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Multi-Messenger 
Astrophysics

ν

γGW

p ….  O, Si…

CR

GW

ν γ

Underlying physics 
connects the messengers

→ Measuring all of them is more than 
the sum of the individuals !

Note, also particle physics experiments do
not just measure pions only, or kaons, or 
protons….

Overarching goal: 
learn about the most powerful 
accelerators in the Universe 

Conor Mow-Lowry’s
Lectures
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Menu…
1) The Big Picture: A quick overview 

2) Astrophysics and Detection of E<1014 eV Galactic CRs (very brief) 

3) Detection of E>1014 eV: Basic air shower phenomenology 

4) Basic concepts and technologies of EAS experiments 

5) Little bit of particle physics (hands on exercise) 

6) Transition from galactic to extragalactic CRs 

7) The end of the CR-spectrum: Emax of extragalactic accelerators?  

8) Anisotropies: Hunting the UHECR sources 

9) Multi-Messenger: Lessons and Prospects 

10) Related non-CR opportunities  

11) UHECR future: challenges and prospects
3Karl-Heinz Kampert – University Wuppertal
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solar
modulation

 

Accelerator:
Supernovae?,
Pulsars? ...

?

Source:
Stellar atmosphere, 
Nucleosynthesis…

?

The simple world of galactic CRs

?

Propagation:
Hadronic interactions: e.g. 
Spallation, anti-particles, … 
radioactive decays, …

Detection at E<100 TeV:
Ballon & Space born exp.
EAS experiments

D =
hx2i
2t
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µG scale



Karl-Heinz Kampert – Bergische Universität Wuppertal BND School, Wuppertal, August 20235

Milky Way

Powerful extragalactic Source

no diffusion, but ballistic propagation 
CR interaction with 
background photons fields
on 10-100 Mpc scale

nG scale

µG scale

still expect CR hadronic
interactions at the source

The simple world of extragalactic CRs
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The   3    High Energy Cosmic Messengers

pCR +matter ! ⇡± + ⇡0 +X
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a/o radiation fields
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proton

CRs
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GWs

The 3+1 High Energy Cosmic Messengers

Merging Binary Objects
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1 event per m2 
and sec

γ≈ 2.7 - 3.0

      „ankle“
(1 per km2-year)

Cosmic Rays: the most energetic 
particles in the Universe
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Auger; 3000 km2 

IceTop 1 km2 

TA; 700 km2 

PAMELA

KASCADE-Grande; 0.5 km2 

EAS-TOP

32 orders of magnitude:

hair

Universe
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1 event per m2 
and sec

γ≈ 2.7 - 3.0

      „ankle“
(1 per km2-year)

Cosmic Rays: the most energetic 
particles in the Universe
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7 TeV protons in LHC
3·1020 eV protons in LHC would require

size of Earth’s orbit around the Sun 

Emax . � · Z ·R ·B
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in natureX 
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Fermi Acceleration of Cosmic Rays at Astrophysical Shocks

supersonic propagation of  the shock front into thin medium 
charged particles are confined near shock front and gain energy

This is called 
1st order Fermi Acceleration 
 
and it results in a 
power-law energy spectrum

dN
dE

∝ E−2+ε

power-law index  
for monoatomic gases 

γ = − 2

Note the interplay of  particles with cosmic 
magnetic fields: charged particles reflected 
by B-fields and B-fields get amplified by 
interactions with charged particles 
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«

• … are very abundant in flux… 
~ 300 particles/s/m2; ~20% of natural radioact. dose

• … and energy density 
εCR ≈ 1 eV/cm3 ≈ εstar light ≈ εB-field (galactic ecosystem) 

• … are evidence of most powerful astrophysical accelerators 

• … give information on properties of cosmic environment 
    in which there are produced and through which they propagate

• … can be used to study the validity of physical laws in extreme condition 

• … can be messengers of «new physics  or yet unknown particles
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Menu…
1) The Big Picture: A quick overview 

2) Astrophysics and Detection of E<1014 eV Galactic CRs (very brief) 

3) Detection of E>1014 eV: Basic air shower phenomenology 

4) Basic concepts and technologies of EAS experiments 

5) Little bit of particle physics (hands on exercise) 

6) Transition from galactic to extragalactic CRs 

7) The end of the CR-spectrum: Emax of extragalactic accelerators?  

