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Abstract. Different attempts to measure hadronic cross sections with cosmic ray data are reviewed. The major
results are compared to each other and the differences in the corresponding analyses are discussed. Besides
some important differences, it is crucial to see that all analyses are based on the same fundamental relation
of longitudinal air shower development to the observed fluctuation of experimental observables. Furthermore,
the relation of the measured proton-air to the more fundamental proton-proton cross section is discussed. The
current global picture combines hadronic proton-proton cross section data from accelerator and cosmic ray
measurements and indicates a good consistency with predictions of models up to the highest energies.

1 Introduction
The energy of cosmic ray particles extends far beyond the
reach of current accelerator experiments. Already since
the 1960ies this has been exploited to evaluate hadronic
proton-air cross sections at energies above the respective
reach in energy of accelerators at any given point in time.
Before the first precise measurements made at the ISR became available (e.g. [1]), it was cosmic ray data that unambiguously indicated the presence of the pomeron and
the begin of a rise of the hadronic cross sections towards
higher energies [2]. And very recently it was argued that
cosmic ray data may indicate that the black disc limit in
proton-proton collisions has already been reached [3].
In general we find that the global picture of high energy accelerator measurements of proton-proton cross sections, the extrapolation of those to higher energies by interaction models and cosmic ray measurements of protonair cross sections show in general no significant disagreement [4].
In section 2 the different experimental analysis
approaches to measure the proton-air cross section are
related to a simplified model of longitudinal air shower
development and in section 3 the existing data are reviewed. The conversion of proton-air to proton-proton
cross sections and the comparison of cosmic ray to
accelerator data is shown in section 4. How precise data
of air shower fluctuations can be used directly to constrain
ultra-high energy cross sections is the topic of section 5.

2 Longitudinal development of extensive
air showers
At energies above ∼ 1015 eV cosmic ray particles can only
be detected indirectly via the observation of extensive air
a e-mail: ralf.ulrich@kit.edu

shower cascades in the atmosphere. The interaction length
of ultra-high energy particles in the atmosphere is one of
the key parameters that defines the properties of these cascades. This has the consequence that all interpretations of
air shower observations are subject to uncertainties due to
a limited knowledge of these interactions. However, this
can be exploited since it means that air shower observations are sensitive to features of hadronic interactions and
in particular to ultra-high energy hadronic cross sections.
In Fig. 1 a very reduced model of longitudinal air
shower development is shown. There are three distinct
stages of a cosmic ray induced air shower in the atmosphere: (i) the region up to X1 where the primary particle
did not yet inelastically collide with the atmosphere, (ii)
the range between the first inelastic collision, which marks
the starting point of the actual air shower cascade, and the
atmospheric slant depth where the shower cascade reaches
its maximum extend Xmax and (iii) the development after
the shower maximum, which is characterized by the absorption of the cascade in the atmosphere.
The average depth of the first interaction, hX1 i = λp−air ,
and thus the starting of the air shower cascade, is directly related to the inelastic cross section via σp−air =
hmair i/λp−air , where hmair i is the mean target mass of air
and λp−air is identical to hX1 i due to the exponential distribution of X1 . At ultra-high energies X1 cannot be measured directly. On the other hand, the depth of the shower
maximum is a typical air shower observable, which can
be measured with good precision (c.f. [5]). In order to
determine the cross section from measurements of the air
shower maximum, Xmax , it is necessary to correct for the
additional air shower cascade within the slant depth range
∆X1 [6]. This can be done only with Monte Carlo simulations. Thus, depending on the implementation of the data
analysis there is some level of uncertainty related to the
modelling of extensive air showers and hadronic interactions at ultra-high energies in particular.
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Figure 1. Stages of longitudinal air shower development. The slant depth range from the first interaction to the shower maximum is
called ∆X1 and the range from the shower maximum to the observation ground level is ∆X2 . From [6].
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Figure 2. Shower-to-shower fluctuations of telescope (left) and ground array (right) for primary protons. The solid line shows the
prediction of the original QGSJetII model [8], while the dashed line is for showers having their first interaction at the fixed slant depth
corresponding to the predicted proton-air interaction length of QGSJetII. The dotted line is for simulated air showers with increased
cross section by a factor of two, f19 = 2, in addition to the fixed first interaction point.

