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Simulation of air shower tracks (i)
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Particles of an iron shower
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Particles of an proton shower
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Particles of a gamma-ray shower
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Time structure of shower disk
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Time structure of shower disk
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Cross section, interaction rate, interaction length
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Definition

Interaction rate
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Molecular atmosphere of Earth
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Indirect Detection of Cosmic Rays  

⊡ Table 
Parameters of air that are of relevance to air shower physics. The values are given for the
US standard atmosphere (National Aeronautics and Space Administration ) relative to
sea level

Altitude Vertical depth Local density Molière
Electron
Cherenkov Cherenkov

(km) (g/cm) (− g/cm) unit (m) threshold (MeV) angle (○)
  . × − . ×   .
 . . × − . ×   .
 . . × − . ×   .
  .   .
  .   .
  .   .
  .   .
.  .   .
.  .   .
 , .   .

GeV. #e stable and relatively long-lived secondary hadrons (baryons, charged pions, and
kaons) form the hadronic shower component.#is hadronic shower core feeds all other shower
components. High-energy photons from the decay of π are the dominant source for the elec-
tromagnetic shower component. #e decay of charged pions and kaons gives rise to the muonic
shower component. In addition, up to % of the low-energy muons are produced by the em.
shower component. Conversely, muon interaction and decay lead again to em. particles.

In the early years of cosmic ray physics, shower properties were calculated solving cascade
equations, see Rossi and Greisen (), for example. Now it is common to simulate air showers
in much more detail with the Monte Carlo method. Commonly used simulation packages are
AIRES (Sciutto , ), CORSIKA (Heck et al. ), CONEX (Bergmann et al. ), COS-
MOS (Kasahara et al.), and SENECA (Drescher and Farrar ).#e latter three combine the
numerical solution of cascade equations with Monte Carlo simulation techniques to increase
the simulation speed. In addition to being a very e*cient method to handle the large number
of secondary particles in a shower, the Monte Carlo method allows the correct treatment of
shower-to-shower +uctuations.

In > Fig.  the particle tracks of photon-, proton-, and iron-induced air showers of  eV
are shown. To illustrate the di,erences between the showers the electromagnetic, muonic, and
hadronic components are shown separately. #e em. component of showers is rather inde-
pendent of the primary particle type, and the number of muons and hadrons can be used for
estimating the type/mass of the primary particle.

In the following we will give an overview of analytic results describing shower properties
that are used to derive information on the energy and mass or particle type of the primary
particle. Up-to-date predictions from Monte Carlo simulations will be shown in > Sect. .
Additional information on the physics of air showers can be found in text books (Gaisser ;
Stanev ; Grieder ) and recent review articles (Anchordoqui et al. ; Engel et al.
).

(B. Keilhauer)

lint =
hmairi
sint

=
24160mb g/cm2

sint
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Bethe-Heitler pair production (i)
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Fig. 14 Differential cross-sections of the bremsstrahlung (upper panel) and pair production (bot-
tom panel) processes in hydrogen. The cross-sections are normalised to one radiation length. The
energies of primary electrons and gamma-ray ε0 (in units of mec2) are indicated at the curves

energies ε ≥ εcr. At lower energies electrons dissipate their energy by ionization
rather than producing more high energy gamma-ray which would support further
development of the electron–photon shower.

In Fig. 13 the bremsstrahlung total cross-sections are shown calculated for 3 dif-
ferent values of minimum energy of emitted gamma-ray: εth = 2, εcr and εe/2. It is
seen from Fig. 13 that while for εth = 2 the pair-production cross-section is an order
of magnitude smaller compared to the bremsstrahlung cross-section, for εth = εe/2
the cross-sections of two processes become almost identical at ε ≥ 100.

The differential cross-sections of bremsstrahlung and pair production are pre-
sented in Fig. 14. The pair-production cross-section obviously is a symmetric function
around the point x = εe/ε0 = 0.5. The bremsstrahlung differential cross-section has
a 1/εγ type singularity at εγ → 0, but because of the hard spectrum of bremsstrahlung
photons the energy losses of electrons contribute mainly to high energy γ-rays. Thus
bremsstrahlung should be treated as an essentially catastrophic process. Neverthe-
less, it is convenient to introduce the so-called average energy loss-rate,

dspair

du
= 4aemr2

e Z(Z +1)
⇢

u2 +(1�u)2 +
2
3

u(1�u)
�

ln(183Z�1/3)� 1
9

u(1�u)
�

spair,tot =
Z dspair

du
du = 4aemr2

e Z(Z +1)


7
9

ln(183Z�1/3)� 1
54

�

(Aharonian)

u = Ee/Eg

High-energy limit

spair,tot ⇠ 520mb

QED

Eg/me



Electron bremsstrahlung
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Fig. 14 Differential cross-sections of the bremsstrahlung (upper panel) and pair production (bot-
tom panel) processes in hydrogen. The cross-sections are normalised to one radiation length. The
energies of primary electrons and gamma-ray ε0 (in units of mec2) are indicated at the curves

energies ε ≥ εcr. At lower energies electrons dissipate their energy by ionization
rather than producing more high energy gamma-ray which would support further
development of the electron–photon shower.

In Fig. 13 the bremsstrahlung total cross-sections are shown calculated for 3 dif-
ferent values of minimum energy of emitted gamma-ray: εth = 2, εcr and εe/2. It is
seen from Fig. 13 that while for εth = 2 the pair-production cross-section is an order
of magnitude smaller compared to the bremsstrahlung cross-section, for εth = εe/2
the cross-sections of two processes become almost identical at ε ≥ 100.

