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Why this talk
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In the last years shower arrays located at extreme altitude (LHAASO but also HAWC and Tibet 
AS ) are detecting a number of photons above 100 TeV in a (nearly) background-free regime.

Therefore, for the first time we have a pure sample of showers produced by high energy photons

LHAASO in particolar is observing about 4000 photons per year above 100 TeV and about 20 
above 1 PeV

These observations offer the possibility to study the characteristics of photon induced showers 
and to compare with MonteCarlo simulations.

In particular this allow to measure for the first time the pion photo-production cross section 
even at energies marginally or not investigated yet at accelerators.

These studies are very important to clarify some issues in the photon-hadron interactions.

In the near future, SWGO and ALPACA experiments in the Southern hemisphere are expected to 
detect a larger sample of PeVatrons thus extending this study at higher energies.

γ
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Measurement of cross sections
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LHAASO after 3 years of data taking detected about 104 photons above 100 TeV 
 a measurement of photo-production cross section is possible to setting up the 

method and to cross check the background selection in gamma-ray astronomy.
→
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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 lg E/eV Nevt �res(Xmax)/gcm�2 ⇤obs/gcm�2 �(p � air)/mb
Fly’s Eye 17.7 ⇡500 70 73. ± 9 530 ± 66
AGASA 16.2-17.6 553065 n/a n/a 480–550
HiRes 18.5 1348 ⇡ 27 63.2 ± 4.7 460 ± 49
EAS-TOP 15.3 O(107) n/a n/a 338 ± 41
ARGO-YBJ 12.6-13.9 O(108) n/a n/a 272–318
Yakutsk⇤ 16.5-18.5 1783 80-90 n/a 470–550
Auger 18.24 3082 < 25 55.8 ± 2.8 505 ± 23

based results are based on the measurement of the attenua-
tion of air showers in the atmosphere. The HiRes approach
is slightly di↵erent, since it determines the properties of
the distribution of X1 by unfolding the Xmax-distribution by
using a �X1-distribution obtained from air shower simula-
tions [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 sum-
marized in Tab. 1. The quantity ⇤obs is the observed atten-
uation coe�cient of the air shower cascades in the atmo-
sphere. Depending on the experimental resolution, it can
be more or less a↵ected by experimental e↵ects and these
results are not corrected for this. Tails in the experimental
resolution will make the observed attenuation coe�cient
larger.

To derive the proton-air cross section from measure-
ments of ⇤obs a relation of the form ⇤obs = k�int is used,

where the factor k takes into account all experimental
e↵ects 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 di↵erent parts as
k = kdetkeas, and it was argued that the primary e↵ect
responsible for keas , 1 is the inelasticity of interactions,
yielding keas = 1/(1 � h(1 � kin)��1i). 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 e↵ect is taken into account
only by the analysis of the Pierre Auger Collaboration
by using e↵ectively a parameterization k = k(�p�air, det).
The e↵ect 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

07004-p.3

ISVHECRI 2012

Ulrich, ISVHECRi 2012

Why is the study of photon-hadron interactions interesting?
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The photon: gauge boson of QED
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The photon is the gauge boson of quantum electrodynamics and is regarded as point-like and structureless.

With increasing energy, after an interaction with a Coulomb field, the 
photons could materialize as pairs of electrons through the process 

  if the energy available is sufficiently high,  γ → e+e− > 2me c2

 it is possible to interpret the pair production as arising through 
the scattering of photon constituents by the Coulomb potential.
→

This illustrates the point that at different energy scales, 
different aspects of the underlying dynamics become visible 

In high energy photo-production, in many aspects, the photon exhibits an internal structure 
which is very similar to that of hadrons, with a small relative probability of order .α ≈ 1/137
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On general grounds, photo-production is a process where something is produced by the interaction 
of a high energy photon with hadrons. Something like γ + N → π + N, π → μ

Pion photo-production is the main process to produce muons in induced showersγ−
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The Photon as Hadron
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The complex hadronic structure of the photon is far 
not well understood.

That is, its interaction cross-sections behave (apart from a 
normalization factor) very much like hadronic cross-
sections, and at the highest energies the photon even appears 
to ‘contain’ quarks and gluons, just as the proton or, more 
specifically, a vector meson does.

6

R = diffractive/inclusive  dijet production

xg

Pumplin bound

µ2=6.5 GeV2

15 GeV2

90 GeV2

Figure 8. The ratio of diffractive to inclusive di-
jet production cross section as a function of x of
the gluon for different scales of the hard scatter-
ing, for the recent H1 diffractive parton distribu-
tion functions. Also shown is the unitarity limit,
called Pumplin bound.

3.10. Summary on inclusive diffraction

This subsection is more a presentation of some
questions than a real summary. Is Regge factor-
ization broken? Also for xIP < 0.01? There is a
need for more precise measurements to come to
a clear conclusion. Ideally, so as not to be de-
pendent on the Regge factorization assumption
in diffraction, one would like to do a QCD anal-
ysis for fixed values of xIP . This will need much
higher statistics than presently available.

There is a breaking of QCD factorization when
using the parton distribution densities to compare
to hadron-hadron data. This is interpreted by
the introduction of the large rapidity gap survival
probability. The value of the survival probability
seems to be in the range of 0.1-0.3.

The presently obtained gluon momentum den-
sities seem to give results which are violating the
Pumplin bound, in certain kinematical regions.
This could be the indication of the presence of
unitarity effects.

There is a large ratio of diffractive to total cross

section which decreases with Q2.

4. Exclusive diffractive processes

4.1. Introduction

This section describes exclusive processes like
electroproduction of vector mesons or Deeply Vir-
tual Compton Scattering (DVCS). The situation
in this cases is much simpler as these processes are
clearly diffractive processes at the high energies
where they are measured. There still exist the
problem of isolating the ’elastic’ process from the
proton dissociative one. By measuring the cross
section for a limited low t range, the contribution
of the latter is minimized.

4.2. Soft to hard transition

One of the nice features seen in these data is
the transition from soft to hard processes as one
increases the scale. This transition is seen also

Figure 9. A compilation of elastic photoproduc-
tion of vector mesons, as a function of W . The
total γp cross section is plotted for comparison.

for the photoproduction of vector mesons, where
the mass serves as the scale. Figure 9 shows the

The total  cross-section compared with the 
cross-sections for exclusive vector meson production, 

as a function of the  center of mass energy W.

γp → Vp

γp

The simplest model for describing the hadron nature of the 
photon is the Vector Meson Dominance (VMD) model. 

In many aspects, the photon appears very much like a hadron and a photon-hadron interactions can 
be understood if the physical photon is viewed as a superposition of a bare photon and an 
accompanying small hadronic component which feels conventional hadronic interactions.

Photons of very high energy behave as hadrons when interacting with other hadrons
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The Vector Meson Dominance Model
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In this model, the photon is assumed to transform, before an interaction, to a neutral vector 
meson V, , (such as the ) while the interaction of the bare photon with hadrons 
becomes negligible at high energies. 

γ → V ρ0, ω, ϕ

ANSALS OF PHYSICS: 11, l--18 (1960) 

Theory of Strong Interactions* 

The Enrico Fermi Institute for Nuclear Studies and the Department 
of Physics, The University oj Chicago, Chicago, Illinois 

“There is a large experimental program on production of 
S particles by nuclear collisions and by photons, scattering, 
and interactions of t,hose mesons with nuclei, etc. But just be- 
t.ween us theoretical physicists: What do we do with all these 
data? We can’t do anything. We are facing a very serious prob- 
lem. Perhaps the results of all experiments will produce 
some idiotic surprises, and some dope will be able to calculate 
everything from some simple rule. What we are doing can be 
compared with those complicated models invented to explain 
the hydrogen spectra which turned out to satisfy very simple 
regularities.” 

R. P. FEYNMAN 

All the symmetry models of strong int.eractions which have been proposed 
up to the present are devoid of deep physical foundations. It is suggested that, 
instead of postulating artificial “higher” symmetries which must be broken 
anyway within the realm of strong interactions, we take the ezisting exact 
symmetries of strong interactions more seriously than before and exploit them 
to the utmost limit. A new theory of strong interactions is proposed on this 
basis. 