In Fig. 1 it is also visible how measurements of the longitudinal air shower development at a fixed atmospheric
depth Xstage are sensitive to X1 . For cosmic ray showers
of the same primary energy the shower size at Xstage depends on the distance to Xmax and thus to X1 . The larger
distance to X1 reduces the sensitivity of such ground based
measurements to the cross section with respect to the direct observation of Xmax with telescopes (c.f. Fig. 2). In
addition, also the air shower development occurring in the
range of ∆X2 must be corrected for with Monte Carlo simulations, which introduces further model dependence.
With telescope based observations of the longitudinal air shower cascade the energy of the primary particle can be estimated from the integral of the observed energy deposit in the atmosphere. The depth of the shower
maximum is a direct observable of telescopes. With air
shower arrays the experimental situation is very different
from that. The primary energy of a particular air shower
event needs to be estimated from the shower size at ground
level [9–11]. For this purpose the total signal in the muon
component of the air shower cascade is best suited, but
cannot be measured by all experiments in the same way.
Also in general it requires a conversion technique relying on the modeling of the extensive air shower cascade

with Monte Carlo simulations. Given a possibility to estimate the primary energy, the electromagnetic shower size
at ground level, thus the signal in electrons, positrons and
photons, can be used to determine the stage of attenuation
of the air shower cascade in the atmosphere. This is an
indirect measure of the depth distance to the shower maximum Xmax and is then also sensitive to X1 . The concrete
implementation of how this is achieved by the analyses of
different Collaborations differ from each other, mostly because of the differing experimental situations and observables that are available.
All measurements of the cross section, and thus X1 ,
are based on the observation of the longitudinal air shower
development. The relation between air shower array and
telescope observations is visualized in Fig. 1.

3 Existing cosmic ray measurements
In Fig. 3 the cosmic ray based measurements of the protonair cross section are compared to model predictions. The
results at lower energies [13–15] are from the direct observation of cosmic ray protons in the atmosphere, the other
data are from air shower measurements. All air shower
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Figure 3. Compilation of cosmic ray proton-air cross section measurements. The predictions of hadronic interaction models are also
shown. The results at lower energies are mostly from the observation of unaccompanied hadrons, while at higher energies are all from
air shower based analyses. Plot from [12].
Table 1. Overview of the air shower based analyses of the proton-air cross section. The energy range of the analysis is quoted, as well
as the number of events used for the analysis Nevt , the experimental resolution of Xmax , the observed exponential attenuation of air
showers in the atmosphere, and the derived proton-air cross section with statistical uncertainties.

Experiment
Fly’s Eye
AGASA
HiRes
EAS-TOP
ARGO-YBJ
Yakutsk∗
Auger

lg E/eV
17.7
16.2-17.6
18.5
15.3
12.6-13.9
16.5-18.5
18.24

Nevt
≈500
553065
1348
O(107 )
O(108 )
1783
3082

σres (Xmax )/gcm−2
70
n/a
≈ 27
n/a
n/a
80-90
< 25

based results are based on the measurement of the attenuation of air showers in the atmosphere. The HiRes approach
is slightly different, since it determines the properties of
the distribution of X1 by unfolding the Xmax -distribution by
using a ∆X1 -distribution obtained from air shower simulations [16]. However, at the same time HiRes also explicitly
measures and quotes the attenuation of the air showers in
the atmosphere.
The experimental data of all these analyses are summarized in Tab. 1. The quantity Λobs is the observed attenuation coefficient of the air shower cascades in the atmosphere. Depending on the experimental resolution, it can
be more or less affected by experimental effects and these
results are not corrected for this. Tails in the experimental
resolution will make the observed attenuation coefficient
larger.
To derive the proton-air cross section from measurements of Λobs a relation of the form Λobs = kλint is used,