The differential cross-sections of bremsstrahlung and pair production are pre-
sented in Fig. 14. The pair-production cross-section obviously is a symmetric function
around the point x = εe/ε0 = 0.5. The bremsstrahlung differential cross-section has
a 1/εγ type singularity at εγ → 0, but because of the hard spectrum of bremsstrahlung
photons the energy losses of electrons contribute mainly to high energy γ-rays. Thus
bremsstrahlung should be treated as an essentially catastrophic process. Neverthe-
less, it is convenient to introduce the so-called average energy loss-rate,

dsbrem

dv
= 4aemr2

e Z(Z +1)
1
v

⇢
1+(1� v2)� 2

3
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�
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�
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QED
n = Eg/Ee

Ee/me

Cross section divergent (infrared catastrophe)
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27. PASSAGE OF PARTICLES THROUGH MATTER
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27.1. Notation

Table 27.1: Summary of variables used in this section.
The kinematic variables β and γ have their usual meanings.

Symbol Definition Units or Value

α Fine structure constant 1/137.035 999 11(46)
(e2/4πε0!c)

M Incident particle mass MeV/c2

E Incident part. energy γMc2 MeV
T Kinetic energy MeV

mec2 Electron mass × c2 0.510 998 918(44) MeV
re Classical electron radius 2.817 940 325(28) fm

e2/4πε0mec2

NA Avogadro’s number 6.022 1415(10) × 1023 mol−1

ze Charge of incident particle
Z Atomic number of absorber
A Atomic mass of absorber g mol−1

K/A 4πNAr2
emec2/A 0.307 075 MeV g−1 cm2

for A = 1 g mol−1

I Mean excitation energy eV (Nota bene! )
δ(βγ) Density effect correction to ionization energy loss
!ωp Plasma energy 28.816

√
ρ〈Z/A〉 eV(a)

(
√

4πNer3
e mec2/α)

Nc Electron density (units of re)−3

wj Weight fraction of the jth element in a compound or mixture
nj ∝ number of jth kind of atoms in a compound or mixture
— 4αr2

eNA/A (716.408 g cm−2)−1 for A = 1 g mol−1

X0 Radiation length g cm−2

Ec Critical energy for electrons MeV
Eµc Critical energy for muons GeV
Es Scale energy

√
4π/α mec2 21.2052 MeV

RM Molière radius g cm−2

(a) For ρ in g cm−3.
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Fig. 27.1: Stopping power (= 〈−dE/dx〉) for positive muons in copper as a function of βγ = p/Mc over nine orders
of magnitude in momentum (12 orders of magnitude in kinetic energy). Solid curves indicate the total stopping power.
Data below the break at βγ ≈ 0.1 are taken from ICRU 49 [2], and data at higher energies are from Ref. 1. Vertical
bands indicate boundaries between different approximations discussed in the text. The short dotted lines labeled “µ− ”
illustrate the “Barkas effect,” the dependence of stopping power on projectile charge at very low energies [3].
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27.2. Electronic energy loss by heavy particles
[1–22, 24–30, 82]

Moderately relativistic charged particles other than electrons
lose energy in matter primarily by ionization and atomic
excitation. The mean rate of energy loss (or stopping power) is
given by the Bethe-Bloch equation,

−dE

dx
= Kz2 Z

A

1
β2

[
1
2

ln
2mec2β2γ2Tmax

I2
− β2 − δ(βγ)

2

]
.

(27.1)
Here Tmax is the maximum kinetic energy which can be imparted
to a free electron in a single collision, and the other variables are
defined in Table 27.1. With K as defined in Table 27.1 and A in
g mol−1, the units are MeV g−1cm2.

In this form, the Bethe-Bloch equation describes the energy
loss of pions in a material such as copper to about 1% accuracy
for energies between about 6 MeV and 6 GeV (momenta between
about 40 MeV/c and 6 GeV/c). At lower energies various
corrections discussed in Sec. 27.2.1 must be made. At higher
energies, radiative effects begin to be important. These limits
of validity depend on both the effective atomic number of the
absorber and the mass of the slowing particle.

The function as computed for muons on copper is shown by
the solid curve in Fig. 27.1, and for pions on other materials
in Fig. 27.3. A minor dependence on M at the highest energies
is introduced through Tmax, but for all practical purposes in
high-energy physics dE/dx in a given material is a function
only of β. Except in hydrogen, particles of the same velocity
have similar rates of energy loss in different materials; there is a
slow decrease in the rate of energy loss with increasing Z. The
qualitative difference in stopping power behavior at high energies
between a gas (He) and the other materials shown in Fig. 27.3 is
due to the density-effect correction, δ(βγ), discussed below. The
stopping power functions are characterized by broad minima
whose position drops from βγ = 3.5 to 3.0 as Z goes from 7 to
100. The values of minimum ionization as a function of atomic
number are shown in Fig. 27.2.

In practical cases, most relativistic particles (e.g., cosmic-ray
muons) have mean energy loss rates close to the minimum, and
are said to be minimum ionizing particles, or mip’s.

As discussed below, the most probable energy loss in a
detector is considerably below the mean given by the Bethe-
Bloch equation.
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Figure 27.2: Stopping power at minimum ionization for
the chemical elements. The straight line is fitted for Z > 6.
A simple functional dependence on Z is not to be expected,
since 〈−dE/dx〉 also depends on other variables.
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Figure 27.3: Mean energy loss rate in liquid (bubble
chamber) hydrogen, gaseous helium, carbon, aluminum,
iron, tin, and lead. Radiative effects, relevant for muons
and pions, are not included. These become significant for
muons in iron for βγ >∼ 1000, and at lower momenta for
muons in higher-Z absorbers. See Fig. 27.21.

