potential iron contribution cannot be discarded.
At this stage, it is worthwhile to point out that the

production of a fireball may modify the shower evolution.
For example, after emitting Kþ and K0, the fireball has a
finite excess of s quarks, and because of the s quarks’
stabilizing effects, the fireball could form heavy multiquark
droplets S, with large strangeness [94–98]. The energy lost
by the S particles during collision with nucleons is
primarily through hard scattering, and so the fractional
energy loss per collision is ∼GeV=MS [99,100]. S pro-
duction may thus slow down the shower evolution.
Although this effect has not been included in our simu-
lations, one may wonder whether the structure observed in
the elongation rate above about 1010.4 GeV [101] could be
ascribed to the onset of S production. Of course one would
not expect a fireball to be created when nuclei just slide
along each other. The admixture of peripheral and fireball
collisions would then produce large fluctuations in the
number of muons at ground level. However, since the

critical energy for charged pions ξπ
�

c and kaons ξK
�

c is
roughly the same, the elongation rate of the muon channel
would be almost unaltered and so the muon shower
maximum Xμ;max would have small fluctuations.
Moreover, if the fireball indeed modifies the elongation
rate of the electromagnetic shower, the peripheral collisions
would also tend to increase the dispersion of Xmax,
mimicking what is expected for a light composition in
the canonical framework where no fireballs are being
produced in this energy range.
In closing, we comment on the differences between our

model and the proposal by Farrar and Allen (FA) [13],
which also relies on QCD dynamics at high temperature. To
better understand the differences between these models we
first note that at low energies, QCD exhibits two interesting
phenomena: confinement and (approximate) spontaneous
chiral symmetry breaking. These two phenomena are
strong-coupling effects, invisible to perturbation theory.
The confinement force couples quarks to form hadrons and
the chiral force binds the collective excitations to Goldstone
bosons.
As a matter of course, there is no relation a priori

between these two phenomena; in thermodynamics, the
associated scales are characterized by two distinct temper-
atures, Tc and Tχ . For T > Tc, hadrons dissolve into quarks
and gluons, whereas for T > Tχ, the chiral symmetry is
fully restored and quarks become massless, forming an
ideal quark-gluon plasma. The μB − T phase diagram of
hadronic matter thus contains a confined phase consisting
of an interacting gas of hadrons (a resonance gas) and a
deconfined phase comprising a (nonideal) gas of quarks
and gluons [102]. The phase boundary reflects the present
uncertainties from lattice QCD extrapolated to finite
baryochemical potential. The intermediate region in
between the hadron gas and the ideal quark-gluon plasma
is the domain of the thermal fireball. The existence of this
intermediate region with deconfined massive quarks and
gluons is also conjectured from high-statistics lattice-QCD
calculations, which indicate that, for T ∼ 3Tc, the energy
density is about 85% of the Stefan-Boltzmann energy
density for the ideal quark-gluon plasma [27]. Note that
this temperature is not inconsistent with our estimate in
(16). In the FA model, the pion suppression is a direct
consequence of massless quarks living above the chiral
symmetry restoration temperature, i.e., T > Tχ . In our
model, however, the pion suppression is the result of the
large baryochemical potential which forbids the creation of
light uū and dd̄ pairs, allowing abundant production of
massive ss̄ via gluon fragmentation. This process naturally
occurs in the fireball boundary phase (where T < Tχ), and
is a consequence of the high nucleon density of Lorentz-
boosted nuclei. In principle, it is possible that the muon
excess observed in Auger data originates in a combination
of these two high-temperature QCD phenomena. Note that
if ultrahigh-energy cosmic rays are heavy (or medium6

1 WB ¼ GeVðcm2 s srÞ−1 [71].
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mass) nuclei and the observed muon excess is not the result
of a large baryochemical potential suppressing the pro-
duction of uū and dd̄ pairs, but rather an effect of chiral
symmetry restoration, then the excess should also be visible
at

ffiffiffi
s

p
≈ 80 TeV, which corresponds to the center-of-mass

energy in collisions of projectile cosmic-ray protons with
E ≈ 109.5 GeV. This disparity could be used to discrimi-
nate among dominance between these two pion-suppres-
sion mechanisms.
On the one hand, a model consistent with all data

requiring heavy nuclei at the high-energy end of the
spectrum is generally considered a bit disappointing
[103], especially for neutrino and cosmic-ray astronomy.
On the other hand, we have shown that even if heavy nuclei
dominate at the highest energies, upon scattering in Earth’s
atmosphere these nuclei could become compelling probes of
QCD dynamics at high temperatures, particularly in the not-
so-well-understood fireball boundary phase. Should this be
the case, future AugerPrime data would provide relevant
information on the strange quark density of the nucleon,
complementing measurements at heavy-ion colliders.
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APPENDIX A: FERMI-DIRAC AND
BOSE-EINSTEIN INTEGRALS