Following Yang and Mills we require that the gauge transformations that 
are associated with the three “internal” conservation laws-haryon conser- 
vation, hypercharge conservation, and isospin conservation-be “consistent 
with the local field concept that underlies the usual physical theories.” In 
analogy with electromagnetism t,here emerge three kinds of couplings such 
that in each case a massive vector field is coupled linearly to the conserved 
current in question. Each of the three fundamental couplings is characterized 
by a single universal constant. Since, as Pais has shown, there are no other inter- 
nal symmetries that are exact, and since any successful theory must be simple, 
there are no other fundamental strong couplings. Parity conservation in 
strong interactions follows as the direct consequence of parity conservation 
of the three fundamental vector couplings. The three vector couplings give 
rise to corresponding current-current interactions. Yukawa-type couplings of 
pions and K particles to baryons are “phenomenological,” and may arise, 
for instance, out of four-baryon current-current interactions along the lines 
suggested by Fermi and Yang. All the successful features of Chew-Low type 

* This work was supported by t,he U. 8. Atomic Energy Commission. 

Photon–proton cross-sections at  can be related 
to hadron–hadron cross-sections using the Vector Meson 
Dominance Model (VMD) proposed by Sakurai in 1960 
before the introduction of QCD.

s > GeV

The quark model predicts that the photon should behave as if it were 75% , 8%  and 17% . 

This really means, of course, that in a large sample of interactions the photon will behave as a 
rho in 75% of the interactions, as an omega in 8%, and as a phi in 17%. 

ρ ω ϕ

Hadronic contribution to the photon propagator in the VMD model

Therefore, interactions between photons and hadronic matter occur by the 
exchange of a hadron between the dressed photon and the hadronic target.
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The Vector Meson Dominance Model
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Two situations where a photon interaction proceeds through an intermediate vector meson.

(a) Elastic electron scattering with a virtual photon. Here the vector meson is usually 
regarded as yielding a modification of the target charge distribution.

(b)  High-energy interaction of a real photon. The conversion takes place well outside the 
target and the vector meson V is considered part of the photon's hadronic structure.

Baksan Underground Scintillation 
Telescope. A. Smolnikov reviewed 
double beta decay searches, both at 
Baksan and elsewhere. 

Traditionally, a number of lectures 
at Baksan schools are devoted to the 
status and future prospects of under-
ground experiments. Considerable 
interest was raised by the status 
reports on two Gran Sasso experi-
ments: G. Giacomelli gave the talk on 
MACRO and V.Kudryavtsev reported 
on LVD. E.Bellotti described new 
techniques for underground physics 
and discussed three projects, 
ICARUS, HELLAZ and the Milan 
group's cryogenic device. Two 
proposals for future solar neutrino 
detectors at Baksan were also 
presented: A. Kopylov discussed the 
radiochemical lithium-beryllium 
approach, and V.Cherekhovsky 
reported on fluorine containing 
scintillation detector. This next 
generation of underground experi-
ments will make precise measure-
ments of solar neutrino flux and 
search for phenomena beyond the 
standard model like proton decay or 
neutrino oscillations. 

In two talks on underwater detec-
tors, L.Bezrukov reported from the 
current experiment on Lake Baikal 
and I.Zheleznykh discussed plans for 
the NESTOR/SADKO experiment in 
the Mediterranean. 

The 1993 Baksan School was 
dedicated to the memory of 
A.A.Pomansky, formerly head of 
Baksan Neutrino Observatory, who 
died in April. The formation, develop-
ment and worldwide reputation of the 
Observatory where to large extent 
due to his efforts. 

From Igor Tkachev 

The strong will of the 
photon 

In 1900 Max Planck introduced 
the photon, the quantum of the 
electromagnetic force. The 
electromagnetic (and 
electroweak) behaviour of the 
photon can now be calculated 
more accurately than experi-
ments can even measure. But as 
well as mediating electromagne-
tism, the photon can temporarily 
dissociate into particles which 
take part in strong nuclear 
interactions. This way the photon 
enters strong interactions through 
a back door, and this aspect of 
the photon is far from underr 
stood. In this series of articles, 
Gerhard Schuler looks at what 
we know about the photon almost 
a century after Planck introduced 
the idea. 

Among today's elementary particles, 
the photon, the massless carrier of 
the electromagnetic force, plays a 
special role. At high energy, it has a 
dual character - sometimes pointlike 
and structureless, elsewhere with a 
hadronic structure. 

This is reminiscent of the duality of 
radiation and matter established at 
the beginning of the century. But 
while this wave-particle duality is 
understood in quantum mechanics, 

we have no complete description of 
high energy hadronic interactions. 
Quantum chromodynamics, the field 
theory of quarks and gluons, comes 
nearest, but calculations are not 
always possible. Physicists have to 
resort to intuitive pictures and models 
to supplement formal theory. 

The hadronic Side of the photon is a 
rich field, both theoretically and 
experimentally, studied using a range 
of reactions at all the major front-line 
accelerators and storage rings, 
culminating most recently with first 
data from the new HERA electron-
proton collider at DESY, Hamburg. 

The photon was first regarded as 
structureless. The first hint of photon 
structure was probably electron-
positron pair creation by photons in 
an electromagnetic field. In relativistic 
quantum field theory, a particle 
contains not only its 'bare' state, but 
also contributions from all states 
coupled to it by the interaction. Thus 
in quantum terms the photon also 
contains electron-positron pairs, 
which can materialize in high-energy 
reactions. 

In hadronic interactions, the photon 
was again first regarded as 
structureless (apart from 'radiative 
corrections' due to the electron-
positron pair content). However as 

Photon transformation into vector mesons 
affects both the electromagnetic properties of 
hadrons (left) and high energy photon 
interactions (right). 

22 CERN Courier, September 1993 

(a) (b)

The high energy photon-hadron interaction may then be thought of as occurring in two 
steps: first, the photon materializes into a vector meson in the vicinity of the interacting 

hadron, and second, this vector meson interacts strongly with the hadron.
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The total hadronic cross sections
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The pion photo-production  is the main process able to produce muons in 
photon-induced Extensive Air Showers (EAS). 

The knowledge of the photo-production cross section is therefore crucial to evaluate the 
expected number of muons in -showers and to set a correct threshold to discriminate, in 
high energy -ray astronomy, the showers induced by the photons from the 
background due to charged CRs.

γN → πN

γ
γ

Photon scattering probes additional aspects of hadronic cross sections but the absence of
data in the

p
s ⇠ TeV range does not allow for precise tests of model predictions at high energy,

such as those probed for instance in gamma-ray astronomy or in cosmic ray (CR) physics. The
transition from real to virtual photons and from photons to hadrons are still rather model
dependent [1].

Measurements of the hadronic cross sections are made with di↵erent techniques due to the
di↵erent projectiles and targets used. The study of the interactions of primary CR particles
with the nuclei of atmosphere allowed to measure the p-air and pp cross sections up to

p
s = 14

TeV [2]. Information on photo-production (PHP) �p and �� cross-sections are instead limited
to

p
s  200 GeV from data collected at HERA [3].Eur. Phys. J. C (2017) 77 :150 Page 53 of 178 150
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Fig. 33 Total cross section data for pp and p p̄ scattering together with
normalised γ p and γ γ data. Curves describe predictions from a mini-
jet model with soft gluon resummation, and has been updated from the
corresponding one in [147] courtesy of A. Grau, with MSTW08 curve
courtesy of D. Fagundes

ics. This dominance of large distance behavior implies very
low-momentum exchanges, characterized, at high energy, by
gluons with kt → 0. These very soft quanta need to be
resummed, not unlike what happens in QED, and the problem
of the high energy behavior of total cross sections appears
related to the one of radiative corrections to parton–parton
scattering. Resummation for such effects, and hence inte-
gration over the infrared region, being mandatory, a knowl-
edge or a model for the behavior of emitted gluons in this
domain is needed for any parameter free description. In our
opinion, models which do not access the infrared region, for
instance introducing an infrared cut-off, may provide good
phenomenological descriptions and some understanding of
the dynamics, but so far fail to shed light on the essential
problem.

