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The shape of the longitudinal development of the showers generated in the atmosphere by very high-
energy cosmic ray particles encodes information about the mass composition of the flux, and about the
properties of hadronic interactions that control the shower development. Studies of the shape of the depth of
maximum distributions of showers with E≳ 1017.3 eV measured by the Pierre Auger Observatory, suggest,
on the basis of a comparison with current models, that the composition of the cosmic ray flux undergoes a
very important evolution, first becoming lighter and then rapidly heavier. These conclusions, if confirmed,
would have profound and very surprising implications for our understanding of the high-energy
astrophysical sources. Studies of the shape of the depth of maximum distribution in the same energy
range have been used by the Auger and Telescope Array Collaboration to measure the interaction length of
protons in air, a quantity that allows to estimate the pp cross sections for values of

ffiffiffi
s

p
well above the LHC

range. In this paper we argue that it is desirable to combine in a self-consistent way the studies of the cosmic
ray composition with those aimed at the measurement of the p-air cross section. The latter necessarily
provide information on both the fraction of protons in the flux and the properties of the showers generated
by protons, that can be of great help in decoding the cosmic ray composition and in constraining the models
of air shower development. At the same time a good determination of the cosmic ray composition, in
particular of the helium component, is essential to infer correctly from the data the proton-air cross section.

DOI: 10.1103/PhysRevD.103.103009

I. INTRODUCTION

The study of ultrahigh-energy cosmic rays (UHECR)
with E≳ 1017 eV is essential to develop an understanding
of high-energy sources in the universe. At present the shape
of the all-particle spectrum in this energy range is reason-
ably well measured, thanks to the fact that fluorescence
light observation [1] of cosmic ray (CR) showers allow a
calorimetric, in good approximation model independent
measurement of the primary particle energy. The compo-
sition of the cosmic ray flux remains, however, more poorly
determined. Information about the mass of the primary
particle is encoded in the shape of the longitudinal profile
of the showers, however the determination of the compo-
sition from the data is difficult because the development of
the CR showers also depend on the properties of hadronic
interactions, that are not well understood. Uncertainties
associated with the description of hadronic interactions are
the main limitation for the program to determine the CR
composition from fluorescence light observations.
It is generally recognized that QCD gives the funda-

mental Lagrangian that describes hadronic interactions in
terms of quark and gluon fields, however at present we are

not able to use the theory to compute all phenomenologi-
cally relevant quantities from first principles. Experimental
studies at accelerators have provided a large amount of
information that allows us to model with reasonable
accuracy interactions in a broad range of energies, but
the study of UHECR requires an extrapolation (up toffiffiffi
s

p
≃ 430 TeV) from the highest energy results (obtained

at LHC at
ffiffiffi
s

p ¼ 13 TeV). This of course also offers the
possibility to use CR observations to perform experimental
studies of hadronic interactions above the LHC range.
The problem here is that these two goals appear to be in

conflict with each other. On one hand, the measurement of
the CR composition requires a comparison of the data with
models that must include a description of the properties
of hadronic interactions, and on the other hand it is
problematic to extract information about hadronic inter-
actions from CR data, because the mass composition of the
“beam” is not known. An attractive possibility is to use self-
consistency in the simultaneous study of several different
observables to extract information on both the CR compo-
sition and hadronic interactions (see, for example, [2]).
In recent years very large aperture cosmic ray detectors

such as the Pierre Auger Observatory in Argentina [3] and
the Telescope Array in the USA [4] have collected large
statistics of events in the UHE range. Interpretations of the*paolo.lipari@roma1.infn.it
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(higher statistics) Auger observations based on a compari-
son of the data with Monte Carlo simulations that include
detailed descriptions of hadronic interactions suggest that
the CR composition is continuously changing with energy
[5–8], first becoming lighter (for E≲ 1018.3 eV) and then
very rapidly heavier, with indications that the spectra of
different elements have sharp cutoffs at maximum energies
that are roughly proportional to the nucleus electric charge
Z. These results, if confirmed, would have profound and
very surprising implications for high-energy astrophysics,
and it is very important to confirm (or falsify) them with
additional studies. Studies on the cosmic ray composition
have also been performed by the Telescope Array detector
[9,10]. The consistency of the Auger and Telescope Array
results is under careful study (see the discussions in
Refs. [11,12]).
The interpretation of the Auger data in terms of an

energy dependent composition is based on a comparison of
the data with Monte Carlo models, and the detailed form of
the energy dependence of the composition is model
dependent. It is therefore very important to try to validate
the models used in these studies, and if possible narrow the
range of theoretical uncertainties.
The observations of the longitudinal profiles of UHE

showers have also been used to obtain measurements of the
p-air inelastic (production) cross section [13–17], in an
energy range (

ffiffiffi
s

p
≃ 30–95 TeV for nucleon-nucleon col-

lisions) that is above the maximum energy obtained at
LHC. From these measurements it is possible to infer the
cross sections for pp collisions using well-established
theoretical concepts that relate the properties of hadron-
nucleon and hadron-nucleus collisions [18].
These cross section measurements adopt a method

pioneered by the Fly’s Eye Collaboration [13] that relates
the slope of the exponential tail of the distribution of depth
of maximum of the showers to the interaction length of
protons in air. The authors of these works argue that the
results are (in good approximation) model independent,
that is insensitive to other properties of hadronic inter-
actions such as the average multiplicity or the inclusive
spectra of final state particles, and also insensitive to the
exact composition of the CR flux, as long as protons are a
significant component.
The main goal of this paper is to argue that there are

significant advantages if these two type of studies, that use
the same data to achieve different goals (the measurement
of the CR mass composition and the p-air cross section) are
combined and performed together. The measurement of the
proton cross section must after all necessarily identify a
proton component, and it is natural to include this infor-
mation in the study of the CR composition.
A combined study of composition and of the shape of

proton-induced showers offers the possibility to reduce the
systematic errors for both measurements. In addition,
and perhaps even more important, a study where more

observables are considered simultaneously allows more
stringent tests for the validity of the Monte Carlo codes. It is
methodologically important not to discard a priori the
logical possibility that our current understanding of had-
ronic interactions is incomplete and that new phenomena,
not detectable at lower energy with accelerator experi-
ments, are present in the UHECR range and distort the
interpretation of the data. These phenomena can be
revealed in multiparameter studies of the shower properties.
This work is organized as follows, in the next section we

review some relevant UHECR observations. Section III
discusses the evolution of the cosmic ray composition that
can be inferred comparing Monte Carlo models with the
Auger measurements of the average and width of the depth
of maximum of the showers. The following section dis-
cusses the measurements of the proton-air cross section
obtained from the study of the shape of the Xmax distri-
butions, and discusses how this information also allows
to estimate the fraction of protons in the cosmic ray flux.
The last section contains some final considerations.

II. OBSERVATIONS OF ULTRAHIGH-ENERGY
COSMIC RAYS

A. All-particle energy spectrum

Cosmic rays at very high energy can be observed using
two different techniques [1]. In the “surface array tech-
nique” a network of sensors at the surface of the Earth
observes a fraction of the particles in the shower that reach
the ground. In the “fluorescence technique” the photons
isotropically emitted by nitrogen molecules excited by the
passage of a CR shower are observed by telescopes at the
ground to reconstruct the longitudinal profile NðXÞ, which
is the number of charged particles at column density X.
Integrating the longitudinal profile NðXÞ over all X and

multiplying by the average energy loss hdE=dXi of
relativistic charged particles in air, one obtains the energy
of the shower dissipated as ionization in the atmosphere, a
quantity that accounts for most of the primary particle
initial energy. Including corrections for the “invisible
energy” carried by neutrinos and for the energy dissipated
in the ground, the measurement of the longitudinal profile
yields then an estimate of the energy of the primary CR
particle that is in good approximation independent from its
mass, and from the modeling of the shower development.
Cosmic ray observatories such as Auger and Telescope
Array are hybrid detectors that use both techniques, and the
fluorescence light observations can then also be used to
calibrate the data of the surface array, allowing a determi-
nation of the all-particle spectrum with higher statistics.
Figure 1 show measurements of the all-particle spectrum

obtained by the Pierre Auger Observatory (taken from [19]
for E > 2.5 × 1018 eV and from [20] at lower energy), and
by Telescope Array [21] and TALE [22]. The results are
in reasonably good agreement, with some discrepancies
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emerging only at the highest energies. The main spectral
features are
(A) A softening around E ≃ 1.5 × 1017 eV, commonly

called the “second knee.”
(B) A marked hardening commonly called the “ankle”

observed by both Auger and Telescope Array
at E ≃ 5.0 × 1018 eV.

(C) In the energy decade between the second knee and
the ankle the all-particle spectrum is well described
by a simple power law. The spectral index is
estimated by Auger in the entire energy interval
[20] as γ1 ¼ 3.27� 0.05, and for E > 2.5 ×
1018 eV in [19] as γ1 ≃ 3.29� 0.02� 0.1. The best
fit for Telescope Array [21] is γ1 ≃ 3.28� 0.02.

(D) A strong suppression of the flux is observed
at E ≈ 5 × 1019 eV.

(E) The Auger Collaboration [19,20] has fitted the
spectral shape between the ankle and the high-
energy suppression as a broken power law, with a
spectral break at Eb ≃ ð13� 1� 2Þ × 1018 eV, and
exponents γ2 ≃ 2.51� 0.03� 0.05 and γ3 ≃ 3.05�
0.04� 0.10 in the lower and higher energy range.
The spectrum measured by Telescope Array in the
same range is consistent with an unbroken power
law of slope 2.68� 0.02.

To understand the origin of the spectral features in the all-
particle spectrum, it seems vital to determine also the
composition as a function of energy.