Eq. (27.1) may be integrated to find the total (or partial)
“continuous slowing-down approximation” (CSDA) range R for
a particle which loses energy only through ionization and atomic
excitation. Since dE/dx depends only on β, R/M is a function
of E/M or pc/M . In practice, range is a useful concept only for
low-energy hadrons (R <∼ λI , where λI is the nuclear interaction
length), and for muons below a few hundred GeV (above which
radiative effects dominate). R/M as a function of βγ = p/Mc is
shown for a variety of materials in Fig. 27.4.

The mass scaling of dE/dx and range is valid for the electronic
losses described by the Bethe-Bloch equation, but not for
radiative losses, relevant only for muons and pions.

For a particle with mass M and momentum Mβγc, Tmax is
given by

Tmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (27.2)

In older references [4,5] the “low-energy” approximation
Tmax = 2mec2 β2γ2, valid for 2γme/M % 1, is often implicit.
For a pion in copper, the error thus introduced into dE/dx is
greater than 6% at 100 GeV.

At energies of order 100 GeV, the maximum 4-momentum
transfer to the electron can exceed 1 GeV/c, where hadronic
structure effects significantly modify the cross sections. This
problem has been investigated by J.D. Jackson [6], who
concluded that for hadrons (but not for large nuclei) corrections
to dE/dx are negligible below energies where radiative effects
dominate. While the cross section for rare hard collisions is
modified, the average stopping power, dominated by many softer
collisions, is almost unchanged.

“The determination of the mean excitation energy is the
principal non-trivial task in the evaluation of the Bethe
stopping-power formula” [7]. Recommended values have varied

Ionization energy loss: Bethe-Bloch formula
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Eq. (27.1) may be integrated to find the total (or partial)
“continuous slowing-down approximation” (CSDA) range R for
a particle which loses energy only through ionization and atomic
excitation. Since dE/dx depends only on β, R/M is a function
of E/M or pc/M . In practice, range is a useful concept only for
low-energy hadrons (R <∼ λI , where λI is the nuclear interaction
length), and for muons below a few hundred GeV (above which
radiative effects dominate). R/M as a function of βγ = p/Mc is
shown for a variety of materials in Fig. 27.4.

The mass scaling of dE/dx and range is valid for the electronic
losses described by the Bethe-Bloch equation, but not for
radiative losses, relevant only for muons and pions.

For a particle with mass M and momentum Mβγc, Tmax is
given by

Tmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (27.2)

In older references [4,5] the “low-energy” approximation
Tmax = 2mec2 β2γ2, valid for 2γme/M % 1, is often implicit.
For a pion in copper, the error thus introduced into dE/dx is
greater than 6% at 100 GeV.

At energies of order 100 GeV, the maximum 4-momentum
transfer to the electron can exceed 1 GeV/c, where hadronic
structure effects significantly modify the cross sections. This
problem has been investigated by J.D. Jackson [6], who
concluded that for hadrons (but not for large nuclei) corrections
to dE/dx are negligible below energies where radiative effects
dominate. While the cross section for rare hard collisions is
modified, the average stopping power, dominated by many softer
collisions, is almost unchanged.

“The determination of the mean excitation energy is the
principal non-trivial task in the evaluation of the Bethe
stopping-power formula” [7]. Recommended values have varied
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3.7. WECHSELWIRKUNGEN DER SEKUNDÄRTEILCHEN 63

Abbildung 3.15: Energieverlust durch Ionisation und Bremsstrahlung für Elektronen
als Funktion der Energie. Die beiden Anteile (gestrichelte Linien) kreuzen sich bei
der kritischen Energie. Zum Vergleich ist auch der Energieverlust durch Ionisation
für Protonen angegeben.

Der Energieverlust von hochenergetischen Myonen kann annähernd durch eine
lineare Energieabhängigkeit beschrieben werden (Abb. 3.16):

−dE

dx
= a + bE (3.39)

Dabei ist a der Energieverlust durch Ionisation (im Sättigungsbereich) und bE der
Bremsstrahlungsbeitrag. Die kritische Energie ergibt sich dann aus a = bEµ

k oder

Eµ
k =

a

b
(3.40)

Durch Integration über den Energieverlust (3.39) läßt sich mit (3.33) die energie-
abhängige Reichweite der Myonen mit Anfangsenergie E0 bestimmen:

R(E0) =
1

b
ln(1 + E0/E

µ
k ) (3.41)

Zum Beipiel spielt die Reichweite der Myonen eine wichtige Rolle für die Abschir-
mung von kosmischer Strahlung in Untergrundexperimenten (Abb.3.17).

3.7.3 Wechselwirkungen von Photonen

Für die Beschreibung von elektromagnetischen Schauern genügt es, folgende Wech-
selwirkungen von Photonen mit Materie zu betrachten (Abb. 3.18):

• Photoeffekt: Das Photon überträgt seine gesamte Energie auf ein Hüllenelek-
tron.

dE
dX

=�a(E)� E
X0

Radiation energy loss: bremsstrahlung

Z
v

dsbrem

dv
dv = 4aemr2

e Z(Z +1)


ln(183Z�1/3)+
1
18

�
=

hmtargeti
X0

Critical energy Ec defined as 
energy at which both losses are equal

X0 ⇠ 36g/cm2

Ec = a X0 ⇠ 85MeV

Radiation length X0



Bethe-Heitler pair production (ii)
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Fig. 14 Differential cross-sections of the bremsstrahlung (upper panel) and pair production (bot-
tom panel) processes in hydrogen. The cross-sections are normalised to one radiation length. The
energies of primary electrons and gamma-ray ε0 (in units of mec2) are indicated at the curves

energies ε ≥ εcr. At lower energies electrons dissipate their energy by ionization
rather than producing more high energy gamma-ray which would support further
development of the electron–photon shower.

