
SciPost Physics Proceedings Submission

Investigating the hadron nature of high-energy photons with
PeVatrons

Giuseppe Di Sciascio

INFN - Roma Tor Vergata, Roma, Italy
giuseppe.disciascio@roma2.infn.it

22nd International Symposium on Very High
Energy Cosmic Ray Interactions (ISVHECRI 2024)

Puerto Vallarta, Mexico, 8-12 July 2024
doi:10.21468/SciPostPhysProc.?

Abstract

In high energy Gamma-Ray Astronomy with shower arrays the most discriminating signa-
ture of the photon-induced showers against the background of hadron-induced cosmic-
ray is the content of muons in the observed events. In the electromagnetic γ-showers
the muon production is mainly due to the photo-production of pions followed by the
decay π → µν, with a small relative probability of order α (' 1/137). Therefore, the
number of muons is typically a few percent of that in a hadron showers where muons
are abundantly generated by charged pions decay.
In high energy photo-production process the photon exhibits an internal structure which
is very similar to that of hadrons. Indeed, photon-hadron interactions can be understood
if the physical photon is viewed as a superposition of a bare photon and an accompany-
ing small hadronic component which feels conventional hadronic interactions.
Information on photo-production γp and γγ cross-sections are limited to

p
s ≤ 200 GeV

from data collected at HERA. Starting from Elab ≈100 TeV the difference between dif-
ferent extrapolations of the cross sections increases to more than 50% at Elab ≈1019 eV,
with important impact on a number of shower observables and on the selection of the
photon-initiated air showers.
Recently, the LHAASO experiment opened the PeV-sky to observations detecting 40 PeVa-
trons in a background-free regime starting from about Elab ≈ 100 TeV. This result provides
a beam of pure high energy primary photons allowing to measure for the first time the
photo-production cross section even at energies not explored yet. The future air shower
array SWGO in the Southern Hemisphere, where the existence of Super-Pevatrons emit-
ting photons well above the PeV is expected, could extend the study of the hadron nature
of the photons in the PeV region.
In this contribution the opportunity for a measurement of the photo-production cross
section with air shower arrays is presented and discussed.
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1 Introduction1

The measurement of the muon content in Extensive Air Showers (EAS) is the most powerful2

method to select γ-induced events and to reject the background of charged cosmic rays (CR)3

in ground-based gamma-ray astronomy with air shower arrays.4

In the electromagnetic γ-showers the muon production is due to the dominant channels:5

photo-production of pions followed by the decay π→ µν, prompt leptonic decay of charmed6

particles in the shower, and electromagnetic pair production γ→ µ+µ−. The main process is7

the photo-production (PhP) of pions with a small relative probability of order α (' 1/137).8

Therefore, the number of muons is typically a few percent of that in a hadron showers where9

muons are abundantly generated by charged pions decay.10

The knowledge of the PhP cross section is therefore crucial to evaluate the expected num-11

ber of muons in gamma showers and to set a correct threshold to discriminate, in high en-12

ergy gamma-ray astronomy, the showers induced by the photons from the background due to13

charged cosmic rays.14

As will be discussed in the following, information on PhP γp and γγ cross-sections are15

limited to
p

s ≤ 200 GeV from data collected at HERA [1]. Starting from Elab ≈ 100 TeV the16

difference between different extrapolations of the cross sections increases to more than 50%17

at Elab ≈ 1019 eV, with important impact in the value of different observables in EAS [2].18

The recent observation of about 40 gamma sources above 100 TeV, in a nearly background-19

free regime, offers, for the first time, the possibility to study the PhP cross section even at20

energies not explored yet.21

2 The hadronic cross sections22

The photon is the gauge boson of quantum electrodynamics and is regarded as point-like and23

structureless. Therefore, its interaction with matter is believed to be entirely electromagnetic,24

that is, it appears to involve only the charges and magnetic fields of the target particles but25

not their possible nuclear ("hadronic", "strong") interactions.26

With increasing energy another important manifestation of the photon becomes dominant.27

In high energy photo-production, a process where something is produced by the interaction28

of a high energy photon with hadrons, something like γ + N → π + N , π → µ, the photon29

exhibits an internal structure which is very similar to that of hadrons, with a small relative30

probability of order α (' 1/137). That is, its interaction cross-sections behave (apart from a31

normalization factor) very much like hadronic cross-sections, and at the highest energies the32

photon even appears to ’contain’ quarks and gluons, just as a proton.33

The simplest model for describing the hadron nature of the photon is the Vector Meson34