B. Depth of maximum distributions

While the integral of a shower longitudinal profile is
entirely determined by the primary particle energy, its
shape depends on the mass number A of the particle, and on
the properties of hadronic interactions. A shower profile
can be characterized by several parameters (see, for
example, the discussion in [23]), however, essentially all

studies until now have relied entirely of the most character-
istic one, the depth of maximum Xmax that is the column
density where the profile has its maximum.
Shower development is a stochastic process where fluc-

tuations are large and important. Therefore the showers
generated by primary particles of a fixed energy and mass
number have a broad distribution of depth of maximum
FAðXmax; EÞ. SimulationwithMonteCarlo codes allowsus to
construct predictions for the Xmax distributions that can then
be compared to the data to infer the CR mass composition.
In principle, if one has a good model for the development

of the CR showers, it is straightforward to infer the
composition of the spectrum from the measurements of
the Xmax distributions. The model allows us to compute the
expected shape of the distribution for each particle type, and
then one can fit the observed distribution (in each energy bin)
using as free parameters the fractions ffAg for different
nuclei in the spectrum. This program has been performed
by the Auger Collaboration in [5] for showers above an
energy of E ¼ 1017.8 eV collected from December 2004 to
December 2012, interpreting the data using three different
Monte Carlo codes. This type of study determines the
fractions of all components in the CR flux, including the
proton one, and are the best and most complete method to
study the composition, avoiding, in principle, the ambiguities
of methods that use more limited information such as what is
contained in the first two momenta of the distributions.
The discussion on the composition of the CR flux can be

simplified (but at the cost of losing some information)
studying the first two momenta of the depth of maximum
distributions. In the following we will present a study based
on this approach, following closely ideas first developed
in [24].
Measurements of the average hXmaxi and width W ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hX2

maxi − hXmaxi2
p

of the depth of maximum for the
showers detected by Auger [25] in different energy bins
are shown in Fig. 2 together with prediction for pure
compositions of protons and iron nuclei calculated for three
models for shower development: QGSJet II-04 [26], EPOS-
LHC [27], and Sibyll 2.3c [28].
Measurements of hXmaxi andW have also been obtained

by Telescope Array [29]. The results of the two experi-
ments, however, cannot be directly and easily compared to
each other because the measurements made public have not
been corrected for significant detector acceptance effects.
The question of the consistency between the results on
composition of the two experiments has been the object of
detailed joint studies [11,12] that will not be reviewed in the
present work, which in the following will concentrate on
the interpretation of the higher statistics Auger data.
Inspecting Fig. 2 one can see that the three models have

predictions for the average and width of the depth of
maximumdistributions that have some important similarities:

1. The average Xmax for protons in good approximation
grows linearly with logE, with an elongation rate
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FIG. 1. All particle energy spectrum of very high-energy
cosmic rays. The measurements are by Auger [19,20], Telescope
Array [21] and TALE [22]. The lines are fits to the data reported
in the original publications.
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DðEÞ ¼ dhXi=d logE that is approximately energy
independent. For protons at E ≃ 1018.5 the three
models have elongation rates that are very similar:
54.0, 56.7, and 57.2 g=ðcm2 decadeÞ (for QGSJet II-
04, EPOS-LHC, and Sibyll 2.3c, respectively).

2. The absolute value of the depth of maximum for
protons is, however, model dependent, with predic-
tions (always at E ≃ 1018.5) for the three models:
hXpi ¼ 760, 778, and 790 g=cm2.

3. The average depth of maximum for iron nuclei has
approximately the same energy dependence as for
protons, so that the difference in hXmaxi between
proton and iron showers is approximately constant,
and has only a small model dependence, with value
hXpi − hXFei ≃ 90–100 g=cm2. This can be under-
stood noting that the shower generated by a nucleus
of energy E and mass number A, in good approxi-
mation can be described as the superposition of A

nucleon showers of energy E=A. The energy and
mass dependences of the average depth of maximum
can then be summarized with a simple equation that
is not exact, but captures the main properties of the
current models:

hXAðEÞi ≃ hXpðE0Þi þD0 log

�
E

AE0

�
; ð1Þ

where E0 is an arbitrary reference energy, hXpðE0Þi
is the average depth of maximum for protons at this
energy, and D0 is a theoretical “elongation rate” that
is approximately energy independent.

4. The width of the Xmax distributions changes
only slowly with energy, and decreases with A, being
of order 60 g=cm2 for protons and 20 g=cm2 for
iron, with only a weak model dependence. First
order approximations of the A dependence are
W2

A ≃W2
pA−0.5, or W2

A≃W2
p½1−a logAþbðlogAÞ2�

(with a and b adimensional positive constants).
Using the approximation of Eq. (1) one finds that for a

mixed composition the average of the depth of maximum
distribution at the energy E is

hXmaxðEÞi ≃ hXpðEÞi −D0hlogAðEÞi; ð2Þ

and depends linearly on the average of the logarithm of the
mass number of the particles that form the flux, while the
width takes the form

W2ðEÞ ≃ hW2
AðEÞi þD2

0 σ
2
logAðEÞ; ð3Þ

where the first term is the average of the widths of the
distributions of the different mass components appropri-
ately weighted, and in the second term σlogA is the r.m.s. of
the logA distribution. It is instructive to consider the simple
case of a spectrum formed by two components of mass A1

and A2, when Eq. (3) can be rewritten (leaving implicit the
energy dependence) as

W2 ≃ f1W2
A1

þ ð1 − f1ÞW2
A2

þD2
0f1ð1 − f1Þ½logA1 − logA2�2; ð4Þ

where f1 is the fraction of the flux of the A1 component. If
the two mass numbers A1 and A2 are sufficiently different,
the last term in the equation, which takes into account the
fact that the distributions of the two components are
centered on different average values, becomes dominant.
For example, combining protons with iron, and using the
values for Wp and WFe of the current Monte Carlo models,
one finds that the dispersion of the mixed composition is
larger than the width for a pure proton composition if
fp ≳ 0.31, with the broadest distribution (W ≈ 1.15Wp)
obtained for fp ≈ 0.65. Similarly, combining proton with
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FIG. 2. Measurements of the average hXmaxi (top panel) and
dispersion W ¼ ½hX2

maxi − hXmaxi2�1=2 (bottom panel) of the
depth of maximum distributions measured by the Pierre Auger
Observatory in different energy intervals [25]. The predictions for
protons and iron nuclei particles are calculated using the hadronic
models QGSJet II-04 [26], EPOS-LHC [27], and Sibyll 2.3c [28].
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silicon, the width of the mixture is broader than for pure
protons when fp ≳ 0.43, with the broadest distribution
(W ≈ 1.08Wp) obtained for fp ≃ 0.71.
In [25] the elongation rateDdata of theAugermeasurement

is fitted to the values 77� 2 and 26� 2 [in units
g=ðcm2 decadeÞ] below and above the energy E�≃
1018.3 eV. Since the elongation rate of the models for
constant compositions D0 is predicted to be in the range
54–61 g=ðcm2 decadeÞ, one has to conclude that if the
models are correct, the CR composition must change with
energy, becoming gradually lighter in the lower energy
range, and then gradually heavier at higher energy.
The measurements of the width of the Xmax distribution

are a very important constraint on the evolution of the
composition. Below E� ≃ 1018.3 eV the width is approx-
imately constant, with a value W ≃ 60 g=cm2 that is
consistent with the prediction for a pure proton composi-
tion. At higher energy the width decreases monotonically,
reaching a value of order 30 g=cm2 at E ≈ 1019.5 eV.
The CR composition at a given energy is determined by

the set ffAg that give the fractions of the flux in nuclei of
mass number A. Given these mass fractions, and a model
for shower development that predicts the values of hXAi
and WA, it is straightforward to compute the expected
average and width of the depth of maximum distribution.
The inverse mapping, however, has not in general a unique
solution because different compositions can result in Xmax
distributions that have identical average and dispersion. It
has been show [24] that in a reasonably good approxima-
tion there is a one to one mapping between fhXmaxi;Wg
and the pair of parameters fhlogAi; σ2logAg, that give the
average and r.m.s. of the logA distribution.
For any value of the energy, and fixing the model for

shower development, there is an allowed region in the plane
fXmax;Wg, that is a set of values that can be obtained for a
possible combination of nuclei. One example of such an
allowed region (for E ¼ 1017.5 eV and using the QGSJetII-
04 model) is shown as a shaded area in Fig. 3. This region
has been calculated assuming for simplicity that only five
nuclei (p, 4He, 14N, 28Si, and 56Fe) give non-negligible
contributions to the CR spectrum. Because of the poor mass
resolution of the observations this is a good approximation
if one interprets each component as the sum of contribu-
tions of the nuclei in appropriate mass number intervals.
This description of the composition has been widely used
for the study of high-energy cosmic rays.
In the figure one can easily identify the five points that

correspond to pure compositions, while the curved lines
that connect two such points corresponds to all pairs of
values fhXmaxi;Wg that can be obtained with compositions
formed by two components. The boundary of the allowed
region is formed by a subset of these two-component lines.
The upper part of the boundary is the curve for proton-iron
combinations, and the lower part of the boundary is formed

by combinations of two elements that are adjacent in mass:
proton-helium, helium-nitrogen, nitrogen-silicon, and sili-
con-iron. It should be noted that if the point fhXmaxi;Wg is
near the boundary of the allowed region the composition is
a two-component mixture and is uniquely determined.
The allowed region in the plane fhXmaxi;Wg changes

with energy and is determined by the model. This is
illustrated in Fig. 4, which shows the allowed region for
the three models introduced above and for two values of the
primary particle energy (E ¼ 1017.5 and E ¼ 1019.5 eV).
Increasing the energy the allowed region moves to higher
values of hXmaxi, while the width W changes only slowly.
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FIG. 3. Allowed region in the plane fhXmaxi; Wg calculated
using the hadronic model QGSJetII-04 [26] at the energy E ¼
1017.5 eV and considering the contributions of 5 nuclei (p, 4He,
14N, 28Si, and 56Fe). The lines show points that can be generated
by the combinations of two nuclei.
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FIG. 4. Allowed regions in the plane fhXmaxi;Wg calculated
using three hadronic models (QGSJetII-04, Epos-LHC, and
Sibyll 2.3c) for two energies E ¼ 1017.5 and 1019.5 eV.
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From Fig. 4 one can see that the position of the allowed
region is energy and model dependent, but has a shape that
remains in good approximation constant. This suggests to
study the evolution with energy of the CR mass compo-
sition introducing rescaled (adimensional) variables:

x ¼ hXmaxi − hXFei
hXpi − hXFei

ð5Þ

and
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FIG. 5. The Auger measurements of the average and dispersion of the depth of maximum distributions (shown in Fig. 2) are
represented as points in the plane of the rescaled variables x and y [see Eqs. (5) and (6)]. Three panels show the results for the three
hadronic models QGSJetII-04, Sibyll 2.3c and EPOS-LHC. The contour of the allowed region in the fx; yg plane (for each model) has a
weak energy dependence, and in each panel the contour is shown for three values of the energy (log10 E ¼ 17.5, 18.5 and 19.5), the
difference between the contours remains always small. The broken line connects data points in adjacent energy intervals, with the
highest energy point the one with the lowest x and y values. The last panel shows the trajectory in the space fx; yg for the composition
model discussed in the text (and shown in Fig. 8) calculated using the EPOS-LHC model (representative values of log½EðevÞ� are
labeled). In all panels the shaded area shows the region of parameters space allowed for the combination of five nuclei considered. The
darker shaded areas indicate the parameter regions that are physically possible for a fixed proton fraction [with values fp ¼ 0.75,
fp ¼ 0.5, fp ¼ 0.25, and fp ¼ 0 as marked, a pure proton composition (fp ¼ 1) corresponds to the corner at the upper right].
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y ¼ W −WFe