In Fig. 13 the bremsstrahlung total cross-sections are shown calculated for 3 dif-
ferent values of minimum energy of emitted gamma-ray: εth = 2, εcr and εe/2. It is
seen from Fig. 13 that while for εth = 2 the pair-production cross-section is an order
of magnitude smaller compared to the bremsstrahlung cross-section, for εth = εe/2
the cross-sections of two processes become almost identical at ε ≥ 100.

The differential cross-sections of bremsstrahlung and pair production are pre-
sented in Fig. 14. The pair-production cross-section obviously is a symmetric function
around the point x = εe/ε0 = 0.5. The bremsstrahlung differential cross-section has
a 1/εγ type singularity at εγ → 0, but because of the hard spectrum of bremsstrahlung
photons the energy losses of electrons contribute mainly to high energy γ-rays. Thus
bremsstrahlung should be treated as an essentially catastrophic process. Neverthe-
less, it is convenient to introduce the so-called average energy loss-rate,

(Aharonian)

u = Ee/Eg

High-energy limit spair,tot ⇠ 520mb

QED

Eg/me

lpair =
hmairi
spair,tot

=
9
7

X0



Qualitative approach: Heitler model

D
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 X

  (
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Number of charged particles

�em

Nmax = E0/Ec

Xmax � �em ln(E0/Ec)

Shower maximum: 

E0

E = Ec

E = E0/2n
X = n �em
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Cascade equations
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dE
dX

=�a� E
X0

Energy loss 
of electron:

Ec = a X0 ⇠ 85MeVCritical energy:

Cascade equations

(Rossi & Greisen, Rev. Mod. Phys. 13 (1940) 240)

+
Z •

E

sg
hmairi

Fg(Ẽ)Pg!e(Ẽ,E)dẼ + a∂Fe(E)
∂E

dFe(E)
dX

=� se

hmairi
Fe(E)+

Z •

E

se

hmairi
Fe(Ẽ)Pe!e(Ẽ,E)dẼ

Xmax ⇡ X0 ln
✓

E0

Ec

◆
Nmax ⇡ 0.31p

ln(E0/Ec)�0.33
E0

Ec

X0 ⇠ 36g/cm2Radiation length:



Shower age and Greisen formula
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(Greisen 1956, see also Lipari PRD 2009)
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Mean longitudinal shower profile
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Calculation with cascade Eqs. 

Photons 
• Pair production 
• Compton scattering 

Electrons 
• Bremsstrahlung 
• Moller scattering 

Positrons 
• Bremsstrahlung 
• Bhabha scattering

(Bergmann et al.,  Astropart.Phys. 26 (2007) 420)



Energy spectra of secondary particles
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Photons

Electrons

Positrons

e–

e+

Number of photons divergent, 
energy threshold applied in calculation

• Typical energy of electrons 
and positrons Ec ~ 80 MeV 

• Electron excess of 20 - 30% 

• Pair production symmetric 

• Excess of electrons in target



Lateral distribution of shower particles
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Hadronic showers
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Expectation from simulations

26

10
-3

10
-2

10
-1

1

10

10 2

10 3

1
core distance (km)

pa
rt

ic
le

 d
en

si
ty

 (m
-2

)

ae(+(

hadrons

0 1 2 3 4 x1010

particle number

20

10

 7

 5

 3

 1

  0

200

400

600

800

1000

at
m

os
ph

er
ic

 d
ep

th
 (g

/c
m

2 )

al
tit

ud
e 

(k
m

)

a
e(

(x 5)
+(

(x 100)

hadrons
(x 100)

a b

10
-3

10
-2

10
-1

1

10

10 2

10 3

1
core distance (km)

pa
rt

ic
le

 d
en

si
ty

 (m
-2

)

ae(+(

hadrons

0 1 2 3 4 x1010

particle number

20

10

 7

 5

 3

 1

  0

200

400

600

800

1000

at
m

os
ph

er
ic

 d
ep

th
 (g

/c
m

2 )

al
tit

ud
e 

(k
m

)

a
e(

(x 5)
+(

(x 100)

hadrons
(x 100)

a b

Longitudinal profile: 
Cherenkov light 
Fluorescence light 
(bulk of particles measured)

Lateral profiles: 
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(very small fraction of particles sampled)

(RE, Pierog, Heck, ARNPS 2011)

See talk by Piera Ghia
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Expectations from uncertainty relation
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~b

Assumptions: 
• hadrons built up of partons 
• partons deflected/liberated in collision process, small momentum 
• partons fragment into hadrons (pions, kaons,...) after interaction 
• interaction viewed in c.m. system (other systems equally possible)

Dx Dpx ' 1

Heisenberg uncertainty relation

R ⇡ 1fm ⇡ 5GeV�1

hp?i ⇠ Dp? ⇠ 1
R
⇡ 200MeVhpki ⇠ Dpk ⇡

1
R0 ⇡

1
5

Ep

Longitudinal momenta of secondaries Transverse momenta of secondariesG = Ep/mp
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Typical hadronic final states

30(Riehn et al. ICRC 2017)

4.5 Hadronic interaction of photons 109

Figure 4.21 Comparison of secondary particle distributions of p-p and p-C
interactions at Elab “ 158 GeV (from [155]).

important for hadron-nucleus and nucleus-nucleus interactions. For exam-
ple, the central pseudorapidity density of secondary particles increases more
slowly than the expected linear scaling with the number of participating
nucleons (i.e. the number of binary nucleon-nucleon collisions) [178].