The still unsolved problem of confinement is presently
the reason why there is no model allowing to calculate the
total cross section from first principles from low energies to
high energies. In the context of the total cross section, we
shall define as low energy the region after the resonances
have died out,

√
s ≈ (5 ÷ 10) GeV for protons, and as high

energy the region where (10 ÷ 20) GeV ≤ √
s � (10 ÷ 20)

TeV. We shall refer to higher energies, accessible through
cosmic rays, as the very high energy region.

The above distinction between low and high energy is
not purely phenomenological. As the c.m. energy rises, par-
tons inside the scattering hadrons can undergo hard or semi-
hard collisions. Such collisions, by definition, are describable
with perturbative QCD (pQCD). In this regime, partons of
momentum p = x Ph are extracted from a hadron of momen-
tum Ph with a 1/x spectrum and scatter into final state partons
of transverse moment pt , with a strength calculable through
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Fig. 34 Proton and pion total cross sections, as indicated, from [149].
Reprinted from [149], ©(2010) with permission from Elsevier

the asymptotic freedom expression for the strong coupling
constant, given to lowest order as

αAF (Q2) = 1

bo ln Q2/Λ2
QCD

; (5.1)

Eq. (5.1) is valid for Q2 ≫ Λ2
QCD, basically for Q2 ∼ p2

t �
1 GeV2. At the same time, as the c.m. energy rises, parton
emission for given momentum p probes decreasing values
of x , and, due to the 1/x spectrum, leading to an increase
of the cross section, as x ≪ 1. Combining the spectrum
behavior with Eq. (5.1), and calling high energy the region
where pQCD starts taking over, we see that the transition to
the perturbative region will occur when

1/x ≥ √
s/2 pt min ≫ 1 and pt min ≃ 1 GeV. (5.2)

For x ≃ (0.1 ÷ 0.2) the turning point where pQCD starts
playing a substantial role can be seen to occur when
√
s � (2/x) GeV, (5.3)√
s ∼ (10 ÷ 20) GeV. (5.4)

Indeed, data indicate that, after the resonances die out, the p̄ p
cross section keeps on decreasing until reaching a cm energy
between 10 and 20 GeV. It is here that the cross section
undergoes a relatively fast rise, easily described by a power
law, which levels off as the energy keeps on increasing. In
the case of pp, the initial decrease is very mild and the rise
may start earlier. Notice that for pion cross sections, the onset
of the high energy region may be considered to start earlier,
as one can see from a compilation of ππ and πp total cross
sections, shown in Fig. 34 from [149]. In this figure, the
overlaid curves correspond to the same model as in Fig. 33,
discussed later.

As for the high energy behaviour of all total cross sec-
tions, there are two main features which need to be properly

123

Figure 1. Total cross section data for pp and p � antip scattering together with normalized �p
and �� data [1]. Curves describe predictions from a mini-jet model with soft gluon resummation
[5].

According to experimental results, all total cross sections rise asymptotically with energy, as
first observed in analysis of CR data in the early ’70 [4]. In Fig. 1 a compilation of total pp/pp,
�p and �� cross sections, from accelerators and CR experiments, are shown together to highlight
their common features [1]. The dashed and full curves over imposed to the data are obtained
from a mini-jet model described in [5]. Since the data span an energy range of four orders of
magnitude, with the cross sections in the milli-barn range for proton-proton, micro barn range
for photo-production and nano-barns for photon-photon, to plot them all on the same scale we
must use a normalization factor by multiplying the �p cross section by a factor ⇡330 and the
�� by (330)2 [5].

All hadronic cross-sections show two important characteristics

1. With CM energy increasing from fixed target experiments to those at colliders, all total
cross-sections (both purely hadronic and with photons) first decrease and then, around

p
s

= 10 – 20 GeV for the pp case, start increasing. Minijet models attribute this transition
to the onset of hard and semihard parton-parton collisions, which can be described by
perturbative QCD.

Total  and  total cross sections, 
together with normalised  and  data

pp pp
γp γγ

Measurements of the hadronic cross sections 
are made with different techniques due to the 
different projectiles and targets used. 

The study of the interactions of primary CR 
with the atmosphere allowed to measure the 
p-air and pp cross sections up to  TeV. s = 57
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Photon scattering probes additional aspects of hadronic cross sections but the absence of
data in the

p
s ⇠ TeV range does not allow for precise tests of model predictions at high energy,
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dependent [1].
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20

40

60

80

100

120

140

160

180

200

10 10
2

10
3

10
4

10
5

s (GeV)

to
t(m

b) BN-model (MRST-LO,p=0.62,ptmin=1.25 GeV; GRV,p=0.69,ptmin=1.2 GeV)
BN-model (MSTW08-LO, p=0.66, ptmin=1.3 GeV)

pp accelerator data

pp cosmic ray data

AUGER

TOTEM
ATLAS

pp accelerator data

Photoproduction data before HERA

ZEUS 96

H1 94

Vereshkov 03  p

L3   189, 192-202 GeV

OPAL  189 GeV

TPC 

DESY 84 

DESY 86 

 proton multiplied by 330

 multiplied by (330)2

Fig. 33 Total cross section data for pp and p p̄ scattering together with
normalised γ p and γ γ data. Curves describe predictions from a mini-
jet model with soft gluon resummation, and has been updated from the
corresponding one in [147] courtesy of A. Grau, with MSTW08 curve
courtesy of D. Fagundes

ics. This dominance of large distance behavior implies very
low-momentum exchanges, characterized, at high energy, by
gluons with kt → 0. These very soft quanta need to be
resummed, not unlike what happens in QED, and the problem
of the high energy behavior of total cross sections appears
related to the one of radiative corrections to parton–parton
scattering. Resummation for such effects, and hence inte-
gration over the infrared region, being mandatory, a knowl-
edge or a model for the behavior of emitted gluons in this
domain is needed for any parameter free description. In our
opinion, models which do not access the infrared region, for
instance introducing an infrared cut-off, may provide good
phenomenological descriptions and some understanding of
the dynamics, but so far fail to shed light on the essential
problem.

The still unsolved problem of confinement is presently
the reason why there is no model allowing to calculate the
total cross section from first principles from low energies to
high energies. In the context of the total cross section, we
shall define as low energy the region after the resonances
have died out,

√
s ≈ (5 ÷ 10) GeV for protons, and as high

energy the region where (10 ÷ 20) GeV ≤ √
s � (10 ÷ 20)

TeV. We shall refer to higher energies, accessible through
cosmic rays, as the very high energy region.

The above distinction between low and high energy is
not purely phenomenological. As the c.m. energy rises, par-
tons inside the scattering hadrons can undergo hard or semi-
hard collisions. Such collisions, by definition, are describable
with perturbative QCD (pQCD). In this regime, partons of
momentum p = x Ph are extracted from a hadron of momen-
tum Ph with a 1/x spectrum and scatter into final state partons
of transverse moment pt , with a strength calculable through

0

20

40

60

80

100

120

10 102 103 104

s (GeV)

to
t(m

b)

proton-antiproton

UA5
UA1
UA4
CDF
E710
E811

proton-proton

- -
+ -

-p PDG

PRS + p  extracted+p PDG

PRD 72, 076001 (2005), eikonal mini-jet model with kt-resummation

GRV densities,  p=0.75, ptmin=1.15  GeV

nsoft=AFF(b,s)( 0+A1E 1- A2E 2)

Fig. 34 Proton and pion total cross sections, as indicated, from [149].
Reprinted from [149], ©(2010) with permission from Elsevier

the asymptotic freedom expression for the strong coupling
constant, given to lowest order as

αAF (Q2) = 1

bo ln Q2/Λ2
QCD

; (5.1)

Eq. (5.1) is valid for Q2 ≫ Λ2
QCD, basically for Q2 ∼ p2

t �
1 GeV2. At the same time, as the c.m. energy rises, parton
emission for given momentum p probes decreasing values
of x , and, due to the 1/x spectrum, leading to an increase
of the cross section, as x ≪ 1. Combining the spectrum
behavior with Eq. (5.1), and calling high energy the region
where pQCD starts taking over, we see that the transition to
the perturbative region will occur when

1/x ≥ √
s/2 pt min ≫ 1 and pt min ≃ 1 GeV. (5.2)

For x ≃ (0.1 ÷ 0.2) the turning point where pQCD starts
playing a substantial role can be seen to occur when
√
s � (2/x) GeV, (5.3)√
s ∼ (10 ÷ 20) GeV. (5.4)

Indeed, data indicate that, after the resonances die out, the p̄ p
cross section keeps on decreasing until reaching a cm energy
between 10 and 20 GeV. It is here that the cross section
undergoes a relatively fast rise, easily described by a power
law, which levels off as the energy keeps on increasing. In
the case of pp, the initial decrease is very mild and the rise
may start earlier. Notice that for pion cross sections, the onset
of the high energy region may be considered to start earlier,
as one can see from a compilation of ππ and πp total cross
sections, shown in Fig. 34 from [149]. In this figure, the
overlaid curves correspond to the same model as in Fig. 33,
discussed later.