Wp −WFe
: ð6Þ

In these expressions hXmaxi and W are obtained from the
data, while the other quantities must be calculated using a
model for shower development.
In good approximation a point in the plane of the

rescaled variables fx; yg is mapped to the same values
of the mass fractions ffAg independently from the energy;
therefore the trajectory of the point in this plane that
describes the measurements (for different energies) is a
good method to visualize the evolution of the CR
composition.
This idea is illustrated in Fig. 5 where the Auger

measurements of hXmaxi and W at different energies are
shown as points with error bars in the plane fx; yg after
rescaling the results [with Eqs. (5) and (6)] using the
theoretical predictions of the three models (QGSJetII-04,
EPOS-LHC, and Sibyll 2.3c).
The first panel in Fig. 5 shows the results for the

QGSJetII-04 model. In this case the points at high energy
are outside the allowed region indicating that the model is
not viable. The second and third panel show the results
using the Sibyll 2.3c and EPOS-LHC models. Using these
models the Auger observations can have a consistent
interpretation, however the evolution of the composition
indicated by these studies has some very remarkable and
surprising properties, as discussed in the next section.
In Fig. 5 the regions in the plane fx; yg plane that

correspond to certain representative values of the proton
fraction (fp ¼ 1, 0.75, 0.5, 0.25 and 0) are indicated. This
allows us to note that at high energy the points that describe
the measurements move toward small values of the proton
fraction.

III. INTERPRETATION OF THE AUGER DEPTH
OF MAXIMUM MEASUREMENTS

In this section we will discuss the interpretation of the
fluorescence light observations of Auger. Our discussion
will not include an analysis of the observations obtained by
the Auger ground array. The ground array data are of great
interest and provide very valuable information about the
CR composition [30,31], and a combined analysis of all
Auger data is not only desirable but necessary, but will not
be developed here. It should be noted that the modeling of
UHECR showers at ground level, in particular for the muon
component, requires a very accurate description of proper-
ties of hadronic interactions that do not have a significant
role for the longitudinal development (observed by fluo-
rescence light measurements), and is in many ways more
difficult. In fact the observations of the muon content of
high-energy showers obtained by several detectors have
shown anomalies [32–34] that indicate that all existing
models have flaws and need to be revised. Understanding

the origin of these anomalies remains a very important open
problem.
In the following discussion we will assume that the

models of hadronic interactions used in the Monte Carlo
simulations can correctly predict the shower longitudinal
development, and that the anomalies revealed by the
observations of muons at ground level are of negligible
importance for this type of measurements. This is clearly an
assumption that should be critically reanalyzed in future
studies.
As discussed above, Auger has measured an elongation

rate that is larger than the constant composition prediction
below the energy E� ≈ 1018.3 eV, and smaller above. This
implies that the CR composition is continuously changing,
first (for E < E�) becoming gradually lighter and then
gradually heavier. Below E� one also observes that the
width of the depth of maximum distribution is approx-
imately constant, while at higher energy it decreases
monotonically. These observations also play an important
role in determining the evolution of the CR composition.
The energy E�, where one observes these effects is close

(even if not identical) to the energy where the all-particle
spectrum exhibits the sharp hardening commonly known as
the ankle. This suggests to “identify” E� and the ankle
energy, assuming that the spectral feature and the changes
in composition have a common origin. In the following we
will first discuss the CR composition at E ≈ E� and then its
evolution below and above E�.

A. Composition for E ≈ E�

A good determination of the CR composition around the
energy E�, where it is the lightest, is a crucial element to
develop an understanding of very high-energy cosmic rays.
Observations of the shape of the tail of the depth of
maximum distribution [14] (that we will discuss in more
detail below) indicate that around this energy the spectrum
contains a large proton component. The estimate of the
fraction of the spectrum formed by protons is however
model dependent.
Inspecting Fig. 2, one can see that at E ≃ E� the QGSJet

II-04 model predicts for a pure proton composition an Xmax
distribution that (within errors) has the same average and
width of the data. This model, however, cannot provide a
consistent interpretation of the data because the measure-
ments of hXmaxi and W at higher energy fall outside the
allowed region predicted by the model, as discussed in the
previous section. The predictions of the EPOS-LHC and
Sibyll 2.3c for the average depth of maximum of a pure
proton composition are larger than the Auger measurement,
and therefore according to these models the spectrum
contains a component of higher mass nuclei.
It is instructive to discuss the case where the spectrum is

formed by only two components: protons (that account for
a fraction fp of the spectrum), and nuclei of mass number A
(that account for a fraction 1 − fp). Using Eq. (2) the
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average and width of the depth of maximum distribution at
energy E are

hXmaxi ¼ hXpi − ð1 − fpÞD0 logA: ð7Þ

hW2i ¼ fpW2
p þ ð1 − fpÞW2

A þ fpð1 − fpÞD2
0ðlogAÞ2

ð8Þ

(where we have left implicit the energy dependence). Using
a model for the predictions of the elongation rate D0, the
proton average depth of maximum hXpi and the widthsWp

and WA of the two distributions, Eqs. (7) and (8) allow
us to obtain both the proton fraction fp and the mass
number A of the second component from the measurements
of hXmaxi and W.
The results of this exercise at the energy E ¼ 1018.25 eV

are shown in Fig. 6. For EPOS one finds fp ≃ 0.71� 0.09
and A ≃ 8þ4

−3 , and for Sibyll fp ≃ 0.55� 0.07 and
A ≃ 15þ5

−4 , where the (one σ) errors take into account only
uncertainties in the experimental measurements. There is a
positive correlation between fp and A, because one can
obtain the same average hXmaxi with a smaller nuclear
component of larger mass number. For both models protons
are the most abundant component of the spectrum, but
nuclei are not negligible. The fits disfavor compositions
where the nuclear component has a very large A, because in
this case the predicted width becomes too large (as
illustrated in Fig. 7), and the mixing of protons and iron

nuclei is not allowed. The proton fraction is smaller in
Sibyll, because in this model the showers are more
penetrating than in EPOS (by approximately 15 g=cm2),
and therefore a larger contribution from nuclei is required
to lower the average depth of maximum and obtain
agreement with the data.

B. Composition below the ankle

The elongation rate measured by Auger in the energy
range 1017.25–1018.25 eV has been fitted [25] with a con-
stant value Ddata ≃ 77� 2 g=ðcm2 decadeÞ, that is signifi-
cantly larger than the model predictions for an energy
independent composition that are of order D0 ≃ 56–61
(same units). Using Eq. (2) one finds that the composition
is changing with energy with the average logA that
decreases linearly with logE:
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FIG. 6. Interpretation of the Auger measurements hXmaxi and
W at energy E ¼ 1018.25 eV in terms of a composition formed by
protons and a second component of mass A, using the EPOS-
LHC an Sibyll 2.3c models. The thick lines show the proton
fraction needed to reproduce the measured value of hXmaxi as a
function of A (with the shaded area a one sigma uncertainty
interval). The ellipses show the (one standard deviation) the
allowed region in the plane fA; fpg calculated taking into
account the measurement of the width W of the depth of
maximum distribution.
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FIG. 7. Width of the depth of maximum distribution predicted
at the energy E ¼ 1018.25 eV for a composition formed by
protons and nuclei of mass number A. For each value of A the
proton fraction fp is determined by the requirement to reproduce
the value of hXmaxi obtained by Auger [25] (the shaded area is a
1σ uncertainty band). The measured value of W (with a 1σ error)
is shown as the horizontal band. The top (bottom) panel uses the
EPOS-LHC (Sibyll 2.3c) model.
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dhlogAi
d logE

≃ −
�
Ddata

D0

− 1

�
≃ −0.3� 0.1: ð9Þ

The simplest interpretation for this change in composi-
tion is to assume that the CR spectrum in this energy range
is formed by two components: ϕlðEÞ and ϕhðEÞ one
“light” and one “heavy” (with average logarithm of mass
number logAl and logAh) that have different spectral
shapes, with the light component being harder.
Expressing hlogAi in terms of the fractions of the two

spectral components, and using Eq. (2) for the average
Xmax, it is possible to write flðEÞ (the light component
fraction at the energy E) in the form

flðEÞ ¼
1

Δ logA

�
logAh −

hXpðE0Þi − hXmaxðE0Þi
D0

�

þ 1

Δ logA

�
Ddata

D0

− 1

�
log

E
E0

ð10Þ

(where E0 is an arbitrary reference energy and
Δ logA ¼ logAh − logAl). According to this equation
the fraction flðEÞ grows linearly with logE with a slope
∝ ðΔ logAÞ−1:

dfl
d logE

≃
�
Ddata

D0

− 1

�
1

Δ logA
≃ ð0.17� 0.06Þ log 56

Δ logA
:

ð11Þ

A larger value of Δ logA, using Eq. (4), corresponds to a
more slow variation of the composition. Note that also the
constant term in Eq. (10) has the same dependence on the
mass composition of the two components ∝ ðΔ logAÞ−1.
In a two-component model, the fraction flðEÞ also

determines the width of the Xmax distribution:

W2ðEÞ ¼ W2
pflðEÞ þW2

A½1 − flðEÞ�
þ flðEÞ½1 − flðEÞ�D2

0ðΔ logAÞ2: ð12Þ

The data show that in the energy range 1017.2–1018.3 eV the
width W is approximately constant with a value of order
60 g=cm2. This is an important constraint of the possible
masses of the two components, that disfavors Δ logA
too large.
The fraction fl can only take values in the interval [0, 1],

therefore an energy dependence linear in logE can only be
valid in a limited range. It is therefore interesting to discuss
a model for the energy dependence of the spectral compo-
nents that can be extended to a broader range. A simple
scenario is one where the two components have both
power-law form, and can be written as

ϕhðlÞðEÞ ¼ ϕ†
�
E
E†

�
−γ̄∓Δγ=2

; ð13Þ

where E† is a “crossing energy” where the two components
are equal (with value ϕ†). In this model the spectral index
and the elongation rate (for the all-particle flux) are both
energy dependent:

γðEÞ ¼ γ̄ −
Δγ
2
tanh

�
Δγ
2
ln

E
E†

�
; ð14Þ

DðEÞ ¼ D0

�
1þ Δ lnAΔγ

4
cosh−2

�
Δγ
2
ln

E
E†

��
: ð15Þ

Equation (14) states that the spectral index has value γ̄ �
Δγ=2 for E ≪ E† (E ≫ E†), changing gradually around the
crossing energy, while Eq. (15) predicts that the elongation
rate is equal to D0 for energies much higher and much
lower than E†, and takes a larger value in the intermediate
region.
The observations of Auger in the energy range consid-

ered [20] are well described by a simple power-law
spectrum with exponent γ ≃ 3.27� 0.05, and a constant
elongation rate. The model with two components of power–
law form can be made consistent (taking into account
measurement errors) with these observations, because for E
in an energy interval around the crossing energy E†

determined by the condition

����Δγ2 ln
E
E†

����≲ 1

2
ð16Þ

the arguments of the functions tanh and cosh containing the
energy dependence of γðEÞ andDðEÞ in Eqs. (14) and (15),
are sufficiently small, so that it is possible to substitute
tanh x → 0, cosh x → 1, so that both quantities can be
considered constant with values

γ ≃ γ̄ ð17Þ

and

D ≃D0

�
1þ Δ lnAΔγ

4

�
: ð18Þ

The last two equations determine the spectral indices of the
two components, which have average equal to the slope of
the all-particle flux, and difference

Δγ ≃ 4

�
Ddata

D0

− 1

�
1

Δ lnA
≈ 0.3

log 56
Δ logA

: ð19Þ

The difference in spectral index for the two components
depends on their masses: Δγ ∝ ðΔ logAÞ−1, and is large
when the mass numbers of the two components are close.
A too small Δ logA is however not consistent with data
because it corresponds [see Eq. (16)] to a too short energy
interval where the spectral index and elongation rate can be
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considered as constant. A too large Δ logA is also not
viable, because it corresponds to a width W larger than the
measurement.
In conclusion, the observations of Auger in the subankle

region (E≲ 1018.3 eV), interpreted with the current models,
require a composition that becomes gradually lighter, with
an average hlogAi that changes by a (modest but signifi-
cant) 0.3� 0.1 in the decade between 1017.3 to 1018.3 eV.
This change of composition can be described with the
mixing of protons with nuclei of intermediate mass (with
proton-iron mixing disfavored). A model where the change
in composition is due to the combination of two compo-
nents of power-law form is viable, and results in spectral
indices that differ by Δγ ≈ 0.35–0.75, for compositions
with Δ logA ≈ 0.7–1.4.
An explicit example of such a two-component scenario,

constructed on the basis of the EPOS-LHCmodel, is shown
in Fig. 8. In this model the subankle spectrum is formed by
a proton component and a second component of nitrogen
and silicon nuclei with equal weight. The average spectral
indices of the components γ̄ ¼ 3.27 are equal to the slope
of the all-particle flux, the difference in spectral index is
Δγ ¼ 0.49, and the crossing energy is E† ¼ 0.19 EeV.

C. Composition above the ankle

For E≳ 1018.3 eV the elongation rate measured by
Auger is significantly smaller than the constant composi-
tion predictions, indicating that the composition is rapidly
evolving toward a heavier mixture. In this energy range,
however, the evolution of the composition cannot be
described as the simple combination of two components.

This is the consequence of the energy dependence of the
width W that decreases rapidly and monotonically from
W ≈ 60 g=cm2 to ∼30 g=cm2.
A qualitative understanding of the evolution of the CR

composition can be visualized inspecting Fig. 5 that shows
the rescaled measurements of hXmaxi and W for different
values of the energy. For the QGSJET model the points that
represent the measurements fall outside the allowed region,
indicating that the predictions cannot be correct. For the
EPOS ans Sibyll model the points are inside the allowed
region, but close to the lower boundary. Points on this
boundary fully identify the composition, and correspond to
the mixing of two elements that are adjacent in mass
number.
Using the EPOS-LHC model, for E≳ 1018.5 eV, the

composition becomes very rich in helium, then evolves to a
combination of helium and nitrogen, with the nitrogen
fraction that grows with E, and at the highest energy there
are indications that silicon begins to mix with nitrogen.
Using the Sibyll 2.3c model, where the showers are on

average approximately 15 g=cm2 deeper, the data are
interpreted with a heavier composition, but with an
evolution with energy that has the same qualitative features.
Above the ankle the composition becomes first a mixture of
helium and nitrogen, then of nitrogen and silicon, and
finally there is a hint of the appearance of iron at the highest
energies.
The very rapid evolution with energy of the composition

requires that the spectra of the individual elements are
curved, so that they can give a contribution that first
increases rapidly, and then rapidly disappears. This require-
ment can be satisfied in a rather simple model, which has
been presented by Auger [7,8] as the most natural frame-
work to interpret the data. In the model the cosmic ray
spectra have a rigidity-dependent shape of form:

ϕAðEÞ ≃ KA

�
E
E0

�
−γ0

fcut

�
E

ZEcut

�
; ð20Þ

where A and Z are the mass number and electric charge of
the nucleus, and fcutðxÞ is a cutoff function that is unity for
x≲ 1 and falls rapidly to zero for x > 1. The spectra of
each element has then a cutoff at an energy that increases
linearly with Z. Using this form, the relative contribution of
nuclei of charge Z can become dominant in a narrow
energy range before its own cutoff, but above the cutoff of
nuclei with smaller Z. In this scenario it is then possible to
choose the parameters of the spectra so that the all-particle
spectrum is dominated by protons for E≲ Ecut, then by
helium for Ecut ≲ E≲ 2Ecut, and by more and more
massive nuclei as the energy increases.
An example of this scenario is shown in Fig. 8, where the

cosmic ray flux above the ankle is fitted as the combination
of five nuclei with spectra of the form of Eq. (20) using
for the cutoff a simple exponential form: fcutðxÞ ¼ e−x.
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FIG. 8. Model of the CR energy spectrum and composition
constructed to reproduce the Auger data. The spectrum below the
ankle (shown as a thick solid line) is formed by two component,
one of protons and the other of nitrogen and silicon (with equal
abundances) that have both power law form with superexponen-
tial cutoffs. The spectrum above the ankle (thick dashed line) is
formed by the contributions of five nuclei (protons, helium,
nitrogen, silicon, and iron) that have a hard power law spectra
(with the same slope), with rigidity dependent cutoffs (see main
text for more details). The data points are from Auger [19,20].
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The parameters of the fit are γ0¼1,Ecut¼1.8×1018 eV, and
relative mass fractions (for E≪Ecut) p∶He∶N∶Si∶Fe ¼
1∶0.5∶0.05∶0.003∶0.0004. It should be noted that these
parameters describe the CR composition at the Earth. If the
CR particles in this energy range are extragalactic, the
composition is modified during propagation because of
photodisintegration reactions, and amodel of the injection is
required to infer the composition at the source.
The high-energy component described above accounts

for the total of the all-particle flux for energies
E≳ 1018.5 eV. At lower energy, is contributes only a very
small fraction of the total flux, because of its very flat
spectrum. On the other hand, the subankle component
(modeled as a power law in the discussion above) cannot
continue featureless at higher energy, because in this case
it would contribute a non-negligible fraction to the total,
spoiling the results on composition discussed above. It is
therefore necessary to introduce a sharp cutoff for the
subankle components (as shown in Fig. 8).