For the sake of completeness, in this appendix we
provide all of the formulas used for computing the number
densities of s̄, q̄, and g.
The Fermi-Dirac and Bose-Einstein distributions (6) can

be rewritten as infinite sums of Boltzmann distributions,

fðpÞi;� ¼ 1

ð2πÞ3
1

eð
ffiffiffiffiffiffiffiffiffiffiffi
p2þm2

i

p
−μiÞ=T � 1

¼ 1

ð2πÞ3
X∞
n¼1

ð∓Þnþ1e−nð
ffiffiffiffiffiffiffiffiffiffiffi
p2þm2

i

p
−μiÞ=T: ðA1Þ

Following [104] we introduce the dimensionless variables,
z and τ:

z ¼ mi

T
; τ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

i

p
T

; jpj ¼ T
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ2 − z2

p
;

jpjdjpj ¼ T2τdτ; jpj2djpj ¼ T3τ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ2 − z2

p
dτ:

In terms of τ and z, the number density for the Boltzmann
distribution can be written as

nBi ¼
Z

d3p
ð2πÞ3 e

ðμi−
ffiffiffiffiffiffiffiffiffiffiffi
p2þm2

i

p
Þ=T

¼ 4π
T3

ð2πÞ3 e
μi=T

Z
∞

z
dτðτ2 − z2Þ1=2τe−τ: ðA2Þ

A closed form expression can be found for nBi in terms of
the modified Bessel function

KnðzÞ ¼
2nn!
ð2nÞ!

1

zn

Z
∞

z
dτðτ2 − z2Þn−1=2e−τ: ðA3Þ

Note that KnðzÞ has another representation, which follows
from (A3) by partial integration,

KnðzÞ ¼
2n−1ðn − 1Þ!
ð2n − 2Þ!

1

zn

Z
∞

z
τðτ2 − z2Þn−3=2τe−τ: ðA4Þ

The modified Bessel function has a recurrence relation,

Knþ1ðzÞ ¼
2nKnðzÞ

z
þ Kn−1ðzÞ; ðA5Þ

such that if the expressions for K0ðzÞ and K1ðzÞ are known,
all the others can be easily obtained. From (A4) it is
straightforward to obtain

K2ðzÞ ¼
1

z2

Z
∞

z
τðτ2 − z2Þ1=2τe−τ; ðA6Þ

and so (A2) becomes

nBi ¼ T3

2π2
z2K2ðzÞ ¼

T3

2π2

�
mi

T

�
2

K2

�
mi

T

�
eμi=T : ðA7Þ

For the Fermi-Dirac distribution, the number density is
found to be

nFDi ¼ T3

2π2
X∞
n¼1

ð−1Þnþ1
1

n3

�
nmi

T

�
2

K2

�
nmi

T

�
enμi=T: ðA8Þ

For the Bose-Einstein distribution, the number density is
given by

nBEi ¼ T3

2π2
X∞
n¼1

1

n3

�
nmi

T

�
2

K2

�
nmi

T

�
enμi=T: ðA9Þ

In the limit mi → 0 and μi → 0 we immediately obtain

nBEi ¼ T3

π2
X∞
n¼1

1

n3
¼ T3

π2
ζð3Þ; ðA10Þ

where ζðxÞ is the Riemann function. Finally, using (A8)
and (A10), it is straightforward to obtain (8), (9), and (11).
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APPENDIX B: μB⇋T CONNECTION

Our best understanding of the thermodynamical proper-
ties of QCD at vanishing baryon density is rooted on high-
statistics lattice-QCD numerical simulations. However, if
the baryon density is nonzero, these simulations break
down. The only physically relevant analyses for which the
obstacles of lattice QCD can be circumvented are those
dealing with small baryon density or, more accurately,
small μB. Namely, if we are interested in the observable
OðμBÞ, we can expand it in powers of μB as