As for the high energy behaviour of all total cross sec-
tions, there are two main features which need to be properly
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Figure 1. Total cross section data for pp and p � antip scattering together with normalized �p
and �� data [1]. Curves describe predictions from a mini-jet model with soft gluon resummation
[5].

According to experimental results, all total cross sections rise asymptotically with energy, as
first observed in analysis of CR data in the early ’70 [4]. In Fig. 1 a compilation of total pp/pp,
�p and �� cross sections, from accelerators and CR experiments, are shown together to highlight
their common features [1]. The dashed and full curves over imposed to the data are obtained
from a mini-jet model described in [5]. Since the data span an energy range of four orders of
magnitude, with the cross sections in the milli-barn range for proton-proton, micro barn range
for photo-production and nano-barns for photon-photon, to plot them all on the same scale we
must use a normalization factor by multiplying the �p cross section by a factor ⇡330 and the
�� by (330)2 [5].

All hadronic cross-sections show two important characteristics

1. With CM energy increasing from fixed target experiments to those at colliders, all total
cross-sections (both purely hadronic and with photons) first decrease and then, around

p
s

= 10 – 20 GeV for the pp case, start increasing. Minijet models attribute this transition
to the onset of hard and semihard parton-parton collisions, which can be described by
perturbative QCD.

Information on photo-production  γp and γγ 
cross-sections are limited to  GeV 
from data collected at HERA.

s ≤ 200
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Photon scattering probes additional aspects of hadronic cross sections but the absence of
data in the

p
s ⇠ TeV range does not allow for precise tests of model predictions at high energy,

such as those probed for instance in gamma-ray astronomy or in cosmic ray (CR) physics. The
transition from real to virtual photons and from photons to hadrons are still rather model
dependent [1].

Measurements of the hadronic cross sections are made with di↵erent techniques due to the
di↵erent projectiles and targets used. The study of the interactions of primary CR particles
with the nuclei of atmosphere allowed to measure the p-air and pp cross sections up to

p
s = 14

TeV [2]. Information on photo-production (PHP) �p and �� cross-sections are instead limited
to

p
s  200 GeV from data collected at HERA [3].Eur. Phys. J. C (2017) 77 :150 Page 53 of 178 150
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Fig. 33 Total cross section data for pp and p p̄ scattering together with
normalised γ p and γ γ data. Curves describe predictions from a mini-
jet model with soft gluon resummation, and has been updated from the
corresponding one in [147] courtesy of A. Grau, with MSTW08 curve
courtesy of D. Fagundes

ics. This dominance of large distance behavior implies very
low-momentum exchanges, characterized, at high energy, by
gluons with kt → 0. These very soft quanta need to be
resummed, not unlike what happens in QED, and the problem
of the high energy behavior of total cross sections appears
related to the one of radiative corrections to parton–parton
scattering. Resummation for such effects, and hence inte-
gration over the infrared region, being mandatory, a knowl-
edge or a model for the behavior of emitted gluons in this
domain is needed for any parameter free description. In our
opinion, models which do not access the infrared region, for
instance introducing an infrared cut-off, may provide good
phenomenological descriptions and some understanding of
the dynamics, but so far fail to shed light on the essential
problem.

The still unsolved problem of confinement is presently
the reason why there is no model allowing to calculate the
total cross section from first principles from low energies to
high energies. In the context of the total cross section, we
shall define as low energy the region after the resonances
have died out,

√
s ≈ (5 ÷ 10) GeV for protons, and as high

energy the region where (10 ÷ 20) GeV ≤ √
s � (10 ÷ 20)

TeV. We shall refer to higher energies, accessible through
cosmic rays, as the very high energy region.

The above distinction between low and high energy is
not purely phenomenological. As the c.m. energy rises, par-
tons inside the scattering hadrons can undergo hard or semi-
hard collisions. Such collisions, by definition, are describable
with perturbative QCD (pQCD). In this regime, partons of
momentum p = x Ph are extracted from a hadron of momen-
tum Ph with a 1/x spectrum and scatter into final state partons
of transverse moment pt , with a strength calculable through

0

20

40

60

80

100

120

10 102 103 104

s (GeV)

to
t(m

b)

proton-antiproton

UA5
UA1
UA4
CDF
E710
E811

proton-proton

- -
+ -

-p PDG

PRS + p  extracted+p PDG

PRD 72, 076001 (2005), eikonal mini-jet model with kt-resummation

GRV densities,  p=0.75, ptmin=1.15  GeV

nsoft=AFF(b,s)( 0+A1E 1- A2E 2)

Fig. 34 Proton and pion total cross sections, as indicated, from [149].
Reprinted from [149], ©(2010) with permission from Elsevier

the asymptotic freedom expression for the strong coupling
constant, given to lowest order as

αAF (Q2) = 1

bo ln Q2/Λ2
QCD

; (5.1)

Eq. (5.1) is valid for Q2 ≫ Λ2
QCD, basically for Q2 ∼ p2

t �
1 GeV2. At the same time, as the c.m. energy rises, parton
emission for given momentum p probes decreasing values
of x , and, due to the 1/x spectrum, leading to an increase
of the cross section, as x ≪ 1. Combining the spectrum
behavior with Eq. (5.1), and calling high energy the region
where pQCD starts taking over, we see that the transition to
the perturbative region will occur when

1/x ≥ √
s/2 pt min ≫ 1 and pt min ≃ 1 GeV. (5.2)

For x ≃ (0.1 ÷ 0.2) the turning point where pQCD starts
playing a substantial role can be seen to occur when
√
s � (2/x) GeV, (5.3)√
s ∼ (10 ÷ 20) GeV. (5.4)

Indeed, data indicate that, after the resonances die out, the p̄ p
cross section keeps on decreasing until reaching a cm energy
between 10 and 20 GeV. It is here that the cross section
undergoes a relatively fast rise, easily described by a power
law, which levels off as the energy keeps on increasing. In
the case of pp, the initial decrease is very mild and the rise
may start earlier. Notice that for pion cross sections, the onset
of the high energy region may be considered to start earlier,
as one can see from a compilation of ππ and πp total cross
sections, shown in Fig. 34 from [149]. In this figure, the
overlaid curves correspond to the same model as in Fig. 33,
discussed later.

As for the high energy behaviour of all total cross sec-
tions, there are two main features which need to be properly
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Figure 1. Total cross section data for pp and p � antip scattering together with normalized �p
and �� data [1]. Curves describe predictions from a mini-jet model with soft gluon resummation
[5].

According to experimental results, all total cross sections rise asymptotically with energy, as
first observed in analysis of CR data in the early ’70 [4]. In Fig. 1 a compilation of total pp/pp,
�p and �� cross sections, from accelerators and CR experiments, are shown together to highlight
their common features [1]. The dashed and full curves over imposed to the data are obtained
from a mini-jet model described in [5]. Since the data span an energy range of four orders of
magnitude, with the cross sections in the milli-barn range for proton-proton, micro barn range
for photo-production and nano-barns for photon-photon, to plot them all on the same scale we
must use a normalization factor by multiplying the �p cross section by a factor ⇡330 and the
�� by (330)2 [5].