4.5 Hadronic interaction of photons

The interaction of photons with hadrons and nuclei at energies close to
the particle production threshold is a key process in many astrophysical
environments, in which accelerated hadrons propagate in a background field
of photons of the cosmic microwave background (CMB) or local sources.

Up to an energy of
?

s „ 2 ´ 3 GeV hadronic interactions of photons
can be described by a superposition of resonances formed in the absorp-
tion of the photon. The di↵erence to the isobar models introduced in Sec-
tion 4.3.1 is that photon absorption, as an electromagnetic process, does
not conserve isospin and a large number of di↵erent resonances can be pro-
duced.7 The most prominent resonance channels are � p Ñ �`p1232q and
� n Ñ �0p1232q with cross sections up to 412 and 452µb, respectively. Both
�` and �0 decay to ⇡0 ` p{n and ⇡˘ ` n{p with a branching ratio of 2:1.

7 Isospin is, of course, conserved in the hadronic decay of the resonances.
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Secondary particle multiplicities
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Power-law increase of number  
of secondary particles
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Competing processes of interaction and decay
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Interaction length

Decay length

lp ⇡ lK ⇡ 120g/cm2

(Fedynitch 2017)

lint =
hmairi
sint

=
24160mb g/cm2

sint

ldec = bctG ⇡ ct E
m
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Hadron-induced showers

33

0 10000 20000 30000 40000 50000 60000
particle number

at
m

os
ph

er
ic

 d
ep

th
 (g

/c
m

2 )

electrons

muons (x 10)

hadrons
(x 10)

0

1

3

5

7

10

20

0

200

400

600

800

1000

al
tit

ud
e 

(k
m

)

⇥+ �⇥ µ+ �µ �⇥ e+ �e �̄µ �µ

⇥0 �⇥ ��

c⇥�± = 7.8m

c⇥�0 = 25.1nm Neutral pions always decay

Charged pions interact E > 30 GeV



Qualitative approach: Heitler-Matthews model

Primary particle proton

π0 decay immediately

π± initiate new cascades 

Assumptions:  

• cascade stops at 

• each hadron produces one muon 

Epart = Edec

Nµ =
�

E0

Edec

⇥�

� =
lnnch

lnntot
� 0.82 . . .0.95

(Matthews, Astropart.Phys. 22, 2005)
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Superposition model
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Proton-induced shower

Nµ =
�

E0

Edec

⇥�

Assumption: nucleus of mass A and energy E0 corresponds 
                        to A nucleons (protons) of energy En = E0/A

Xmax � �eff ln(E0)

XA
max � �eff ln(E0/A)

NA
µ = A

�
E0

AEdec

⇥�
= A1��Nµ

�� 0.9

Nucleus

Ei = E0/A

Target

Nmax ⇠ E0/Ec

NA
max ⇠ A
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AEc
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Superposition model: correct prediction of mean Xmax

56

42

39

24

iron nucleus

Depth X

Number of 
nucleons without  
interaction

56

42

39

24
56 protons

iron

npart =
�Fe�air

�p�air

Glauber approximation (unitarity)

Superposition and semi-superposition models 
applicable to inclusive (averaged) observables

(J. Engel et al. PRD D46, 1992)
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Electromagnetic energy and energy transfer
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At high energy:  model dependence of correction to obtain total energy small

(RE, Pierog, Heck, ARNPS 2011)
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Muons as tracers of the hadronic core
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The correlation between Einv and Nµ has been studied simulating show-
ers with the CORSIKA [21] code. The results of the simulations for di↵erent
primary masses and for the most recent hadronic interaction models EPOS
LHC [22], QGSJetII-04 [23] and Sibyll2.3c [24] tuned with LHC data and the
older models EPOS 1.99 [25], QGSJetII-03 [26], QGSJet01 [27], are shown in
figure 1. The simulations refer to primaries of energy 3⇥ 1018 eV with a zenith
angle of 60�, and Nµ is obtained by counting all muons with energy greater
than 100 MeV that reach ground level at the altitude of the Observatory. In
spite of the very large spread in the predictions of Nµ and Einv, the correlation
between them is good, and is similar for all models and primaries considered.
This suggests that it is possible to obtain a robust estimation of Einv from the
measurements of Nµ using the Auger inclined showers.

Other quantitative predictions of the values of Einv using Monte Carlo sim-
ulations are shown in figure 2. The results are presented showing the ra-
tio of the invisible energy to the total primary energy as a function of Ecal.
The simulations were performed using the CORSIKA [21] code for the mod-
els EPOS 1.99 [25] and QGSJetII-03 [26] and with the AIRES [28] code for
QGSJet01 [27] (left panel). For the models tuned with the LHC data EPOS
LHC [22], QGSJetII-04 [23], and Sibyll2.3c [24] we used the CONEX code [29]
(right panel).
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Figure 2: Average invisible energy fraction as a function of the calorimetric
energy calculated with Monte Carlo simulations using the hadronic interaction
models tuned with LHC data (right panel) and the older models developed when
the LHC data were not available (left panel). The predictions for proton and
iron primaries are shown with solid and dashed lines, respectively.