OðμBÞ ¼ O0 þO1μB þO2μ
2
B þ � � � ðB1Þ

and try to determine the series coefficients [105]. Which
values of μB can be considered small enough to give
reliable results with this procedure is something that can
only be determined a posteriori by the convergence
property of the series, limited by the accuracy in the
evaluation of the expansion coefficients. One such observ-
able is the quark-hadron crossover line. Data from heavy-
ion colliders suggest that the energy dependence of this line
can be parametrized as

TðμBÞ ¼ a − bμ2B − cμ4B; ðB2Þ
with a¼ð0.166�0.002ÞGeV, b¼ð0.139�0.016ÞGeV−1,
and c¼ð0.053�0.021ÞGeV−3, and that the baryochemical
potential can be parametrized as

μBð
ffiffiffi
s

p Þ ¼ a
1þ b

ffiffiffi
s

p ; ðB3Þ

with a ¼ ð1.308� 0.028Þ GeV and b ¼ ð0.273�
0.008Þ GeV−1 [106]. Interestingly, the lattice-QCD calcu-
lation converges towards the quark-hadron crossover line as
μB → 0 [107,108], but it appears to depart from this line at
large values of μB [109]. This a widely discussed feature
[110–114] which has, however, not been conclusively
understood. (Several hadronization schemes have been
proposed, see e.g. [115]. They differ in the geometry
and in the flow velocity profile.) This perplexing region
may well be relevant to cosmic-ray observations.
Our results in the region shown in Fig. 2 suggest that this
is so.

APPENDIX C: MONTE CARLO SIMULATION
OF AIR SHOWERS

The AIRES simulation engine [50] provides full space-
time particle propagation in a realistic environment, taking
into account the characteristics of the atmospheric density
profile (using the standard U.S. atmosphere), Earth’s
curvature, and the geomagnetic field (calculated for the
location of Auger with an uncertainty of a few percent
[128]). The following particles are tracked in the
Monte Carlo simulation: photons, electrons, positrons,
muons, pions, kaons, eta mesons, lambda baryons, nucle-
ons, antinucleons, and nuclei up to Z ¼ 36. The high-
energy collisions are processed by invoking external
hadronic event generators, whereas the low-energy ones
are processed using an extension of the Hillas splitting
algorithm [129].
The AIRES program consists of various interacting

procedures that operate on a data set with a variable
number of records. Several data arrays (or stacks) are
defined. Every record within each of these stacks is a
particle entry and represents a physical particle. The data
contained in every record are related to the characteristics
of the corresponding particle. The particles can move inside
a volume within the atmosphere where the shower takes
place. This volume is limited by the ground, the injection
surfaces, and by vertical planes which limit the region of
interest. Before starting the simulation, all the stacks are
empty. The first action is to add the first stack entry, which
corresponds to the primary particle. Then the stack
processing loop begins. The primary is initially located
at the injection surface, and its downwards direction of
motion defines the shower axis. After the primary’s fate has
been decided, the corresponding interaction begins to be
processed. The latter generally involves the creation of new
particles which are stored in the empty stacks and remain
waiting to be processed. Particle entries are removed when
one of the following events happen: (i) the energy of the
particle is below the selected cut energy; (ii) the particle
reaches ground level; (iii) a particle going upwards reaches

FIG. 2. Relation between μB and T as obtained in statistical-
thermal model fits to Auþ Au and Pbþ Pb collision systems by
numerous groups [116–127] over a wide range of energies. The
solid line is the parametrization (B2). The lower left-hand corner
is dominantly the hadron phase. The region above the crossover
line is dominantly the quark-gluon fireball phase. The black star
indicates the required value for our model to describe Auger data.
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the injection surface; and (iv) a particle with quasihor-
izontal motion exists in the region of interest. After having
scanned all the stacks, it is checked whether or not there are
new particle entries pending further processing. If the
answer is positive, then all the stacks are scanned once
more; otherwise the simulation of the shower is complete.

For the present analysis, we use the AIRES module for
special and/ormultiple primary particles. This useful feature
allows us to dynamically call a user-defined module that
tracks the interactions of a bundle of particles returning a
handy list of secondaries, which can be conveniently con-
trolled by the propagating engine for further processing.
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