All hadronic cross-sections show two important characteristics

1. With CM energy increasing from fixed target experiments to those at colliders, all total
cross-sections (both purely hadronic and with photons) first decrease and then, around

p
s

= 10 – 20 GeV for the pp case, start increasing. Minijet models attribute this transition
to the onset of hard and semihard parton-parton collisions, which can be described by
perturbative QCD.

Information on photo-production  γp and γγ 
cross-sections are limited to  GeV 
from data collected at HERA.

s ≤ 200

The photo-production  γp and γγ cross-sections 
above  GeV are typically extrapolated from 
the pp cross section with factorisation models and 
used in MC simulations up to the highest energies.

s ≈ 200

The photon is considered (always) hadron-like and 
, where  is the probability that the 

photon makes occasional transitions to a hadronic state. 
σγp

tot = Rγ ⋅ σpp
tot Rγ

The VMD model allows to estimate the factor   at   before the beginning 
of the high-energy rise of cross sections. With the meson data  is obtained

Rγ s = 10 − 20 GeV
ρ− Rγ ≈ 1/360

All factorisation models imply that there is a 
universal behaviour of the energy dependence
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Photon scattering probes additional aspects of hadronic cross sections but the absence of
data in the

p
s ⇠ TeV range does not allow for precise tests of model predictions at high energy,

such as those probed for instance in gamma-ray astronomy or in cosmic ray (CR) physics. The
transition from real to virtual photons and from photons to hadrons are still rather model
dependent [1].

Measurements of the hadronic cross sections are made with di↵erent techniques due to the
di↵erent projectiles and targets used. The study of the interactions of primary CR particles
with the nuclei of atmosphere allowed to measure the p-air and pp cross sections up to

p
s = 14

TeV [2]. Information on photo-production (PHP) �p and �� cross-sections are instead limited
to

p
s  200 GeV from data collected at HERA [3].Eur. Phys. J. C (2017) 77 :150 Page 53 of 178 150
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Fig. 33 Total cross section data for pp and p p̄ scattering together with
normalised γ p and γ γ data. Curves describe predictions from a mini-
jet model with soft gluon resummation, and has been updated from the
corresponding one in [147] courtesy of A. Grau, with MSTW08 curve
courtesy of D. Fagundes

ics. This dominance of large distance behavior implies very
low-momentum exchanges, characterized, at high energy, by
gluons with kt → 0. These very soft quanta need to be
resummed, not unlike what happens in QED, and the problem
of the high energy behavior of total cross sections appears
related to the one of radiative corrections to parton–parton
scattering. Resummation for such effects, and hence inte-
gration over the infrared region, being mandatory, a knowl-
edge or a model for the behavior of emitted gluons in this
domain is needed for any parameter free description. In our
opinion, models which do not access the infrared region, for
instance introducing an infrared cut-off, may provide good
phenomenological descriptions and some understanding of
the dynamics, but so far fail to shed light on the essential
problem.

The still unsolved problem of confinement is presently
the reason why there is no model allowing to calculate the
total cross section from first principles from low energies to
high energies. In the context of the total cross section, we
shall define as low energy the region after the resonances
have died out,

√
s ≈ (5 ÷ 10) GeV for protons, and as high

energy the region where (10 ÷ 20) GeV ≤ √
s � (10 ÷ 20)

TeV. We shall refer to higher energies, accessible through
cosmic rays, as the very high energy region.

The above distinction between low and high energy is
not purely phenomenological. As the c.m. energy rises, par-
tons inside the scattering hadrons can undergo hard or semi-
hard collisions. Such collisions, by definition, are describable
with perturbative QCD (pQCD). In this regime, partons of
momentum p = x Ph are extracted from a hadron of momen-
tum Ph with a 1/x spectrum and scatter into final state partons
of transverse moment pt , with a strength calculable through
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Fig. 34 Proton and pion total cross sections, as indicated, from [149].
Reprinted from [149], ©(2010) with permission from Elsevier

the asymptotic freedom expression for the strong coupling
constant, given to lowest order as

αAF (Q2) = 1

bo ln Q2/Λ2
QCD

; (5.1)

Eq. (5.1) is valid for Q2 ≫ Λ2
QCD, basically for Q2 ∼ p2

t �
1 GeV2. At the same time, as the c.m. energy rises, parton
emission for given momentum p probes decreasing values
of x , and, due to the 1/x spectrum, leading to an increase
of the cross section, as x ≪ 1. Combining the spectrum
behavior with Eq. (5.1), and calling high energy the region
where pQCD starts taking over, we see that the transition to
the perturbative region will occur when

1/x ≥ √
s/2 pt min ≫ 1 and pt min ≃ 1 GeV. (5.2)

For x ≃ (0.1 ÷ 0.2) the turning point where pQCD starts
playing a substantial role can be seen to occur when
√
s � (2/x) GeV, (5.3)√
s ∼ (10 ÷ 20) GeV. (5.4)

Indeed, data indicate that, after the resonances die out, the p̄ p
cross section keeps on decreasing until reaching a cm energy
between 10 and 20 GeV. It is here that the cross section
undergoes a relatively fast rise, easily described by a power
law, which levels off as the energy keeps on increasing. In
the case of pp, the initial decrease is very mild and the rise
may start earlier. Notice that for pion cross sections, the onset
of the high energy region may be considered to start earlier,
as one can see from a compilation of ππ and πp total cross
sections, shown in Fig. 34 from [149]. In this figure, the
overlaid curves correspond to the same model as in Fig. 33,
discussed later.

As for the high energy behaviour of all total cross sec-
tions, there are two main features which need to be properly
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Figure 1. Total cross section data for pp and p � antip scattering together with normalized �p
and �� data [1]. Curves describe predictions from a mini-jet model with soft gluon resummation
[5].

According to experimental results, all total cross sections rise asymptotically with energy, as
first observed in analysis of CR data in the early ’70 [4]. In Fig. 1 a compilation of total pp/pp,
�p and �� cross sections, from accelerators and CR experiments, are shown together to highlight
their common features [1]. The dashed and full curves over imposed to the data are obtained
from a mini-jet model described in [5]. Since the data span an energy range of four orders of
magnitude, with the cross sections in the milli-barn range for proton-proton, micro barn range
for photo-production and nano-barns for photon-photon, to plot them all on the same scale we
must use a normalization factor by multiplying the �p cross section by a factor ⇡330 and the
�� by (330)2 [5].

All hadronic cross-sections show two important characteristics

1. With CM energy increasing from fixed target experiments to those at colliders, all total
cross-sections (both purely hadronic and with photons) first decrease and then, around

p
s

= 10 – 20 GeV for the pp case, start increasing. Minijet models attribute this transition
to the onset of hard and semihard parton-parton collisions, which can be described by
perturbative QCD.

Information on photo-production  γp and γγ 
cross-sections are limited to  GeV 
from data collected at HERA.

s ≤ 200

The photo-production  γp and γγ cross-sections 
above  GeV are typically extrapolated from 
the pp cross section with factorisation models and 
used in MC simulations up to the highest energies.

s ≈ 200

The photon is considered (always) hadron-like and 
, where  is the probability that the 

photon makes occasional transitions to a hadronic state. 
σγp

tot = Rγ ⋅ σpp
tot Rγ

The VMD model allows to estimate the factor   at   before the beginning 
of the high-energy rise of cross sections. With the meson data  is obtained

Rγ s = 10 − 20 GeV
ρ− Rγ ≈ 1/360

All factorisation models imply that there is a 
universal behaviour of the energy dependence

The crucial question of factorization to be addressed is following, 
is a photon like a proton just multiplied by a constant factor? 
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infrared region, as discussed in the section about the total
cross section.

The model is so far relatively simple, with a limited num-
ber of parameters, and thus it can, to a certain extent, be
considered almost a model for testing confinement through a
singular quark-gluon coupling below the perturbative QCD
expression.