Dominance (VMD) model [3]. In this model, the photon is assumed to transform, before an35

interaction, to a neutral vector meson V (such as the ρ0, ω, or φ), γ↔ V , while the interac-36

tion of the bare photon with hadrons becomes negligible at high energies. The quark model37

predicts that the photon should behave as if it were 75% ρ, 8% ω, and 17% φ. Thus the ρ38

is the most important of the vector mesons in mediating photon-hadron interactions. All vec-39

tor mesons produced by virtual photons decay immediately and must be observed indirectly40

through the long-lived particles into which it decays.41

The study of hadronic cross sections and the understanding of their energy dependence42

is always an important issue in the study of strong interactions (for a comprehensive review43

see [4]). The hadronic elastic and total cross sections are crucial instruments to probe the44

so-called soft part of QCD physics, where quarks and gluons are confined. As the energy45

increases, the total cross section also probes the transition into hard scattering describable46
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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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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
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Figure 1: Left panel: Total cross section data for pp and pp scattering together with
normalized γp and γγ data. Curves describe predictions from a mini-jet model with
soft gluon resummation. Right panel: Total γp cross sections measured in different
experiments compared with expectations from different models (see ref. [4, 5] for
references and details).

with perturbative QCD, the so-called mini-jet region.47

Measurements of the hadronic cross sections are made with different techniques due to48

the different projectiles and targets used. The study of the interactions of primary CR particles49

with the nuclei of atmosphere allowed to measure the p-air and pp cross sections up to
p

s =50

57 TeV [6]. Information on photo-production γp and γγ cross-sections are instead limited to51 p
s ≤ 200 GeV from data collected at HERA [1].52

According to experimental results, all total cross sections rise asymptotically with energy,53

as first observed in analysis of CR data in the early ’70. In the left panel of Fig. 1 a compilation54

of total pp/pp, γp and γγ cross sections, from accelerators and CR experiments, is shown55

together to highlight their common features [4]. The dashed and full curves over imposed to56

the data are obtained from a mini-jet model described in [4,5]. Since the data span an energy57

range of four orders of magnitude, with the cross sections in the milli-barn range for proton-58

proton, micro barn range for PhP and nano-barns for γ−γ, to plot them all on the same scale59

we must use a normalization factor by multiplying the γ-p cross section by a factor ≈330 and60

the γ− γ by (330)2 [4].61

To describe the γ-proton interaction, and to calculate the PhP cross-section extrapolated62

up to the highest CR energies, several models have been developed. They include63

• factorisation models, in which by means of a simple multiplicative factor the photon64

processes are compared with each other and with the pure proton ones65

• microscopic models, such as Block-Nordsiek models, with quarks and gluons [4,5].66

In the factorization models a brute force factorization is applied to models describing the67

proton-proton interaction to obtain the PhP cross sections. The photon is fundamentally an68

electromagnetic object that makes occasional transitions to a hadronic state.69

All factorisation models imply that there is a universal behaviour of the energy depen-70

dence, not only at low energy, where one can assume that the hadronic interactions of the71

photons are those of a vector meson, but also at high energy. In the low energy region PhP72

has conventionally been calculated á la VMD with γ → ρ → ππ. The photon is considered73

(always) hadron-like and σγp
tot = Rγ ·σ

pp
tot , where Rγ is the probability that the photon makes74

occasional transitions to a hadronic state.75

3
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The VMD model allows to estimate the factor Rγ at
p

s = 10–20 GeV, before the beginning76

of the high-energy rise of cross sections. With the ρ–meson data Rγ ≈ 1/360 is obtained,77

consistent with the normalization factors applied in the left panel of Fig. 1. But the behaviour78

to be expected at the high end of CR energies cannot be gauged from HERA analyses and new79

measurements of the energy dependence of the photon–proton total cross section are needed at80

higher energies.81

In the right panel of Fig. 1 the total γ-p cross section measured in different experiments is82

shown compared with expectations from different models (for a detailed discussion see [4,5]).83

While at moderate, HERA-like energies, all the models, factorizations and microscopic, give84

good fits to the data, a remarkable difference between their high energy extrapolations can be85

appreciated starting from
p

s ≈ 300 GeV. This large difference (more than 50% at Elab ≈ 1019
86

eV) may impact strongly on high-energy CR physics and in particular on the evaluation of the87

photon content in the primary flux up to the energies investigated by the AUGER experiment.88

But may also impact on the sensitivity of gamma-ray telescopes, on the determination of the89

flux and of the cut-off energies in the spectra of gamma sources above 100 TeV, and in the90

calculation of neutrino flux from astrophysical sources.91

The crucial question of factorization to be addressed is following, is a photon like a proton92

just multiplied by a constant factor? We can explore the effects of the hadronic structure of the93

photon through the analysis of the total cross sections involving photons. The measurement94

of the γp cross section above
p

s ≈ 300 GeV is crucial to disentangle between different models95

and this goal can be reached only by using CR data.96

3 Pion photo-production in Extensive Air Showers97

Showers induced by photons are primarily electromagnetic cascades powered by pair produc-98

tion and breemstrahlung processes. Occasionally, with a probability of order α (1/137), a99

photon interact hadronically, producing a sub shower that is essentially hadronic in nature100

with a normal hadronic muon content.101

The total number of normal muons is related to the elemental composition of the CR pri-102

mary flux and to the characteristics of hadronic interactions. It increases with primary energy103

E0 as (Nµ)normal ∼ Eα0 , with α < 1. The number of photo-produced muons (Nµ)γ→µ reflects the104

number of photons in air showers and is nearly proportional to the shower size at maximum105