D. The proton fraction

An important result obtained interpreting the Auger
results with the current models is the energy dependence
of the proton fraction. The form of this energy dependence
is illustrated in Fig. 9, using as a model EPOS-LHC.
Modeling the CR flux as the combination of two compo-
nents of protons and nuclei of mass number A, the

comparison of the model with the measurement of
hXmaxi is sufficient to determine the proton fraction fp
[that can be obtained using Eq. (10) with Al ¼ 1]. Curves
of fpðEÞ obtained in this way for A ¼ 4, 14, 28, and 56 are
shown in Fig. 9. As already discussed, the measurement of
the elongation rate (with a break at E ≃ 1018.3 eV), requires
that the proton fraction is energy dependent. One can also
see that for a smaller mass number A, the proton fraction fp
is smaller and changes more rapidly with energy.
The estimate of the proton fraction requires a model for

the mass distribution of cosmic rays at different energies. In
this section we have constructed an example of such a
model for the composition, where the spectrum is formed
by the sum of subankle and superankle components, with
the first one formed by two subcomponents (protons and
nitrogen plus silicon) of power-law form with a sharp
(superexponential cutoff), while the second is formed by
subcomponents that have the same hard spectrum with
rigidity dependent exponential cutoffs. The proton fraction
for this model is shown (as a thick solid line) in Fig. 9. The
p fraction grows first (below the ankle) rather slowly,
linearly in logE with a slope 0.47=decade, it reaches a
maximum value around E ≃ 1018.3 eV, where both com-
ponents (that at this energy are both rich in protons) give
significant contributions, and then (above the ankle) falls
very rapidly after the cutoff of the high-energy proton
component. The figure also shows (as a dashed line) the
proton fraction estimated by Auger [7,8] for the superankle
component, which is in reasonably good agreement with
the results obtained here. The rapid disappearance of
protons at high energy is required in these models to
account for the small elongation rate together with the
narrowing width of the depth of maximum distribution.
In the bottom part of Fig. 9 the arrows show the energies

where different cosmic ray experiments [13–17], using the
fluorescence light observations, have obtained measure-
ments of the proton-air cross section. These measurements
cover an energy range where, according to the composition
studies we have discussed above, the fraction of protons in
the CR flux is not constant. It should be noted that all the
measurements of the p-air cross section performed by
different air-shower detectors have been obtained at differ-
ent values of the energy, and therefore it is not possible to
compare directly the results. It is however surprising that
the Auger detector has not presented measurements of the
p-air cross section in a broader energy range, since the
fluorescence light observations also cover the energy range
where Fly’s Eye (at lower energy) [13] and Telescope Array
(at higher energy) [15,16] detectors have published their
measurements. The discussion in [17] suggests that this is
due to the fact that at lower and higher energy the proton
fraction is smaller, and therefore the measurement of the
cross section is more difficult. This however appears to be
potentially in conflict with the results presented by the Fly’s
Eye and Telescope Array detectors. This problem seems
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FIG. 9. Fraction of protons in the CR flux as a function of
energy. The thin lines are estimates of the proton fraction
obtained from the measurements of the average depth of
maximum obtained by Auger [25] comparing with the predic-
tions of the EPOS-LHC model and assuming that the compo-
sition is formed by the combination of protons and one nuclear
component (helium, nitrogen, silicon, and iron) [see Eq. (10)].
The thick solid line is the proton fraction for the model discussed
in the text (and shown in Fig. 8). The dashed line is the proton
fraction in the very high-energy component discussed by the
Auger Collaboration [7,8]. The Auger model does not include the
subankle component, but is in good agreement with the super-
ankle component discussed in this paper.
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particulary important for the high-energy cross section
measurements of Telescope Array, which are obtained in an
energy range where the Auger results indicate that the
proton component is already significantly suppressed.
These considerations indicate the importance of per-

forming a systematic study of the p-air cross section as a
function of energy, together with a measurement of the
proton fraction (or more in general of the CR composition).

E. Difficulties for astrophysical models

The evolution of the cosmic ray spectra that emerges
from the Auger fluorescence light observations, interpreted
with current models for shower development, has some
remarkable and unexpected properties, that had not been
predicted by any theory, with very important implications
for our understanding of the high-energy sources.

1. The spectra of the CR component that dominate at
the highest energy, below the cutoff are remarkably
hard. The best fit value obtained by the Auger
collaboration in [6] is γ0 ¼ 1.22; in the present
work we have used γ0 ¼ 1, which also provides a
good description of the data, and that can have some
speculative theoretical motivations. This very hard
shape is not observed directly, because this compo-
nent becomes visible only in the energy range where
the spectra have sharp cutoffs, however its form can
be inferred by the very fast change in the average
mass of the CR particles with increasing energy.
Such a hard spectral shape is very different to what is
observed for cosmic rays at lower energy, and
suggests that in this range a new, different accel-
eration mechanism is operating.

2. A key ingredient of the scenario is the existence of
sharp rigidity dependent cutoffs in the spectra. The
need for a well-defined cutoff for each component is
required by the observation of the very rapid change
in mass composition with energy. What is surprising
here is not the fact that the cutoffs depend on rigidity,
because such dependence is in fact predicted by
most acceleration models, but the “sharpness” of
these spectral features. It is essentially certain,
because of limits on the CR anisotropy, that several
sources contribute to the generation of the highest
cosmic rays. Awell-defined cutoff therefore implies
that different sources generate (for each element)
spectra with the same maximum energy. This is a
very important constraint for the properties (such as
geometrical size and magnetic field) of the sources,
that calls for an explanation.

3. The shape of the all-particle energy spectrum above
the ankle is quite smooth, (even if the Auger
Collaboration has recently presented evidence [19]
that the energy distribution presents a break and
cannot be fitted with a simple power law). The all-
particle spectrum is however obtained summing

components that all have shapes that are rapidly
changing with energy, and the smoothness of the
observed spectrum emerges because the relative
sizes of the components are sufficiently “fine-
tuned.” The fit performed here (and by Auger
[7,8]) is purely phenomenological, and considers
the fraction of different elements in the spectrum as
free parameters. This yields a good fit to the all-
particle spectrum, but an important question is what
the results imply for the mechanism and environ-
ment of particle acceleration. In [6] the Auger
Collaboration, after modeling the propagation ef-
fects, has estimated the mass fractions of the spectra
at the source as fp∶fHe∶fN∶fSi ≈ 0.06∶0.46∶0.37∶
0.09 (with a negligible contribution from iron). It is
far from easy to construct a realistic astrophysical
model to generate this composition of accelerated
particles.

4. Below the ankle the all-particle CR spectrum can be
described by a simple power-law form with a spectral
index of order γ ≃ 3.27. However, according to the
current models, the composition in this energy range
is changing, and this requires that the spectra of
different elements have different shapes, and the
simple power law of the all-particle spectrum emerges
only as the sum of these subcomponents. The “stan-
dard scenario”where cosmic rays in this energy range
are formed by an iron-rich component (perhaps of
Galactic origin) and a light extragalactic one do not
give a good description of these observations, and one
remains with the difficult task to construct a viable
astrophysical model.
The Auger collaboration until now has only dis-

cussed a model for the cosmic ray spectra above the
ankle. This appears to be a very significant limitation
because the study of the composition in the “transition
region”where the two components are of similar size,
can give very valuable information. A more complete
model of the spectra must clearly include a discussion
of both the subankle and superankle ranges.

5. A very important result is also the fact that the
subankle component is required to have a sharp
cutoff around the ankle energy. This is because if this
component of the spectrum (that is observed to be
rich in protons) continues without a break to higher
energy, it would form a large fraction of the all-
particle spectrum, in conflict with the results on
composition at very high energy. If the subankle
spectrum is formed by more than one component, as
is suggested by the energy dependence of compo-
sition, all important components must have cutoffs,
at approximately the same energy. To avoid exces-
sive fine-tuning, this suggests the need to construct a
model of CR acceleration where the subankle and
superankle components are related. Ideas for such a
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common origin have been proposed [35], but the
construction of a model that describes the CR
spectrum and composition across the ankle remains
a very difficult task.

The list of “difficulties” presented above shows how
interesting the results obtained by Auger are, that, far from
being “disappointing,” are in fact quite extraordinary. These
considerations suggest however that it is very desirable to
perform additional studies that have the potential to give
independent support to the validity of the Monte Carlo
simulations that play an essential role in the interpretation
of the data. An interesting possibility is the study of the
proton component, as discussed in the next section.

IV. MEASUREMENT OF PROTON-AIR
CROSS SECTION

The shape of the depth of maximum distribution has
also been used to measure the proton-air cross section at
very high energy. The fundamental idea behind this
measurement method was first developed by the Fly’s
Eye Collaboration [13] and used to obtain an estimate of
the cross section for a proton laboratory energy
E ≃ 5 × 1017 eV, that corresponds to a c.m. energy for a
p-nucleon interaction

ffiffiffi
s

p
≃ 30 TeV. More recently, esti-

mates of σpAir have been obtained by the Auger Col-
laboration at

ffiffiffi
s

p ¼ 57 TeV [14] and by the Telescope
Array Collaboration at

ffiffiffi
s

p ¼ 95þ5
−8 [15] and

ffiffiffi
s

p ¼ 73 TeV
[16]. The Auger Collaboration has also presented an
estimate of the p cross section at

ffiffiffi
s

p
≃ 48.6 TeV at the

ICRC in 2015 [17].
These papers argue that the measurement of the proton

cross section is in good approximation model independent,
and is also only weakly dependent on the composition of
the cosmic ray flux, as long as the fraction of protons is not
too small.
The air shower measurements of the p-air cross section

are based on the study of the longitudinal development of
the showers. An ideal measurement of the profile would
allow us to observe the point X0 where a primary proton
undergoes its first inelastic interaction. The distribution of
X0, for a fixed value of the energy, is a simple exponential:

F0ðX0Þ ¼
1

λp
e−X0=λp ; ð21Þ

completely determined by the p-air interaction length λp,
that can be calculated from a combination of the interaction
cross sections of protons with the different nuclei that
compose the atmosphere:

1

λp
¼

P
ApAσpAP
pAmA

¼ σpAir
hmi ð22Þ

where the summation runs over all nuclei in air, mA is the
mass and pA the relative abundance for nuclei of type A,

and the cross section σpA is the so-called inelastic pro-
duction cross section for p-nucleus collisions obtained
substracting from the total cross section the elastic and
quasielastic (target-fragmentation) contributions, that are
essentially invisible in the development of a shower.
The existing detectors do not have the resolution to

observe the first interaction point, and therefore cannot
simply measure the X0 distribution and extract λp from its
shape. The idea introduced by the Fly’s Eye Collaboration
is that fluctuations in X0 are the dominant effect in the
fluctuations of the depth of maximum Xmax for deeply
penetrating showers, so that the distribution FðXmaxÞ of
depth of maximum of the showers takes asymptotically (for
large values of Xmax) the exponential form FðXmaxÞ ∝
e−Xmax=Λ with Λ ≈ λp. The measurement of this asymptotic
shape and of its slope allows then a determination of the
p-air interaction length.
To illustrate this point more quantitatively one can note

that decomposing the depth of maximum into the sum

Xmax ¼ X0 þ Y; ð23Þ

where X0 is the position of first interaction point and Y the
maximum of the shower development measured from this
origin, the Xmax distribution can be written as the con-
volution:

FðXmaxÞ¼
Z

∞

0

dY
Z

∞

0

dX0 GðYÞ
e−X0=λp

λp
δ½Xmax−ðX0þYÞ�

¼e−Xmax=λp

λp

�Z
Xmax

0

dY GðYÞeY=λp
�
; ð24Þ

where we have used the fact that the distribution of X0 is the
simple exponential given in Eq. (21) and GðYÞ is the
distribution of Y, that is determined by the properties of
the hadronic interactions and therefore model dependent.
Inspecting Eq. (24) one can see that FðXmaxÞ converges to
the exponential form ∝ e−Xmax=λp if the factor in square
parenthesis in the right-hand side of the last equation
becomes constant for large values of Xmax. This is true
if the function GðYÞ vanishes sufficiently rapidly for large
Y, so that replacing with infinity the upper limit of the
integration does not change the result.
This conclusion can be also obtained studying the Xmax

dependent slope ΛðXmaxÞ. Dropping the subscript in the
notation for Xmax one has:

1

ΛðXÞ ¼ −
1

FðXÞ
dF
dX

¼ 1

λp
−

1

λp

GðXÞ
FðXÞ

¼ 1

λp
−

GðXÞR
X
0 dYGðYÞeðY−XÞ=λp : ð25Þ

For large X the slope Λ converges to λp if, in the limit
X → ∞, the last term in the equation vanishes. This is the
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case if the product GðYÞeY=λp does not diverge too rapidly
for Y → ∞, a condition that it satisfied in essentially all
models for shower development (see more discussion and
one example below).
Equation (25) has the interesting implication 1=ΛðXÞ <

1=λp, and therefore

ΛðXÞ > λp: ð26Þ

This inequality follows from the fact that the correction
term in Eq. (25) is always negative because the functions F
and G are both probability densities and can only have
positive values, and states that the depth of maximum
distribution of a pure proton composition can never fall
more steeply than the asymptotic exponential behavior for
large Xmax. A “flattening” of the distribution is however
possible for a composition that includes nuclei, and the
value of Xmax where the flattening occurs would identify
the transition from a range of Xmax where nuclei give the
largest contribution, to a range where protons are dominant.
In this discussion the quantityΛðXÞ is a differential slope

that changes continuously with the depth of maximum,
reaching asymptotically (from above) the value λp. In
practice the experimental studies for the measurement
the p-air interaction length have fitted the tail of the depth
of maximum distribution above a minimum value with
simple exponential form. The slope Λ of the fit is then
related to the p-air interaction length using an adimensional
correction factor K:

Λ ¼ Kλp: ð27Þ

The correction factor K depends on the range where the fit
is performed, and is alwaysK > 1 because of the inequality
(26), decreasing toward unity when the fit is performed for
larger Xmax values. The factor is also model dependent,
because the exact form of the convergence of the slope to λp
is determined by the details of shower development,
encoded in the function GðYÞ.
The method outlined above to measure the p-air cross

section can also be used when the CR flux is formed not
only by protons, but also include nuclei. This is because
protons are the most penetrating of the CR components,
and therefore selecting showers with larger and larger Xmax
one also selects a sample of events where protons give a
larger and larger contribution to the distribution. In the
practice of course, this program is possible only if protons
are a sufficiently large fraction of the CR spectrum.

A. Monte Carlo calculations

To study in more detail the problem of extracting the
p-air cross section from cosmic ray observations we have
performed some Monte Carlo simulations, calculating
numerically the longitudinal development of showers
generated by very high-energy cosmic particles. For each

simulated shower it is then possible to find the position of
the depth of maximum, obtaining Xmax distributions with
large statistics. The simulations were performed for four
types of primary particles (protons, 4He, 16O, and 56Fe) at
E ¼ 1018.25 eV (approximately the same energy for which
Auger [14] has published its measurement of the p-air cross
section). The shower development was modeled using the
Sibyll 2.1 code [36] to generate the final state of the
hadronic interactions, however, the interaction lengths for
protons and nuclei adopted to propagate particles in air
were recalculated using Glauber theory [18] and starting
from phenomenological fits to the total and elastic pp cross
sections (shown in Fig. 10) that are in good agreement
eith the recent measurements at high energy performed at
LHC [37–39].
The resulting p-air interaction length is shown in Fig. 11

together with an uncertainty band (the shaded area)
obtained combining the uncertainties for σtotpp and σelpp
shown in Fig. 10. The uncertainty estimated in this way
is rather small, of order ≈�3 g=cm−2 for the interaction
length, or �30 mbarn (�40 mbarn) for E ≃ 1018 eV
(E ≃ 1020 eV) for the p-air cross section. It must of course
be stressed that this is based on an extrapolation. In the
following, we will refer to this model that combines Sibyll
2.1 with the modified interaction lengths as Sibyll 2.1a.
The depth of maximum distributions for the four nuclei

are shown in Fig. 12. The averages, widths, and also the
slopes of exponential fits to the tails of these distributions
are shown in Fig. 13. Inspecting these results one can
observe the following features.

1. Showers generated by more massive nuclei are less
penetrating, and the average hXmaxi (top panel of
Fig. 13) is in good approximation linear in logA in
agreement with expectations [see Eq. (1)].
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FIG. 10. Total and elastic pp cross sections plotted as a
function of the c.m. energy

ffiffiffi
s

p
. The points are measurements

of the TOTEM detector at the LHC [37–39]. The solid lines are
fits to the total and elastic cross sections that are quadratic in log s
[39]. The shaded areas are estimates of the uncertainties.
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2. The width of the distributions becomes narrower for
larger A. This is illustrated in the central panel
of Fig. 13.

3. For large values of Xmax the distributions are
reasonably well described by simple exponentials
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FIG. 11. Proton interaction length in air plotted as a function of
the projectile laboratory energy. The central line and the shaded
area are calculated using the best fits to the total and elastic pp
cross sections and the uncertainties shown in Fig. 10, and using
the algorithms of Glauber and Matthiae [18] to estimate the
proton-nucleus cross sections. The points are the estimates of
the proton-air interaction length obtained from measurements
of the longitudinal developments of cosmic ray showers by
Fly’s Eye [13], Auger [14], and Telescope Array [15,16]. The
lowest energy point is calculated from the measurements atffiffiffi
s

p ¼ 13 TeV by TOTEM at LHC [39].
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FIG. 13. Parameters of the distributions of Xmax for the showers
four different nuclei (protons, helium, oxygen, and iron) at energy
E ¼ 1018.25 eV shown in Fig. 12. The top panel shows the
average hXmaxi, and the line is a linear fit for the relation
hXmaxi ¼ X0 þD logA. The middle panels shows the r.m.s. of
the distributions W ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hX2

maxi–hXmaxi2
p

, and the two lines are
analytical approximations of the A dependence (WA ¼ WpA−0.25

and WA ¼ Wp½1 − a logAþ bðlogAÞ2�1=2). The bottom
panel shows the parameter Λ that fits the high-energy part of
the distributions. The line is a polynomial fit to the logA
dependence.
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FIG. 12. Distributions of Xmax for showers generated by
particles with energy E ¼ 1018.25 eV. The distributions are
calculated with Monte Carlo methods using the Sibyll 2.1 model
and the p-air interaction length shown in Fig. 11, for four
different nuclei: protons, 4He, 16O, and 56Fe. The high Xmax part of
the distributions has been fitted with a simple exponential form:
dN=dXmax ∝ e−Xmax=Λ.
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FAðXÞ ∝ e−X=Λ, with a slope that depends on the
mass number A. The lines in the figure have (for
A ¼ 1, 4, 16, and 56) slopes Λ ¼ 50.1, 30.1, 21.3,
and 15.2 g=cm2.

As discussed above the shape of the tail of the Xmax
distribution for protons is related to the proton-air inter-
action length, that in this calculation has the value
λp ¼ 45.9 g=cm2. In a Monte Carlo calculation the
position of the first interaction point for each simulated
shower is known, and therefore it is possible to study the
distribution of the quantity Y ¼ Xmax − X0 (that is the

depth of maximum measured from the point of first
interaction), and test the validity of Eqs. (24) and (25).
The distributions of Y and Xmax for the proton showers

are shown in Fig. 14. The Y distribution has been fitted with
a smooth curve. The convolution of this curve with an
exponential of slope λp [see Eq. (24)] yields a curve (shown
as a red line in the figure) that is a very good description of
the Xmax distribution. From this expression it is possible to
compute the Xmax dependent slope ΛðXmaxÞ, that is shown
in Fig. 15, where one can see that the slope approaches
from above, in agreement with Eq. (26), the value λp (also
shown in the figure as a dashed line). The convergence of
ΛðXmaxÞ → λp is quite slow due to the fact that the
distribution of GðYÞ has also an exponential form for large
values, with a slope that is also approximately equal to λp.
This can be understood noting that the tail of the Y
distribution is formed by events where the final state of
the first interactions contains a “leading nucleon” that
carries a large fraction of the initial energy and will then
form most of the shower. Because of this slow convergence,
the shape of the tail can in practice be well fitted with a
constant slope in agreement with the “K-factor method”
introduced by the Fly’s Eye Collaboration [13]. This factor
is model dependent, because it encodes the details of
shower development, but it also depends on the Xmax
range where the exponential fit is performed. This range
must be chosen finding a compromise between the need to
have a sufficiently high statistics (a large range), and
the desire to have a correction factor closer to unity
(a small range).
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FIG. 14. Distribution of Xmax (bigger points) and Y ¼ Xmax −
X0 (smaller points) calculated for proton showers with energy
E0 ¼ 1018.25 eV using the Sibyll code and a shower Monte Carlo
model. The thin (black) line is a fit to the Y distribution described
in the main text. The thick (red) line is obtained convoluting the
previous result with an exponential with slope equal to the
interaction length λpðE0Þ.
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FIG. 15. Slope ΛðXmaxÞ of the Xmax distribution obtained with a
Monte Carlo calculation for protons of energy E0 ¼ 1018.25 eV
and shown in Fig. 14. The dashed line shows the p-air interaction
length used in the Monte Carlo calculation. The shaded area
shows the range of Xmax and the best fit value forΛ in the study of
Auger in [14].
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FIG. 16. The points show the depth of maximum distribution
observed by Auger for showers with a reconstructed average
energy around 1018.25 eV [14] and [40,41]. The thick solid line is
the prediction of the Sibyll 2.1a (that is the model in [36] with the
interaction lengths discussed in the main text) for a pure proton
composition. The thick dashed line is the same distribution with
the showers deeper by 30 g=cm2 (the difference in average depth
of maximum between showers simulated with the Sibyll 2.1 and
Sibyll 2.3c models). In this case the proton fraction is of order
fp ≃ 0.55.
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B. Comparison with the Auger observations