We start with the simplified expression from [441], namely

σ
γ p
tot = 2Phad

∫
d2b[1 − e−nγ p(b,s)/2] (7.101)

with

nγ p(b, s) = nγ psoft(b, s)+ nγ phard(b, s)

= nγ psoft(b, s)+ A(b, s)σγ p
jet (s)/Phad (7.102)

with nhard including all outgoing parton processes with pt >
pt min. We differ from other mini-jet models in approximat-
ing the eikonal with just the imaginary part [146], in using
a different impact parameter distribution for the soft and the
hard part [441], but mostly in our expression and origin of the
impact parameter distribution for photons. In Eq. (7.102) the
impact parameter dependence has been factored out, averag-
ing over densities in a manner similar to what was done for the
case of the proton in [148]. Because the jet cross sections are
calculated using actual photon densities, which themselves
give the probability of finding a given quark or gluon in a
photon, Phad needs to be canceled out in nhard. We choose its
value, by normalizing the eikonalised cross section to the data
in the low energy region, and we use Phad = 1/240 ≈ PVMD .
For the average number of hard collisions, we use mini-jets
and soft gluon resummation with nhard given by:

nhard(b, s) =
AAB
BN (b, s)σjet

Phad
(7.103)

with the impact distribution function obtained exactly as in
the proton–proton case, namely

AAB
BN (b, s) = N

∫
d2K⊥

d2P(K⊥)
d2K⊥

e−iK⊥·b

= e−h(b,qmax)

∫
d2be−h(b,qmax)

≡ AAB
BN (b, qmax(s)), (7.104)

except for the fact that qmax the upper limit of integration
in the function h(b, qmax) is to be calculated using proton
and photon densities. h(b, qmax) describes the exponentiated,
infrared safe, number of single soft gluons of all allowed
momenta and is given by

h(b, qmax(s)) =
16
3

∫ qmax(s)

0

dkt
kt

αs(k2
t )

π

×
(

log
2qmax(s)

kt

)
[1 − J0(ktb)] . (7.105)
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We show typical values taken by qmax for different sets of
quark densities in Fig. 108. In our model, the expression for
A(b, s) for the hard term in hadron–hadron or hadron-photon
scattering remains the same, unlike models that use form
factors for instance, where the photon needs to be modeled
as a meson and then parametrised.

We show the result of our model in Fig. 109 from [147].
In this figure, the high energy parameter set of this descrip-
tion, consisting of the LO PDFs and pt min value used for the
mini-jet cross section calculation, together with the satura-
tion (singularity) parameter p, were limited to GRV densities

123

Figure 2. Total photon-proton cross sections measured in di↵erent experiments compared with
expectations from di↵erent models (see ref. [5] for details).

of gamma sources above 100 TeV, and in the calculation of neutrino flux from astrophysical
sources.

The crucial question of factorization to be addressed is following, is a photon like a proton
just multiplied by a constant factor? We can explore the e↵ects of the hadronic structure of the
photon through the analysis of the total cross sections involving photons. The measurement of
the �p cross section above

p
s ⇡ 300 GeV is crucial to disentangle between di↵erent models and

this goal can be reached only by using CR data.
In Fig. 3 the photon-air nucleus cross sections are displayed as a function of photon laboratory

energy [13]. The triangles correspond to experimental data taken from [14]. The open circles
correspond to the model described in [13] , and the solid line shows a fit to these points, valid
for CM energies greater than 200 GeV (‘present model’). The dashed line corresponds to the
up to now standard cross sections implemented in the AIRES code (‘old model’), a widely
used MonteCarlo simulation of extensive air showers [15]. As can be seen in this plot, starting
from Elab ⇡ 100 TeV the di↵erence between these two extrapolations of the PHP cross section
increases to more than 50% at Elab ⇡ 1019 eV, with important impact in the observables used
to select the photon-initiated showers. As an example, photon-air nucleus total cross section
significantly larger than previous models included in the standard EAS simulations could imply
that the total muon production is increased in a measurable way. This possibility could be of
direct importance in the selection of events in gamma-ray astronomy and in the determination
of bounds for the Ultra High Energy (UHE, E>1018 eV) cosmic photon flux.

First studies of the impact of di↵erent PHP models on shower development at AUGER

Total photon-proton cross sections measured 
in different experiments compared with 

expectations from different models

To calculate the  cross-section up to the highest CR energies, 
several models have been developed. They include

• factorisation models, in which by means of a simple 
multiplicative factor the photon processes are compared 
with each other and with the pure proton ones 

• microscopic models, such as Block-Nordsiek models, with 
quarks and gluons. 

γp

All factorisation models imply that there is a universal 
behaviour of the energy dependence
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infrared region, as discussed in the section about the total
cross section.

The model is so far relatively simple, with a limited num-
ber of parameters, and thus it can, to a certain extent, be
considered almost a model for testing confinement through a
singular quark-gluon coupling below the perturbative QCD
expression.

We start with the simplified expression from [441], namely

σ
γ p
tot = 2Phad

∫
d2b[1 − e−nγ p(b,s)/2] (7.101)

with

nγ p(b, s) = nγ psoft(b, s)+ nγ phard(b, s)

= nγ psoft(b, s)+ A(b, s)σγ p
jet (s)/Phad (7.102)

with nhard including all outgoing parton processes with pt >
pt min. We differ from other mini-jet models in approximat-
ing the eikonal with just the imaginary part [146], in using
a different impact parameter distribution for the soft and the
hard part [441], but mostly in our expression and origin of the
impact parameter distribution for photons. In Eq. (7.102) the
impact parameter dependence has been factored out, averag-
ing over densities in a manner similar to what was done for the
case of the proton in [148]. Because the jet cross sections are
calculated using actual photon densities, which themselves
give the probability of finding a given quark or gluon in a
photon, Phad needs to be canceled out in nhard. We choose its
value, by normalizing the eikonalised cross section to the data
in the low energy region, and we use Phad = 1/240 ≈ PVMD .
For the average number of hard collisions, we use mini-jets
and soft gluon resummation with nhard given by:

nhard(b, s) =
AAB
BN (b, s)σjet

Phad
(7.103)

with the impact distribution function obtained exactly as in
the proton–proton case, namely

AAB
BN (b, s) = N

∫
d2K⊥

d2P(K⊥)
d2K⊥

e−iK⊥·b

= e−h(b,qmax)

∫
d2be−h(b,qmax)

≡ AAB
BN (b, qmax(s)), (7.104)

except for the fact that qmax the upper limit of integration
in the function h(b, qmax) is to be calculated using proton
and photon densities. h(b, qmax) describes the exponentiated,
infrared safe, number of single soft gluons of all allowed
momenta and is given by

h(b, qmax(s)) =
16
3

∫ qmax(s)

0

dkt
kt

αs(k2
t )

π

×
(

log
2qmax(s)

kt

)
[1 − J0(ktb)] . (7.105)
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We show typical values taken by qmax for different sets of
quark densities in Fig. 108. In our model, the expression for
A(b, s) for the hard term in hadron–hadron or hadron-photon
scattering remains the same, unlike models that use form
factors for instance, where the photon needs to be modeled
as a meson and then parametrised.

We show the result of our model in Fig. 109 from [147].
In this figure, the high energy parameter set of this descrip-
tion, consisting of the LO PDFs and pt min value used for the
mini-jet cross section calculation, together with the satura-
tion (singularity) parameter p, were limited to GRV densities

123

Figure 2. Total photon-proton cross sections measured in di↵erent experiments compared with
expectations from di↵erent models (see ref. [5] for details).

of gamma sources above 100 TeV, and in the calculation of neutrino flux from astrophysical
sources.