(Nµ)γ→µ ∼ (Ne)max ∼ E0. Therefore, the fraction of photo-produced muons to normal muons106

increases with energy:
(Nµ)γ→µ
(Nµ)normal

∼ E1−α
0 . The number of photo-produced muons depends only107

on the number of photons at the shower maximum both for γ-ray and hadronic showers.108

When a photon photo-produces in the first interaction the shower has a normal hadronic109

muon content and the cascade is indistinguishable from a proton-induced shower.110

We can estimate the number of muons in a photon-induced shower extending the Heitler111

model with a simple procedure relatively correct in the shower maximum region [8, 9]. In112

a shower array the energy threshold of muons typically detected is ≈GeV. According to the113

Heitler’s toy model, in a shower produced by a photon with energy E0, after t radiation lengths,114

we have a particle cascade which has evolved into N = 2t particles of equal energy E = E0/N ,115

of which 1/3 are photons. The total number of particles is given by 2 times the number of116

secondaries at level t, the additional factor of 2 taking into account the particles produced in117

the previous layers.118

The number of secondary particles of energy greater than Eth has a maximum at a thick-119

ness of 1/ln 2 · ln(E0/Eth) radiation lengths [7] (the number of particles at the maximum is120

Nmax ∼ (E0/Eth) ). A fraction of about 0.6 of the photon energy is transferred to the muons121

through the production and decay of charged pions. Therefore, the energy of the parent pho-122
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tons able to produce muons relevant to the detection with air shower arrays is O(2 GeV).123

Therefore, the number of splittings to reach the 2 GeV level is n∝ ln(E0/2 GeV).124

As an example, in a 100 TeV γ-induced shower we have that after t = 1
ln 2 · ln(

100 TeV
2 GeV )≈15.6125

radiation lengths (about 577 g/cm2) 2t = 50,000 secondaries are produced with an average126

energy of order of 2 GeV. This means that the layer t ∼ 15 is the last able to produce detectable127

GeV muons.128

The number of muons originating after t layers is Nµ = N TOT
γ ·Rγ = 2 ·Nγ(t = 15.6) ·Rγ =129

2· 13 ·50,000·3×10−3, where Rγ =
σ(γ→π)
σ(γ→e+e−) ' 3×10−3 is the ratio of the pion PhP cross section130

to the e+e− pair production. Therefore, the estimated number of muons is Nµ ≈ 2 · 50 ≈ 100131

in agreement with MonteCarlo simulations.132

Unless Rγ exhibits some unexpected energy dependence, the above results are inescapable133

as the bulk of the muons originates in the last layers where photo-production of pions is ex-134

clusively by γ-rays with energies measured in accelerator experiments.135

In Fig. 2 the muons distributions for 100 TeV gamma- and proton-induced showers sam-136

pled at 4300 m asl are shown. The average muon content is< Nµ >= 1543 for proton-induced137

events and < Nµ >= 97 for γ-induced showers.138

If the first interaction of the primary photon is hadronic the shower is indistinguishable139

from a normal proton-induced shower. As can be seen from the figure, the tail of the muon140

distribution of γ-induced showers contains such cascades with the muon content of a hadronic141

shower. These events limit the sensitivity of the ‘muon poor’ technique, but are important to142

study characteristics of photo-nuclear interactions at high energy. For a given size Ne, the143

fluctuations in the number of muons in γ-induced showers are larger than in showers induced144

by charged cosmic rays because of the competition at each stage of the shower development145

between the photo-production and pair production cross sections.146

We also note some proton-induced events with a very small muon content. At high altitude147

deep first interactions of the protons are the dominant source of muon-poor hadron showers,148

at lower altitudes fluctuations towards π0-rich showers are the main responsible.
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Figure 2: Muon distributions in a 100 TeV γ- and proton-induced showers sampled
at 4300 m asl at a zenith angle of 20◦.

149

The detection of γ-induced events with large muon content is crucial to study the pion150

photo-production due to high energy photons. But these events are typically rejected by back-151
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ground selection cuts based on the muon number and must be carefully evaluated. Different152

criteria to select gamma-induced events with large muon size are under study.153

4 Conclusion154

The recent observation of more than 40 gamma sources above 100 TeV by LHAASO [10]155

opened a new window in gamma-ray astronomy. The detection of more than 4000 photons156

per year above 100 TeV and about 20 per year above the PeV in a nearly background-free157

regime allows for the first time the study of the characteristics of gamma-induced showers158

and to compare with MonteCarlo simulations. Allows also the study of the hadron nature of159

photons measuring for the first time the pion photo-production cross section at energies not160

accessed yet at accelerators. On the other hand, the study of this cross section at energies al-161

ready investigated at HERA provides a check of the event selection in high energy gamma-ray162

astronomy.163

The construction of the new array SWGO in the Southern Hemisphere [11], where the164

existence of Super-PeVatrons emitting gammas up to 10 PeV is expected, will provide further165

sample of pure high energy photons thus extending these studies at higher energies.166
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