From the figure one can see the large di↵erences in the values of Einv for
di↵erent primary masses and how, for a given primary mass, the spread between
the predictions from di↵erent models is significantly reduced after the tuning
with LHC data. Then one may argue that a precise estimation of Einv can
be obtained using the post-LHC models and the primary mass composition
estimated from the Xmax measurements [17]. However, even after the updates
with LHC data, the models still fail to describe several properties of the shower
development related to muons [30], and this can introduce unpredictable biases
in the Einv estimation. Thus the strategy followed in this paper is to estimate
the invisible energy using the correlations that exist between Einv and shower

6

simpler than the analysis used for vertical events.
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Figure 9: Auger data-driven estimation of the invisible energy compared with
the parameterisations for protons, iron and mixed composition reported in [6]
and the one in use by Telescope Array [40].

A preliminary data-driven estimation of Einv has already been in use by
Auger for several years [11, 12]. Before 2013, we used a parameterisation fully
based on simulations assuming a mixed composition of proton and iron pri-
maries [6] that is shown in figure 9 and compared with the Einv estimate ob-
tained in this paper from the analysis of inclined events and extrapolated to low
energies. In the same figure, we also show the parameterisations obtained in [6]
for proton and iron primaries and that in use by the Telescope Array Collabora-
tion that assumes a proton composition [40]. The systematic uncertainty in our
estimation is depicted with a shaded band. From the figure one can evaluate the
impact of the data-driven estimation of Einv on the energy scale of the Observa-
tory. Using the two simulations we would introduce a bias in the energy scale of
�4% and �6%, which is significant considering that the systematic uncertainty
in the energy scale introduced by the Einv estimate presented in this paper is
about 1.5%.

The invisible energy parameterisation as a function of Ecal obtained using
the Auger data can also be used in other experiments employing the fluorescence
technique. Note that in this case the uncertainty in Einv remains the one de-
termined in this paper only if the relative calibration factor between the energy
scales of the second experiment and Auger is known and taken into account in
the calculation of Einv. Otherwise, a correct estimation of the uncertainty in
Einv needs to take into account the uncertainties in the energy scales of both
experiments.

18

(Auger, PRD 2019)
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Muon-data based correction for 
invisible energy used in Auger

Very good correlation 
between muon number 
and invisible energy

Most recent model predictions

Einv = Etot �Eem



Effect of air density (number of generations)
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Longitudinal shower profiles: simulations and data
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Nmax = E0/Ec

Xmax � De ln(E0/Ec)

Superposition model:

XA
max � De ln(E0/AEc)



Mean depth of shower maximum
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(RE, Pierog, Heck, ARNPS 2011)
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Different slopes for em. and hadronic showers

43(RE, Pierog, Heck, ARNPS 2011)
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Derivation of elongation rate theorem
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Elongation rate theorem
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Bn =
d lnntot

d lnE

B� =� 1
X0

d�int

d lnE

Dhad
e = X0(1�Bn�B�)

Large if multiplicity of high energy particles  
rises very fast, zero in case of scaling

(Linsley, Watson PRL46, 1981) 

Large if cross section rises rapidly with energy

D10 = log(10)DeNote: 

X0 = 36 g/cm2
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QGSJET predicts very 
strong scaling violations



Elongation rates and model features
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Dhad
10 = ln10 X0(1�Bn�B�)

Elongation rate theorem

(Linsley, Watson PRL46, 1981) 

factor ~ 87 g/cm2

Bn =
d lnntot

d lnE

B� =� 1
X0

d�int

d lnE

Large if multiplicity of 
high energy particles  
rises very fast, zero in 
case of scaling

Large if cross section rises 
rapidly with energy
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Universality features of high-energy shower profiles
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Applications: mass composition and cross section
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Information provided by Xmax fluctuations
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Figure 3: Allowed region in the plane {hXmaxi,W} calculated using the hadronic model QGSJetII-04 [23] at the energy
E = 1017.5 eV and considering the contributions of 5 nuclei (p, 4He, 14N, 28Si and 56Fe). The lines show points that can
be generated by the combinations of two nuclei.
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Figure 4: Allowed regions in the plane {hXmaxi,W} calculated using three hadronic models (QGSJetII-04, Epos–LHC
and Sibyll 2.3c) for two energies E = 1017.5 and 1019.5 eV.
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Mass composition results – Auger Observatory
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Mass composition results – world data
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Figure 3: Measurements of hXmaxi (left) and �(Xmax) (right) compared to the predictions for proton and iron
nuclei of the hadronic models Sibyll2.3c, EPOS-LHC and QGSJet-II.04. Detection techniques: fluorescence (FD),
Cherenkov, using time traces in the surface detector stations (SD), radio (RD).
Pierre Auger Observatory: FD [40], SD [62], RD (AERA) [41]; Telescope Array: FD [50] (hXmaxi and �(Xmax)
are corrected for reconstruction and detector biases same as was done in [63] except here there is no correction of
the energy scale), Cherenkov (TALE) [39]; Yakutsk: Cherenkov [52], RD [44]; Tunka: Cherenkov [51], RD [43];
LOFAR [42]. Systematic uncertainties of the FD measurements at 1018.5 eV are indicated for the Pierre Auger (red
arrows) and Telescope Array (blue arrows) data.

uncertainties in muon production; however, recent studies1 indicate that an energy independent
shift of the Xmax scale, on the order of 20 � 30 g/cm2, could also be needed. This is in good
agreement with studies that estimate the influence of hadronic models on the shower maximum
and the signals in the surface detector [4]. The extent to which these observations are related to155

the muon deficit, and the Xmax scale, of simulations must be determined in further studies.