Λobs /gcm−2
73. ± 9
n/a
63.2 ± 4.7
n/a
n/a
n/a
55.8 ± 2.8

σ(p − air)/mb
530 ± 66
480–550
460 ± 49
338 ± 41
272–318
470–550
505 ± 23

where the factor k takes into account all experimental
effects as well as the impact of the air shower process
within the slant depth interval ∆X1 . To understand this
better it is useful to distinguish these different parts as
k = kdet keas , and it was argued that the primary effect
responsible for keas , 1 is the inelasticity of interactions,
yielding keas = 1/(1 − h(1 − kin )γ−1 i). Furthermore, it
was shown that keas itself depends on the cross section
at ultra-high energies, since in the very beginning of the
air shower cascade, interactions at energies only slightly
below the initial primary energy E0 dominate the air
shower properties. This latter effect is taken into account
only by the analysis of the Pierre Auger Collaboration
by using effectively a parameterization k = k(σp−air , det).
The effect of the detector resolution in the analysis is
implicitly taken into account by all analyses by the use of
realistic detector simulations. The ARGO Collaboration
explicitly quotes kdet =1.15 to 1.45, and the Yakutsk
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Collaboration kdet > 1 [17]. Because of kdet , 1 it is
not possible to compare the experimental results of Λobs
directly to each other, furthermore, it is not possible to
use a common value of k derived purely from theory for
several experiments.

4 Relation of proton-air to proton-proton
cross sections
The proton-air interaction length is the quantity that directly determines the longitudinal development of extensive air showers. Thus the primary sensitivity of cosmic
ray experiments if for the proton-air cross section. In order to derive a more fundamental proton-proton cross section from this, nuclear effects must be corrected for. The
most straightforward framework to calculate nuclear effects for this purpose has been proposed by Glauber et
al [18]. It takes into account the nuclear geometry and
the multiple scattering nature of nuclear collisions. In the
original calculation light nuclei are described by the shell
model taking into account the most fundamental nucleonnucleon correlations, but other higher-order effects, like
for example inelastic screening, are not included. There
are several models available to extend the original calculation of Glauber (for example [8, 19–23]), but there is
no theory from first principles available and none of the
existing models may be considered complete. It is thus
important to identify the minimum model that can be applied for the conversion and to find the smallest parameter
set necessary. Furthermore, the parameter space must be
reduced with the help of the available accelerator data as
far as possible. This is a the approach chosen by the Pierre
Auger Collaboration.
The Glauber calculation with a shell type description
of the nitrogen nuclei is extended with a description of
inelastic screening according to Good&Walker [24]. The
screening is tuned to accelerator data of single diffraction
in combination with proton-carbon cross section measurements, and it was found that low-mass diffraction with
ξ > 0.05 results in a model that can reproduce all nucleonnucleon as well as proton-carbon cross section that have
been measured at accelerators.
The comparison of proton-air and proton-proton cross
sections using physical models for the description of nuclear effects are not only providing some insight into
hadronic collisions at energies beyond current accelerator
measurements, they also test the physics of nuclear collisions used in the conversion calculations. In particular
with precise measurements taken at similar center-of-mass
energy this can become sensitive to probe the physics of
interesting effects, like inelastic screening, and saturation.

5 Air shower fluctuations as lower limit on
cross sections
One of the primary sources of fluctuations of air showers is
the interaction length of cosmic ray primaries in the atmosphere. Modern cosmic ray experiments can measure air

shower fluctuations with good precision and small experimental uncertainties [5]. Data from different experiments
is summarized in Fig. 6. Also the HiRes experiment published results on air shower fluctuations [25], however, an
observable is used, which is defined quite specifically for
the HiRes experiment, and also detector effects are not corrected for. Thus, this data cannot be directly compared to
other data, and it cannot be used for the following analysis.
The fluctuation of the depth of the shower maximum
can be expressed at the sum of fluctuations of the first interaction point plus the fluctuations arising from the subsequent air shower development up to the shower maximum
V[Xmax ] = V[X1 ] + V[∆X1 ].