In Fig. 16 we compare the Xmax distribution for protons
simulated with Sibyll 2.1a with the Auger observations
after smearing the distribution with a Gaussian resolution
with a width of 25 g=cm2. The Auger data are taken from
two sources. One set of data points is obtained from
figure 1 in [14], the work that discusses the measurement
of the p-air cross section, and refers to showers observed
from December 2004 to September 2010 in the energy
range between 1018.0 and 1018.5 eV, selected to reduce
distortions due to detection acceptance effects. The second
set of points are taken from data tables publically available
online [40,41], and refer to showers observed from
December 2004 to September 2012 in the energy
range 1018.2–1018.3 eV.
The comparison of data and simulation is consistent with

the conclusions of the Auger collaboration [14] that obtains
for the p-air cross section the value σpAir ¼ 505� 22þ28

−36
mbarn, that corresponds to the interaction length
λp ¼ 47.9� 2.1þ3.7

−2.5 g=cm2. This result has been obtained
fitting the Xmax distribution in the interval between 768 and
1004 g=cm2 with an exponential shape, with a best fit slope
Λ ¼ 55.8� 2.3� 1.6 g=cm2 (where the two errors are
statistical and systematic), and then estimating a correction
factor using Monte Carlo calculations.
In our simulation the p-air interaction length is set to the

value 45.9 g=cm2, and the shape of the tail of the Xmax
distribution is consistent with what is observed by Auger.
In Fig. 15 the (X dependent) slope of the simulation
(calculated with good precision using 105 events) is shown
together with the Auger result, showing reasonably good
agreement.
The main goal of the comparison of the simulation with

the data is not to rediscuss the estimate of the p-air cross
section obtained by Auger, but to argue that it is possible to
use the study of the tail of the Xmax distribution to obtain
information about the proton fraction in the cosmic ray
spectrum. These results can then be used to constrain the
models for shower development.
The measurement of the p-air cross section in fluores-

cence light detectors is based on the study of the shape of
the tail of the Xmax distribution, that is fitted with an
exponential. In the cross section study the slope Λ of the fit
is related to the interaction length λp, but the normalization
is discarded [where the normalization is the factor F0 in the
exponential fit FðXmaxÞ ¼ F0e−Xmax=Λ, with the distribution
FðXmaxÞ normalized to unity for integration over all values
of Xmax]. Also the shape of the Xmax distribution in the
range where it is not of exponential form is not analyzed.
There are however some obvious merits in studying not
only the shape of the exponential tail of the distribution, but
also its normalization, that accounts for the fraction of
events that form it, and in comparing data and models in the
entire Xmax range.

The interest of such a comparison can be illustrated
inspecting Fig. 16. In this figure the data and the
Monte Carlo distributions are both plotted normalized
to unity, and one can see that the exponential tails of the
two distributions agree (within errors) both in shape and in
normalization, and in fact that the agreement is reasonably
good for all values of Xmax. If we make the assumption
that the distribution of the data is not distorted by
significant detection acceptance biases, this agreement
between data and simulation indicates that the Sibyll 2.1a
model can provide a consistent description of the Auger
observations at the energy considered (E ≈ 1018.25 eV) if
the cosmic ray spectrum has a pure proton composition.
The same conclusion can also be reached comparing the
values of hXmaxi andW of the data and of the Monte Carlo
distribution (for a pure proton composition), however the
good matching of the shape of the distribution adds
valuable information.
The result on composition is of course model dependent.

A more recent version of the Sibyll code (Sibyll 2.3c [28],
used for comparison in the Auger analysis discussed above)
predicts that proton showers are on average approximately
30 g=cm2 deeper, with a distribution of approximately the
same shape and width. For a first order discussion in Fig. 16
the Sibyll 2.3c model is represented shifting by 30 g=cm2

the distribution of the older version. The tail of the Xmax
distribution of a proton spectrum simulated with the Sibyll
2.3c model has in good approximation the same slope, but
(since the showers are more penetrating), a higher nor-
malization. It is then possible to match the proton simu-
lation to the Auger data, but this requires to reduce the
proton fraction by a factor of nearly 2 (the best fit value is
fp ≈ 0.55). The renormalized proton distribution is shown
in Fig. 16 as a thin dashed line, and one can immediately
see that this requires the addition of more massive nuclei to
the spectrum because the proton component cannot account
for the showers that have small Xmax.
More in general, the slope of the exponential tail of the

Xmax distribution does offer (if protons are dominant in this
range) a measurement of the p-air cross section, that is in
good approximation model independent, but then the
matching of the normalizations of the data and of the
proton simulation in the range where the two distributions
have an exponential shape allows us to obtain a (model
dependent) estimate of the proton fraction.
Note that the proton fraction cannot be larger than unity,

and therefore the study of the normalization outlined above
can exclude models where the showers are not sufficiently
penetrating. In fact from the results shown above one can
conclude that models of shower development where the
average depth of maximum is smaller than the Sibyll 2.1a
predictions are strongly disfavored by the observations.
It is natural and in fact very desirable to combine the

determination of the proton fraction obtained from the
study of the most penetrating showers with a composition
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study that fits the global shape of the depth of maximum
distribution.
It might appear that the two programs of (i) using the

observations of the depth of maximum distribution for
measuring the proton cross section and/or (ii) use knowl-
edge or theoretical assumptions about the cross section to
measure a (model dependent) proton fraction, are mutually
exclusive. But this is not the case, and it is in fact possible
to perform these studies simultaneously. The point is that
we have a very robust prediction that the Xmax distributions
of protons and helium (the lightest nucleus that can
contribute significantly to the CR spectrum) have tails of
very different shape, with slopes that differ by a factor
(≳1.5) sufficiently large to allow the identification of a
proton component (or a setting of an upper limit to the
proton fraction) with a reasonably good confidence level.
A slope in the range 45–60 g=cm2 can be safely associated
to the existence of a proton component, and used (including
an appropriate and weakly model dependent correction
factor) to estimate the p-air interaction length. At the same
time the normalization of the distribution in the range
where the exponential form is valid can be interpreted as a
(more strongly model dependent) estimate of the proton
fraction.
The shape of the depth of maximum distribution below

the range where it has an exponential form encodes other
properties (beyond the total inelastic cross section) of
hadronic interactions that are relevant to the development
of proton showers, and the contributions of nonproton
components in the CR flux. To extract as much information
as possible from the data, constraining the shower models,
and determining the CR composition, it can be important to
have a precise fit of the distribution in its exponential range.
Vice versa, to avoid biases in performing the fit of the tail of
the distribution, knowledge of the composition is necessary.
These considerations suggest performing combined studies
of the CR composition studies and of the p-air cross
section.
A question that emerges naturally is when the proton

fraction is sufficiently large to allow a measurement of the
p-air cross section. The answer clearly depends on the
statistics obtained by a detector, because the measurement
(for a fixed energy) requires a sufficiently large number of
proton showers in the range where the Xmax distribution can
be (at least in reasonably good approximation) described by
an exponential. The fraction of proton events with depth
of maximum in this range is model dependent. The
Monte Carlo codes discussed in this paper [26–28,36]
indicate that, for a pure proton composition, the exponential
tail of the depth of maximum distribution contains a
fraction of order 0.2 of all events, with only a weak energy
dependence (with different models having the tail in
different Xmax intervals). This result, which is consistent
with the observations if one assumes that the composition is
dominated by protons, implies that a dataset of 500 proton

showers allows a cross section measurement with a
statistical error of order 10%.
If the proton fraction is fp ≳ 0.1 and the nuclear

component is made of carbon or heavier nuclei, then the
contamination in the relevant tail of the proton distribution
is expected to be negligible; in other cases the measurement
requires the selection of a smaller fraction of (more deeply
penetrating) proton showers, or the calculation of a large
(and model dependent) correction factor. The possible
existence of a helium contamination is in fact a very
important source of systematic error. A helium contribution
can make the observed depth of maximum distribution
steeper (in the range of interest) and this, if no correction is
applied, would result in an overestimate of the cross
section. For example, in [14] the Auger Collaboration
gives a central value of the proton cross section assuming a
negligible helium fraction and estimates a systematic error
of −30 mbarn for a maximum helium contamination of
25%. Similar considerations for the estimate of the sys-
tematic error are also discussed by the Telescope Array
collaboration in Refs. [15,16].
The helium contamination can be reduced limiting the

analysis to a smaller fraction of events. For example for a
spectrum with equal contributions of protons and 4He, the
simulations suggest that the helium contribution can be
kept smaller than 10% fitting only a fraction η≲ 0.05 of all
events. The best strategy for the measurement of the cross
section is therefore to find a balance between the isolation
of a smaller but more pure proton component, and the study
of a larger sample of data with the inclusion of a correction
constructed on the basis of a composition study.