1.3. FD and SD measurement tensions: the self-consistency of hadronic interaction models

SD measurements run nearly 100% of the time and require rather simple event selection criteria,
meaning they can o↵er around an order of magnitude more data for mass composition analyses as
compared to measurements from FDs. However, due to the lack of the accelerator data relevant160

for the description of UHECR interactions, current inaccuracies in the modeling of high-energy
nuclear collisions remain relatively large. As a result the mass compositions inferred from SD
measurements with the current hadronic models often turn out to be outside the expectations of
any realistic astrophysical scenarios. Being inconsistent as well with FD results (see figure 5), the
absolute values of hln Ai from the SD data can currently be only used for describing the trends in165

the changes of the mass compositions with energy which are found to be very similar to those from
the FD data.

1Machine learning methods cross calibrated with FDs [76] and mass/energy/arrival direction combined fit re-
sults [77, 78] both suggest an o↵set between the Xmax scale predicted models and that seen in UHECR observations.
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Cross section measurement with air showers
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Analysis Approach
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Analysis Approach
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Cross section measurement: composition bias?
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Simulation for proton showers with 
different cross sections: 
very good sensitivity of tail of 
distribution

Example of distribution of 
 Xmax for mixed composition

Only deep showers are used 
in analysis to enhance proton 
fraction in data sample

(Pierre Auger Collab. PRL)



Cross section measurement: self-consistency
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The Tail Fit

Energy interval: 1018 − 1018.5 eV
Same high-quality cuts as for 〈Xmax〉 measurement
Fiducial volume cuts optimized for large slant depths
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Depth range of analysis
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QGSJetII.3 0.95± 0.04 502.9 ± 22
SIBYLL 2.1 0.88± 0.04 496.7 ± 23
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Simulation of data sample with different 
cross sections, interpolation to measured 
low-energy values

Cross section accepted if simulated slope fits 
measured slope of Xmax distribution
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Summary

Well beyond LHC energies: Ecr = 1018.24 eV,
√
s = 57TeV

Significantly improved analysis approach at these energies

Dedicated fiducial event selection for deeply penetrating events

Consistent description of cross-section in air showers

Composition systematics studied in detail, Helium dominated

Monte-Carlo model systematics not large
(QGSJet, QGSJetII, EPOS, SIBYLL)

σp -air =
(

505 ± 22stat (+24
−33)sys

)

mb at E0 = 10
18.24

eV

σ
inel
pp =

(

90 ± 7stat (+8
−11)sys ± 1.5Glauber

)

mb at
√
s = 57TeV
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Proton-Air Cross-Section Summary
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Inelastic Proton-Proton Cross-Section

Standard Glauber conversion + propagation of modeling uncertainties

 (P
ro

to
n-

Pr
ot

on
)  

  [
m

b]
in

el
!

30

40

50

60

70

80

90

100

110

    [GeV]s
310 410 510

ATLAS 2011
CMS 2011
ALICE 2011
TOTEM 2011
UA5
CDF/E710
Auger ICRC 2011

QGSJet01
QGSJetII.3
Sibyll2.1
Epos1.99
Pythia 6.115
Phojet

σinel
pp =

[
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The 1.5mb do not reflect the total theoretical uncertainty, since there are other

models available for the conversion.
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Conversion from p-air to p-p cross 
section always model-dependent

Glauber model

Auger 2011

Cross section independent of LHC data, 
very good agreement with extrapolated data

(Pierre Auger Collab. 1107.4804, Phys. Rev. Lett. 2012)
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57

Fitting algorithm

1 generate the Xmax distributions for the
discrete set of scaling factor values;

2 perform the 4-component binned
maximum likelihood mass composition fit
for each f
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* Xmax distributions are simulated with the generalized Gumbel distribution parameterization as a function of the scaling factor.Introduction Modified hadronic interactions Combined fit algorithm and results
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Consistent analysis, results stable only for large proton fraction

Analysis of Monte Carlo data set

(Lipari, PRD 2021)



Gaisser-Hillas parametrization of shower profile
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16.9 Fluorescence telescopes 355

profile from the observed light intensities. While the highly asymmetric
Cherenkov light has been subtracted from the light profile in the past [589],
new reconstruction methods take advantage of the Cherenkov light as addi-
tional shower signal [595]. This is possible since universality features of air
showers allow the accurate prediction of the emitted and scattered Cherenkov
signal [528, 532].

The fluorescence technique provides a calorimetric measurement of the
ionization energy deposited in the atmosphere. The integral over the energy
deposit profile is a good estimator of the energy of the primary particle. At
high energy, about 90% of the total shower energy is converted to ionization
energy [596, 597]. The remaining 10% of the primary energy, often referred
to as missing energy, is carried away by muons and neutrinos that are not
stopped in the atmosphere or do not interact. The missing energy correction
depends on the primary particle type and energy as well as on details of
how hadronic interactions in air showers are modeled. However, as most of
the shower energy is transferred to em. particles, this model dependence
corresponds to an uncertainty of only a few percent of the total energy. In
case of a gamma-ray primary, about 99% of the energy is deposited in the
atmosphere.

The function proposed by Gaisser and Hillas [598] gives a good phe-
nomenological description of individual as well as averaged longitudinal
shower profiles

NpXq “ Nmax

ˆ
X ´ X1

Xmax ´ X1

˙pXmax´X1q{⇤
exp

ˆ
´X ´ Xmax

⇤

˙
. (16.38)

It is often used to extrapolate the measured shower profiles to depth ranges
outside the field of view of the telescopes and to fit for Nmax and Xmax. In
doing so, X1 and ⇤ “ 55 ´ 65 g/cm2 are parameters of the fit. In particular,
X1 can be negative. The same function with X1 ° 0 interpreted as the point
of first interaction is sometimes used as a toy model to illustrate fluctuations
in air shower, as discussed in Appendix A.8.