(1)

The quantity V[∆X1 ] can only be studied with air shower
Monte Carlo simulations, however, it will always yield:
V[∆X1 ] > 0. Thus, we arrive at the following inequality
V[Xmax ] > V[X1 ],
where V[X1 ] = λ2int = (hmair i/σint )2 . This leads to
p
σint > hmair i/ V[X1 ],

(2)

which means that a measurement of the fluctuations of
Xmax is putting a lower limit on the cross section. The
experimental resolution of a measurement of Xmax would
add directly to Eq. (1) but this does not change any the
conclusions. It only requires a very precise measurement,
otherwise the limit from Eq. (2) will not restrict the relevant phase space.
The question about the primary cosmic ray mass composition is more difficult to handle. The limit of Eq. (2)
depends on the primary type of the cosmic ray particles.
Thus, by default it is a limit on the cosmic ray-air cross
section. The mixture of several cosmic ray species leads to
non trivial effects on the resulting V[Xmax ]. For example,
with respect to a pure proton composition, up to a certain
amount of admixture V[Xmax ] will increase before it starts
to decrease.
In Fig. 7 the 90% C.L. limits of the fluctuation data
are shown for the data sets with sufficiently precise measurements. The resulting limits on the cross section of the
most precise experiment are most constraining (→ highest
limits), which is what is expected from statistics.

6 Summary
All cosmic ray based cross section measurements above
1015 eV are based on the analysis of air shower data. The
observation of air shower and air shower fluctuations in
particular can be very sensitive to fluctuations of the starting depth of the air shower cascade. The primary source of
all fluctuations is the first interaction of the cosmic ray particle in the atmosphere. The exponential distribution of X1
is directly related to the inelastic proton-air cross section,
however, this is not a property of extensive air showers that
is subject to direct observation. Typical air shower observables are the location of the shower maximum Xmax , or
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Figure 4. Data on the inelastic hadronic cross section at very high energies. Model predictions are also shown. The LHC and also
Pierre Auger data are favoring the models with a moderate rise of the cross section with energy. From [12].
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Figure 7. The 90% C.L. lower limit of the cross section derived directly from the RMS of Xmax . No detector resolution or air shower
fluctuations are corrected for.
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the shower size at observation level measured with an air
shower array at ground level. With a simple model of the
longitudinal air shower development these very different
observables can be related to fluctuations of X1 in a common framework. Still, the measurement of Xmax is more
sensitive to X1 than the measurements obtained from air
shower arrays, which can be understood from additional
model dependent corrections necessary for the later.
The primary result of cosmic ray data analyses is the
proton-air cross section, since this is what directly determines the features of the air shower cascade. The relation
of the proton-air to the proton-proton cross sections requires additional model assumptions to correct for nuclear
effects. These corrections add additional systematic uncertainties to the cosmic ray data. Due to the very high energy
of some of the cosmic ray measurements, even with larger
uncertainties, the data has still potential for constraining
the extrapolation of hadronic interaction models towards
ultra-high energies. On the other hand, with more precise cosmic ray measurements undertaken at the energies,
where also accelerator data from the LHC will become
available, a direct test of the models used to correct for the
nuclear effects can be feasible. This will reduce the systematic uncertainties in modelling of extensive air showers, and it will also increase the sensitivity of cosmic ray
measurements to fundamental hadronic physics at ultrahigh energies. Effects like saturation or inelastic screening
may be directly tested in such comparisons.
But even without any complicated data analysis, precise cosmic ray data can be directly sensitive to hadronic
cross sections. With very much improved detection resolution in the current generation of cosmic ray experiments,
at ultra-high energies, it became feasible to measure the
longitudinal fluctuations of air showers over wide ranges
in primary energy. This is a very recent success in cosmic ray research, and it indicates a surprising feature: The
fluctuations of air shower cascades seems to decrease after
the “ankle” feature in the spectrum of cosmic rays. This
is not yet fully understood and one of the most interesting points of current research in cosmic ray physics. One
advantage of measuring small fluctuations with good experimental precision is that it can be utilized to constrain
the largest sources of fluctuations in air showers, which
is the primary proton-air cross section. The data of the
Pierre Auger Observatory indicates so small fluctuations at
the highest published energy bins that this is incompatible
with the assumption of a pure proton model together with
a standard extrapolation of the proton-air cross section to
these energies. Either, the composition is not dominated
by protons at these energies, or the proton-air cross section must start to diverge quite severely from the standard
extrapolations at center-of-mass energies around 200 TeV.
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