The crucial question of factorization to be addressed is following, is a photon like a proton
just multiplied by a constant factor? We can explore the e↵ects of the hadronic structure of the
photon through the analysis of the total cross sections involving photons. The measurement of
the �p cross section above

p
s ⇡ 300 GeV is crucial to disentangle between di↵erent models and

this goal can be reached only by using CR data.
In Fig. 3 the photon-air nucleus cross sections are displayed as a function of photon laboratory

energy [13]. The triangles correspond to experimental data taken from [14]. The open circles
correspond to the model described in [13] , and the solid line shows a fit to these points, valid
for CM energies greater than 200 GeV (‘present model’). The dashed line corresponds to the
up to now standard cross sections implemented in the AIRES code (‘old model’), a widely
used MonteCarlo simulation of extensive air showers [15]. As can be seen in this plot, starting
from Elab ⇡ 100 TeV the di↵erence between these two extrapolations of the PHP cross section
increases to more than 50% at Elab ⇡ 1019 eV, with important impact in the observables used
to select the photon-initiated showers. As an example, photon-air nucleus total cross section
significantly larger than previous models included in the standard EAS simulations could imply
that the total muon production is increased in a measurable way. This possibility could be of
direct importance in the selection of events in gamma-ray astronomy and in the determination
of bounds for the Ultra High Energy (UHE, E>1018 eV) cosmic photon flux.

First studies of the impact of di↵erent PHP models on shower development at AUGER

Total photon-proton cross sections measured 
in different experiments compared with 

expectations from different models

To calculate the  cross-section up to the highest CR energies, 
several models have been developed. They include

• factorisation models, in which by means of a simple 
multiplicative factor the photon processes are compared 
with each other and with the pure proton ones 

• microscopic models, such as Block-Nordsiek models, with 
quarks and gluons. 

γp

All factorisation models imply that there is a universal 
behaviour of the energy dependence

While at moderate, HERA-like energies, all the 
models, factorizations and microscopic, give good fits 
to the data, a remarkable difference between their high 
energy extrapolations can be appreciated starting from 

 GeV. s ∼ 200

For a comprensive review of cross section measurements and calculations: 
Pancheri&Srivastava, Eur. Phys. J. C (2017) 77:150

Different muon content expected!
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The large difference between models may impact strongly on high-energy CR physics and in particular on the 
evaluation of the photon content in the primary flux up to the energies investigated by the AUGER experiment

Eq. (5) can give a cutoff in b space, dynamically generated
by soft-gluon emission; thus, it can reduce the very fast rise
due to the minijet cross section. This effect is energy
dependent and increases through the energy parameter
qmax, with the strength of the cutoff depending on the
infrared region. This region is crucial to the calculation of
the very large impact parameter processes, dominating all
total cross sections.
In the BN model, the zero momentum gluon contribu-

tion is implemented by means of a singular but integrable
behavior of the quark-gluon coupling constant in the
infrared region, characterized by a singularity parameter
1=2 < p < 1. For details we refer the reader to
Refs. [8,28]. To fit this parameter, in this model one uses
the expression

αsðk2t Þ ¼
12π

33 − 2Nf

p

ln½1þ pð kt
ΛQCD

Þ2p&

!kt→0 12π
33 − 2Nf

!
ΛQCD

kt

"
2p
: ð8Þ

This expression reduces to the usual asymptotic freedom
expression for kt ≫ ΛQCD, while the singular behavior for
kt → 0 leads to a cutoff in impact parameter space, which
is exponential for p ¼ 1=2 and almost Gaussian for p≲ 1,
and provides a mechanism for the implementation of the
Froissart bound. As was shown in [28], the singular
behavior of the coupling constant in the infrared limit
leads to a large impact parameter behavior such as
ABNðb; sÞ≃ exp½−ðbΛ̄Þ2p&. When coupled with the strong
rise of the minijet cross section σjet ≃ sϵ, with
ϵ≃ 0.3 − 0.4, one obtains

σpptotal → ½ln s&1=p
ffiffiffi
s

p
→ ∞: ð9Þ

The singularity parameter p, together with ptmin and the
choice of PDFs, completely determines nhardðb; sÞ and
constitutes the high energy parameter set of the BN model.
The choice of LO rather than next-to-leading order
densities is discussed in [8] and follows from the ansatz
that resummation takes into account most of the major
next-to-leading order contributions. The remaining uncer-
tainty, from nonresummed finite radiative corrections, is
included in the parameters p and ptmin, which are
determined phenomenologically.
Prior to the start of LHC, with the above inputs and a

phenomenological parametrization of the low energy
region, the BN model gave a good description of pp
and pp̄ total cross sections, predicting σð

ffiffiffi
s

p
¼ 14 TeVÞ ¼

100' 12 mb [29]. The error corresponds to different
choices of the PDFs and of the parameter set fp; ptming,
and it reflects the difficulty of determining the optimal sets

of parameters because of the large error from pp̄ mea-
surements at Spp̄S and Tevatron energies.
The measurement of the total pp cross section at the

LHC at energies
ffiffiffi
s

p
¼ 7 and 8 TeV has allowed to reduce

the parametric uncertainties present in most models. In
Fig. 1 we present our updated analysis, with a band
corresponding to the predictions for pp obtained with
two different sets of LO PDFs, MRSTand GRV. The yellow
band shows how the BN model accommodates recent
results for σpptotal, including the extraction of the pp cross
sections from cosmic ray measurement by the AUGER
Collaboration, at

ffiffiffi
s

p
¼ 57 TeV [30]. With the choice of

parameters as indicated in the figure and the set of MRST
densities from [20], the value expected at

ffiffiffi
s

p
¼ 14 TeV is

σpptotal ¼ 112.24 mb. In addition, we also plot pp results
obtained in [27] using more recent PDFs, such as
MSTW08, indicated by the dashed line. Using older LO
densities, such as GRV [19], one can also obtain a good
description i.e., σpptotal ¼ 109.3 mb; namely, once the
TOTEM, ATLAS and AUGER points (with their errors)
are included in the description, the results, for different
densities, are rather stable up to LHC energies. However, it
must be pointed out that beyond the present LHC range
(

ffiffiffi
s

p
¼ 7, 8 TeV), there is a band of uncertainty in the model
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line corresponds to a fit to these data, valid for energies greater
than 200 GeV. The dashed line corresponds to the cross sections
used in AIRES.

F. CORNET et al. PHYSICAL REVIEW D 92, 114011 (2015)

114011-4

Photon-air nucleus cross sections 
versus the photon lab energy.

Uncertainties in the photo-production cross section 
may affect the muon content in -showers and the 
background selection in gamma-ray astronomy.

Measurements of PeVatrons energy spectra and 
cutoffs may be affected by different selection cuts.

γ

Ratio between ground muon energy 
distributions obtained with two models, 
for  eV photon showers.1019

It is also important to consider the characteristics of the
muons produced in the simulations, especially those that
reach the ground level. We focus on the representative
case of 1019 eV gamma showers with ground altitude
1400 m.a.s.l. This roughly corresponds to an atmospheric
slant depth of 900 g=cm2. Accordingly, with the results
displayed in Fig. 5, this depth is located just before the
maximum of the muon longitudinal profile.
In Fig. 7 the two-dimensional (energy versus three-

dimensional distance to the shower axis) normalized density
distribution of ground muons is represented in a variety of
cases. The left (right) column show the distributions
obtained from simulations performed using the present
(old) model for photonuclear cross sections. The upper,
middle, and lower rows correspond to zenith angles of 45,
60, and 80°, respectively. The color scales used to represent
the muon densities are unique in each row. Comparing the
distributions corresponding to the different inclinations, we
see clearly that the number of groundmuons diminishes and
their energy spectrum hardens as long as the zenith angle is
increased (notice the different color scales used at each
angle). Needless to say, this is the expected behavior for
showers of varying inclination, which, at the same time, will
show a very significant change in the ratio between the
electromagnetic and muon ground particle distribution (see,
for example, Ref. [40]). When comparing the results
corresponding to simulations performed using the present
and old models of photonuclear cross sections (left and right
plots of Fig. 7, respectively), it is possible to notice that the

densities of muons corresponding to the present model are
larger than the respective ones for the old model. The
differences are approximately independent of muon energy
and distance to the shower axis, as will be discussed in more
detail in the following paragraphs.
The lateral and energy distributions of ground muons for

various shower inclination angles are displayed in Figs. 8
and 9, respectively. As in the case of the distributions in
Fig. 7, the simulations correspond to 1019 eV gamma
showers, with ground altitude of 1400 m.a.s.l.
In the case of the lateral distribution of muons (Fig. 8),

we observe that the distributions for the old and new
photonuclear models are very similar in shape, differing
only in the total number of particles. It can also be observed
that the difference between photonuclear models becomes
more significant for large zenith angles.
On the other hand, the muon energy distributions dis-

played in Fig. 9 present noticeable differences for muon
energies greater than roughly 1 GeV, with the present model
giving the largest number of particles in each bin. For muon
energies lower than 1 GeVand zenith angles up to 60°, both
distributions are virtually coincident; in the case of showers
inclined 80°, the present model gives a larger number of
particles in the entiremuon spectrum. To better illustrate this
characteristic of the impact of the photonuclear cross section
on the average number of muons at ground level, we also
include plots of the ratio between both muon energy
distributions. In Fig. 10, such ratios are plotted as functions
of the muon energy for the representative cases of 45 (solid
squares) and 80 (open circles) degrees of inclination. The
increased number of high energy muons resulting after the
simulations using the present model for photonuclear cross
sections shows up clearly in the case of showers inclined 45°,
reaching average values of more than 50% for muon
energies of 104 GeV. In the case of showers inclined 80°,
the relative difference is always below 35% and remains
virtually constant at approximately 15% for muon energies
below 1 GeV.