C. Energy dependence of the proton fraction

The measurements of the p-air cross section obtained
from fluorescence light observations [13–17] span, in
terms of laboratory energy, a range (from 1017.68 eV to
1018.68 eV) where there are indications that the CR com-
position undergoes a significant evolution (see Fig. 9), and
where the determination of the composition is strongly
model dependent. A program to study systematically, as a
function of energy, the shape of the tail of the Xmax
distribution with the goal of estimating simultaneously
the p-air cross section and the proton fraction could then
not only determine more accurately the p-air cross section,
but also give very valuable information on the energy
dependence of CR composition, and so constraining
hadronic models.
This study requires taking into account detector accep-

tance effects that can generate significant distortions in the
experimental distributions, and cannot be performed here;
however, for a very preliminary exploration of the potential
of such a program we have analyzed some publically
available data of the Pierre Auger Observatory for showers
with energy larger than 1017.8 eV collected from December
2004 to December 2012 [40,41]. One example of Xmax
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distribution from these data, for showers in the energy
interval 1018.2–1018.3 eV, has already been shown in
Fig. 16, and compared with the distribution published in
[14] where the showers were selected to have small
detection acceptance distortions. The good agreement
between these two datasets suggests that the detector
acceptance effects are not very large.

Figure 17 shows (as histograms) the Xmax distributions
taken from [41] for six different energy intervals, together
with fits (the lines) constructed joining three different
functional forms in three Xmax intervals:

(i) For Xmax ≤ Xpeak (with Xpeak the position of the
maximum of the distribution) the data is fitted with a
Gaussian defined by three parameters: the position
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FIG. 17. Depth of maximum distributions of showers detected by Auger in different energy intervals [40,41]. The lines are fits
discussed in the main text.
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of the maximum Xpeak, the width σX;left, and a
normalization.

(ii) The tail of the distribution (Xmax > X�
max) is fitted

with an exponential FðXÞ ¼ K�e−X=Λ. The param-
eter X�

max is determined from the data as the broadest
range where an an exponential fit is of good quality.
In the six energy intervals considered the best fit for
X�
max takes values between 830 and 860 g=cm2. The

quantities K� and Λ, as discussed above, can be
related to the p-air interaction length, and to the
proton fraction.

(iii) The intermediate range (Xpeak ≤ X ≤ X�
max) is fitted

with the form FðXÞ ¼ exp½PðXÞ� where PðXÞ a 3rd
order polynomial in X. Three of the four parameters
of the polynomial are, however, determined by the
conditions that FðXÞ is continuous at the two ends of
the interval, and that the derivative F0ðXpeakÞ ¼ 0.

This form provides a reasonably good quality fit to the data,
and is in fact excellent for the Gaussian part (at small X)
and for the exponential part (at large X). The six fits are
shown together in Fig. 18, and the energy dependence of
three parameters: Xpeak, σX;left, and Λ is shown in Fig. 19.
The main goal of the presentation of this preliminary

analysis is to illustrate the potential of a systematic study of
the evolution with energy of the shape of the depth of
maximum distribution. Not having included detector accep-
tance effects, it is not possible to reach firm conclusions,
but it can be interesting to make a few remarks.
It is intriguing to note that (see the bottom panel of

Fig. 19) the fitted value of the slope Λ on the energy
interval between 1018.2 and 1018.4 eV, is consistent with the
results published by Auger, while the values at both lower
and higher energy are smaller, a result that can perhaps be
attributed to a smaller proton fraction in the flux (or perhaps
to detector biases).

Also surprising is that the parameter X�
max, above which

the distribution is well described by an exponential, is
approximately constant, taking values from 830 to
860 g=cm2 in the different energy intervals considered.
The absolute normalizations of the distributions at
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FIG. 18. Fits to the depth of maximum distributions of the CR
showers detected by Auger [40,41] in six different energy
intervals plotted together for comparison (all curves are normal-
ized to unity). Comparisons of the fits with the data are shown in
Fig. 17, the labeling of the curves (a;…; f) is the same as in the
panels in that figure.
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FIG. 19. Best fits parameters for the depth of maximum
distributions of the Auger data (see Fig. 17). The top panel
shows Xpeak, the value of X where the distribution has its
maximum value. The middle panel shows σX;left, the width of
the Gaussian that fits the distribution for X < Xpeak. The bottom
panel shows Λ, the slope of the tail of the distribution for large X
values.
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Xmax ≈ X�
max are also quite similar, an effect that can be

clearly seen in Fig. 18 where all the fits (normalized to
unity) are plotted together. Since the slopes of the distri-
butions are also approximately constant, this also implies
that the fraction of events in the exponential tail of the
distribution changes only little with energy. For a pure
proton composition the models predict distributions that
have exponential tails that account for an approximately
constant fraction of the events; however, the position of the
tail covers an Xmax that grows logarithmically with energy.
In the absence of significant detection biases these results
could be a hint for the presence of unexpected properties in
shower development.
It can also be interesting to bring attention to the depth of

maximum distribution for the highest energy interval
(1019–1019.5 eV) shown in the last panel of Fig. 17, where
there is a hint of a flattening at Xmax ≈ 800 g=cm2. As
discussed above, for a pure proton composition the dis-
tribution must always have a slope larger than the asymp-
totic value [see Eq. (26)]. The flattening observed in the
distribution for the highest energy showers can therefore be
considered as a hint for a mixed composition, with a
distribution dominated by a heavier (lighter) component
below (above) the Xmax of the flattening.
A more in depth study is clearly required to reach more

firm conclusions. The phenomenological approach illus-
trated in this discussion should also be combined with the
fitting of composition models using the methodology used
in [5].

V. CONCLUSIONS AND OUTLOOK

Recent measurement of the energy spectrum and com-
position of UHECR have remarkable and very surprising
implications for the properties of their astrophysical
sources. The interpretation of the Auger measurements
of the longitudinal development of the showers based on
current models for hadronic interactions, indicates that the
composition evolves with energy. Below the ankle (at
E ≃ 5 × 1018 eV) the composition is consistent with a
mixture of protons and intermediate mass nuclei, with
the proton fraction increasing gradually. The result are
consistent with a CR flux formed by two components of
different spectral shape both of approximate power law
form. Above the ankle the composition appears to change
very rapidly, with nuclei of larger and larger mass becom-
ing dominant as the energy increases. This can be inter-
preted with the hypothesis that the highest energy sources
accelerate particles with a very hard spectrum up to a
maximum rigidity that in good approximation is equal for
all sources. The mass composition of the particles emitted
by these sources is however quite unexpected. The impli-
cations of these results for high-energy astrophysics are
profound, and constructing astrophysical models that

reproduce these results is a very challenging task (see,
for example, [35,42–50]).
It is obvious that it is very important to verify the Auger

results with independent measurements [11,12], and to
validate them with the ground array data [51]. It is however
also very important to study critically how these results
depend on the modeling of air shower development. The
evolution of the CR composition emerge from the com-
parison of the data with models that describe hadronic
interactions using extrapolations of the results obtained in
accelerator experiments at lower energy, and therefore the
possibility that the current models are incorrect, and that
the interpretations based on them are not valid cannot at the
moment be entirely excluded. It is therefore very desirable
to develop methods that allow us to test this hypothesis.
Combining the study of the CR composition with the
measurement of the p-air cross section offers the possibility
to perform very interesting studies.
Observations of the high-energy showers with the

fluorescence technique allow to identify a proton compo-
nent in the cosmic ray flux with a method that can be
considered in good approximation as model independent.
The point is that, for a fixed value of the energy, protons are
the most penetrating component of the CR spectrum, and
therefore (if they are present in the flux) will form the tail of
the depth of maximum distribution for large values of Xmax.
The shape of this tail, in good approximation, takes an
exponential form with a slope that approaches the value of
the p-air interaction length. The theoretical prediction
based on extrapolations of accelerator experiments is a
slope of order 50 g=cm2 for E ≃ 1018 eV, that changes only
slowly with energy. The distributions for helium and more
massive nuclei are predicted to have a shape that falls much
more rapidly, (with a slope smaller that ≈30 g=cm2).
This difference allows to identify the presence of protons
in the flux or the setting of an upper limit. This concept has
been used to obtain measurements of the p-air interaction
length for laboratory energies between 5 × 1017 and
5 × 1018 eV (

ffiffiffi
s

p
≈ 30–95 TeV).

There are several reasons to combine the study of the CR
composition (that is based of the global shape of the depth
of maximum distributions) with the measurement of the p-
air cross section (that is based on the shape of the
distribution for the most penetrating showers). Such a
combined approach, allows us to perform tests of the
quality of the shower models, which must match the depth
of maximum data in the exponential range (and therefore
have the correct p-air cross section), and also for lower
Xmax values where the distribution flattens. This can result
in more precise measurements of the proton component,
and in smaller systematic errors. On the other hand, a
composition study can constrain the contamination of
helium (and more massive nuclei) in the spectrum, that
in many cases is the dominant effect for the systematic error
in the determination of proton cross section.
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It is also very desirable to perform the combined study
of CR composition and proton-air cross section systemati-
cally at all energies where data is available, even when the σ
measurement has a very large error (or is not possible),
because also in this case one can obtain valuable constraints
on the CR composition. At the moment, for example,
the highest measurements of the p-air cross section have
been obtained by Telescope Array [15,16] at energies
where the Auger Collaboration finds that the proton
component is already significantly suppressed, and sim-
ilarly only the Fly’s Eye detector [13] has measured the
p-air cross section at E ≃ 1017.5 eV, an energy where
the Auger results indicate that protons account for a fraction
of order 50% of the total flux. The comparison of cross
section measurements performed by different experiments
at the same energies can be a useful method to test
for the presence of systematic errors, and to reduce
uncertainties on both the cross section values and the
CR composition.
In this work we have limited our discussion to the study

of fluorescence light observations, but very valuable
information about the CR composition and about hadronic

interactions are of course also encoded in the ground array
data. A natural and very important goal for future studies is,
however, to combine all the data, to study simultaneously
the spectrum and composition of the primary flux and the
properties of hadronic interactions that determine the
properties of their showers. The results on the proton cross
section and the proton fraction obtained from the inter-
pretation of the depth of maximum distribution should then
be studied together with the ground array data to improve
our understanding of both particle physics and the high-
energy universe.
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