A typical shower profile reconstructed with the fluorescence telescopes
of the Auger Observatory [599] is compared to simulated showers in Fig-
ure 16.9. Both the mean depth of shower maximum and the shower-by-
shower fluctuations of the depth of maximum carry important composition
information.

The fact that the fluorescence light is emitted isotropically makes it pos-
sible to cover large phase space regions with telescopes in a very e�cient
way. The typical distance at which a shower can be detected varies from 5
to 35 km, depending on shower geometry and energy. On the other hand,
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Very good description of individual shower profiles and of mean shower profile (effective parameters)

Gaisser & Hillas ICRC 1977
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Figure 10: Measurement of hX µ
maxi and hXmaxi for 1019.4 eV, with systematics uncertainties, as well as the

phase-space (lines) occupied by EPOS-LHC and QGSJETII.04 models, extracted from [42]. Parameter R
of the average electromagnetic profile as a function of the EAS energy as measured by Auger, as well as
predictions for different hadronic models.

the treatment of pion-air interactions at very high energies and to reduce the uncertainties in Xmax

stemming from models.

3.3 Electromagnetic Component

The traditional Gaisser-Hillas can be rewritten as

dE
dX

=

✓
1+R

X 0

L

◆R�2

exp
✓

� X 0

RL

◆
, (3.1)

where R =
p

l/|X 0
0|, L =

p
|X 0

0|l and X 0
0 ⌘ X0 �Xmax. In this notation, Equation 3.1 is a Gaussian

with standard deviation L, multiplied by a term that introduces an asymmetry governed by R. The
parameter R is sensitive to the start-up of the EM shower and is expected to be sensitive to the rate
of p0 production, whose decay goes into the EM shower. Figure 10 (right) shows the measure-
ments of R together with model predictions [19]. Due to the large systematics uncertainties in this
measurement, nothing else can be said other than results are fully compatible with expectations
from models.

4. Discussion

There have been some attempts to explain the muon problem by increasing the hadronic energy
fraction of interactions f , like the formation of a Strange Fireball [48], String Percolation [1], Chiral
Symmetry Restoration [65], by increasing the inelastic cross section [64], or for instance resorting
to Lorentz Invariance Violation [49] by effectively enlarging the lifetime of p0 and keeping them
contributing to the hadronic cascade.

The deficit of Nµ with respect to expectations could be produced by small deviations d f ac-
cumulated along a number n of generations as Nµ µ ( f + d f )n which converts for instance a 5%
deviation per generation into ⇠ 30% deviation after 6 generations.
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where two extra parameters appear: k identified with an effective
interaction length and X00 ¼ X0 " Xmax being X0 related with the
point of first interaction. However, not only the physical meaning
of the parameters is not exact but they are also difficult to relate
to the ‘‘universality” features seen in Fig. 1. We investigate the rela-
tion between parameters that separate the more universal features
from the details of each shower.

The Gaisser–Hillas profile (Eq. (1)) can be written as:

N0 ¼ exp "X 00
k

log 1" X 0

X00

! "
" X0

k

! "

¼ exp " X02

2 X 00k
## ##
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n
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n
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L
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; ð3Þ

where, from a Taylor expansion of the logarithm around the maxi-
mum (X0 = 0), the profile shape becomes more evident. The first
term in X0 cancels, leaving a gaussian with a characteristic width

L ¼
ffiffiffiffiffiffiffiffiffiffiffi
X00k
## ##

q
, and distortions governed by a shape parameter

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k= X00
## ##

q
. While for positive X0, the even and odd terms in R have

partial cancellation, all terms contribute to the distortion in the re-

gion of negative X0. Fig. 2 shows how the shape changes for different
values of both parameters.

To compare the new parameters L and R with the old k and X 00,
we fit different realizations of an ideal profile assuming statistical
deviations for an observation of 200 photons at maximum and X
bins of 30 g cm"2. The result in Fig. 3 shows that both k and X00
can be (mis) reconstructed with up to 100% variations, and are
strongly correlated, while L and R are more independent and stable
variables, as expected. In particular L varies only by less than 10%.

We thus prefer to Eq. (1) in terms of L and R (noticing X 00 is al-
ways negative) as:

N0 ¼ 1þ RX0

L

! "R"2

exp " X 0

LR

! "
: ð4Þ

The shower visible energy (Eem), mainly deposited by the low
energy electrons, is proportional to the total number of particles
and thus to the profile integral. Corrections due to the invisible en-
ergy carried away by muons and neutrinos vary according to the
primary particle type, energy, and hadronic model considered,
but are expected to be around 5–10%, and to decrease as energy in-
creases [9]. The fraction of energy deposited at shower maximum,
dE
dX

##
max proportional to Nmax, has event-by-event variations of the

same size, which are naturally reflected in fluctuations of the
new parameters. The full integral of the profile, can be written in
terms of the usual Gamma function, as:
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Fig. 1. Longitudinal profiles for 100 showers of different energies and primary particles, shown as dE/dX(X), proportional to N(X), (left plot) and N0(X0) (right plot).
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Fig. 2. Different profiles obtained by varying L (left plot) and R (right plot) around central values of L = 225 g cm"2 (with 5 g cm"2 steps) and R = 0.25 (with 0.05 steps).

S. Andringa et al. / Astroparticle Physics 34 (2011) 360–367 361

R is sensitive to the injection of high energy π0

in the start up of the shower.

varying L
varying R

Good agreement with models.
Too large systematics for hadronic 
physics, for the moment.

Auger JCAP 1903 (2019) 03 018S. Andringa et al, Astropart.Phys. 34 (2011) 360 1410/01/22 Epiphany 2022
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Alternative way of writing 
GH parametrization



End of Lecture 1

60