IV. FINAL REMARKS

The main objective of this paper is to present a QCD-
based model for photoproduction, updated from the pre-
vious analysis [6] in light of recent LHC results for total pp
cross sections, and to study the impact of this new model on
the photon-initiated air shower development. This model
produces a photon-air nucleus total cross section signifi-
cantly larger than the previous model included in the
standard extended air shower studies. The present analysis
based on simulations using the AIRES system clearly shows
that for photon-initiated showers, the total muon production
is increased in a measurable way. This result could be of
direct importance in future determinations of bounds for the
highest energy cosmic photon flux, particularly in the case of
very inclined showers whose analysis is strongly based on
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The total number of normal muons  is related to the elemental 
composition of the primary nucleus and the characteristics of 
hadronic interactions. 

It increases with primary energy as .

The number of photo-produced muons  reflects the number of 
photons in air showers and is nearly proportional to the shower size 
at max, .

Therefore, the fraction of photo-produced muons to normal muons 
increases with : 

(Nμ)norm

(Nμ)norm ∼ Eα
p , α < 1

(Nμ)γ→μ

(Nμ)γ→μ ∼ (Ne)max ∼ Ep

Ep

(Nμ)γ→μ

(Nμ)norm
∼ E1−α

p

μ

Ne

The number of photo-produced muons depends only on the number of photons at the shower max 
both for ray and hadronic showers.
The bulk of the hadronic cascades in showers are produced deep in the atmosphere by low-energy 
photo-production processes  at energies investigated at HERA

γ−
γ−

→
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Fluctuations in the number of muons in 
photon-induced events are larger than in 
showers induced by charged cosmic rays 
because of the competition at each stage of the 
shower development between the photo-
production and pair production cross sections. 

Roughly a fraction  of the showers photo-
produce in the early stage of the cascade and 
hence develop a hadron shower.

Rγ
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Fluctuations in the number of muons in 
photon-induced events are larger than in 
showers induced by charged cosmic rays 
because of the competition at each stage of the 
shower development between the photo-
production and pair production cross sections. 

Roughly a fraction  of the showers photo-
produce in the early stage of the cascade and 
hence develop a hadron shower.

Rγ

showers photo-produced in the early stage of 
the cascade and hence developed a hadron shower.
γ−
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Fluctuations in the number of muons in 
photon-induced events are larger than in 
showers induced by charged cosmic rays 
because of the competition at each stage of the 
shower development between the photo-
production and pair production cross sections. 

Roughly a fraction  of the showers photo-
produce in the early stage of the cascade and 
hence develop a hadron shower.

Rγ

showers photo-produced in the early stage of 
the cascade and hence developed a hadron shower.
γ−

If the first interaction of the primary photon is hadronic (probability ) the 
shower is indistinguishable for a normal proton-induced shower 

≈ α = 1/137

These events limit the sensitivity of the ‘muon poor’ technique 
But are important to study characteristics of photo-nuclear interactions at high energy.
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Air shower development: energy flow

EM cascade hadronic cascade

Energy flow

After n steps:

Energies of secondaries

Only 80% energy 
remains in hadrons ..

Riehn 2021

High energy photo-production

14

The detection of induced events with large 
muon content is crucial to study the pion 
photo-production due to high energy photons.

γ−

According to our simulations, at high altitude deep 
first interactions are the dominant source of muon-
poor hadron showers.
At lower altitudes fluctuations towards rich 
showers are the main responsible.

π0−

But these events are typically rejected by selection cuts based on the muon number and must 
be carefully evaluated.

Different criteria are under study to identify and study these showers: muon lateral 
distribution, muon time profile, etc.

On general grounds, the lateral distribution of photo-produced muons is expected flatter 
than that of normal muons because they originate mainly from low-energy photons in e.m. 
cascades, whereas normal muons originate in nuclear cascades.

The energy of secondary photon can be reconstructed by the photo-produced muon number
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Pion photo-production in EAS
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Extending the simple Heitler toy model we can include muons and describe 
the main characteristics of pion photo-production in air showers 

After n radiation lengths, we obtain a particle cascade which has evolved 

into  particles of equal energy , of which 1/3 are photons.N = 2n En =
E0

2n

Then, we have  Nγ =
1
3

N  Ne =
2
3

N

Nγ→μ = Nγ ⋅ Rγ Rγ =
σγ→π→μ

σγ→e+e−
≈ 3 ⋅ 10−3 The small ratio of the cross sections is 

the reason showers are muon-poorγ−

If the number of splittings to have an average particle energy equal to  is , 

therefore, the number of splittings to have and energy of order GeV is  

for showers with a size .

Ec nMax ∼ ln( E0

Ec
)

n ∼ ln( E0

1 GeV ) ∼ 15

Ne ∼ 106
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As an example, we can consider a cascade initiated by a 100 TeV photon.

Layer n = 13 has about  particles of which 1/3 are photons of average energy

.  

Since  this is the last layer where one can produce muons of a few GeV energy 
relevant to air shower experiments

E0 =

N = 213 ∼ 8200

< E > ∼
1014eV
8200

∼ 12 GeV

Eγ→μ ∼ 0.6 ⋅ Eγ

 In air shower experiments the energy of detected muons is about 1 GeV.

For arrays located at high altitude (  m asl) the max number of splittings is ∼ 4000 nmax = 600/37 ∼ 16

Nγ→μ = Nγ ⋅ Rγ ∼
1
3

⋅ 8200 ⋅ 3 ⋅ 10−3 ⋅ 2 ≈ 20

The number of GeV muons in a 100 TeV shower is γ−

Factor 2 takes into account the fact that all previous layers contain about the same number of 
photons of the last layer (Halzen, Zas 1990)
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For a  1 PeV photon we have

Layer n = 16 has about  particles of which 1/3 are photons of average energy

.  

E0 =

N = 216 ∼ 66000

< E > ∼
1015eV
66000

∼ 15 GeV

Nγ→μ = Nγ ⋅ Rγ ∼
1
3

⋅ 66000 ⋅ 3 ⋅ 10−3 ⋅ 2 ≈ 130

The number of GeV muons in a 1 PeV shower is γ−

Np→μ ≈ 104
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In the last years shower arrays located at extreme altitude (LHAASO but also HAWC and Tibet 
AS ) are detecting a number of photons above 100 TeV in a background-free regime.

Therefore, for the first time we have a pure sample of showers produced by high energy photons

LHAASO in particolar is observing about 4000 photons per year above 100 TeV and about 20 
above 1 PeV

This fact offer for the first time the possibility to study the characteristics of photon induced 
showers and to compare with MonteCarlo simulations.

In particular this allow to measure for the first time the pion photo-production cross section 
even at energies marginally or not investigated yet at accelerators.

These studies are very important to clarify some issues in the photon-hadron interactions.

In the near future, the SWGO (and also ALPACA) experiment in the Southern hemisphere is 
expected to detect a larger sample of PeVatrons thus extending this study at higher energies.

Studies are under way to improve the selection of photons and to investigate the sensitivity of 
present and future shower arrays.

γ