8) Anisotropies: Hunting the UHECR sources 

9) Multi-Messenger: Lessons and Prospects 

10) Related non-CR opportunities  

11) UHECR future: challenges and prospects
13Karl-Heinz Kampert – University Wuppertal

2) Astrophysics and Detection of E<1014 eV Galactic CRs (very brief)
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~few events per m2 and day 

γ≈ 2.7 - 3.0

      „ankle“
(1 per km2-year)

log(energy/eV)

lo
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„Knee“
(1 per m2-year)

Acceptance:  𝓐 = 0.5 m2 sr

CREAM
Cosmic Ray Energetics and Mass

𝓐 = 1.3 m2 sr

direct measurements on 
balloons and satellites

Modern high-pressure 
balloons allow up to 
~60 days of flight time
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ISS as Cosmic Ray Observatory

JEM-EF

CALET Launch
August 19, 2015

AMS Launch
May 16, 2011

ISS-CREAM Launch
August 14, 2017

JEM-EF

CALET Launch
August 19, 2015

6ICRC2019 Highlight Talk (CALET Y.Asaoka)
based on
Y. Asaoka, ICRC2019

DAMPE (free flyer) 
launch December 2015
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TRD

Upper TOF

Tr
ac

ke
r

Lower TOF
RICH

ECAL

1

2

7-8

3-4

9

5-6

Transition Radiation Detector (TRD)
identify e+, e-

Silicon Tracker
measure Z, P

Electromagnetic Calorimeter (ECAL) 
measure E of e+, e-

Upper TOF  measure Z, E

Magnet identify ±Z, P

Ring Imaging Cerenkov (RICH)
measure Z, E

Lower TOF  measure Z, E

Anticoincidence Counters (ACC)
reject particles from the side

AMS is a space version of a precision detector used in accelerators

10,880
photosensors

6
16

AMS 02: HEP Experiment in Space

Weiwei Xu, ICRC2023
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Cr	 Fe	

Ni	
Mn	

Zn	

B.Bertucci - 36th ICRC

9
Z measurement

In progress

CR Nuclei:  Primaries and Secondaries Seven independent measurements of Z

Z

Z
Z
Z

Z

Z

Z

Analyzed
Preliminary 

B. Bertucci, ICRC2019 
Weiwei Xu, ICRC2023

CALET

AMS

Z-measurements & PID
General principle: ∝
• dE/dx (Bethe Bloch) ∝ Z2/A
• magnetic spectrometer ∝ p
• calorimeter ∝ E
• Time of Flight a/o Cherenkov a/o TRD  → v ∝
• tracking → direction

All-Electron Measurement with CALET

1. Reliable tracking
well-developed 
shower core

2. Fine energy 
resolution 
full containment 
of TeV showers

3. High-efficiency 
electron ID
30X0 thickness,
closely packed logs

3TeV Electron 
Candidate

Corresponding 
Proton Background

(Flight data; detector size in cm)

10X0

17X0

30X0

13

 CALET is best suited for observation of possible fine structures   
in the all-electron spectrum up to the trans-TeV region.

ICRC2019 Highlight Talk (CALET Y.Asaoka)

Y. Asaoka, ICRC2019

12

H
He

Li
Be

B
C
N

O

F

Ne

Na

Mg

Al
Si

P
S

Cl
Ar K

Ca

Sc
Ti

V
Cr

Fe

Ni
Mn

Co

Precision Measurements of Cosmic Nuclei by AMS

Separation between H and He 

is better than 1 in 109

Separation between Fe and Co 

is better than 1 in 102

AMS
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Element-selected CR energy spectra (200 MeV - 1 PeV) 

18

29. Cosmic rays 3

Figure 29.1: Fluxes of nuclei of the primary cosmic radiation in particles per
energy-per-nucleus are plotted vs energy-per-nucleus using data from Refs. [2–13].
The inset shows the H/He ratio at constant rigidity [2,4].

array [18] have observed anisotropy at the level of about 10−3 for cosmic rays with
energy of a few TeV, possibly due to the distribution of sources and the direction of local
Galactic magnetic fields.

The spectrum of electrons and positrons incident at the top of the atmosphere is
generally expected to steepen by one power of E at an energy of ∼5 GeV because of

June 5, 2018 19:57

from Particle Data Group

Li, Be, B with AMS-02

Important feature:
Secondary/primary ratios harden at 192 GV by 
Dg = 0.13. The flux hardening seems to be a 
universal propagation effect.

CRD6b:
Alberto Oliva

A closer look…

/ E�3.1
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He, CNO

Li, Be, B

Why is Li, Be, B slightly different from He, C, O?
Similarly for Sc, Ti, V as compared to Fe…



Karl-Heinz Kampert – Bergische Universität Wuppertal BND School, Wuppertal, August 2023

CR composition as a tracer of propagation history

19

85% H   (p) 
12% He  (α) 
3% heavier nuclei 
10-5-10-4 antiprotons 

e±: 2% of H 
(~90% are e- )

high-energy 
CR nucleus

p of 
ISM

 

+        à   spallation prod.

Spallation Reactions

C,O
Li,Be,B

Li B

19

Essentially all Li, Be, B 
and Sc, Ti, V, Cr, Mn nuclei 
are produced by spallation 
reactions of CRs in the ISM ! 
we call them „secondary“ CRs

The more reactions, the higher 
their abundances… 
➽ history of propagation

B.Bertucci - 36th ICRC

22

Primary and Secondary CR in the Galaxy

Int
ers

tel
lar

 M
ed

ium

p

He
C

O
Li

Be

B

B/C
 ra

tio

⇒ ≈1
0 g

/cm
2  

observed B/C ratio 
→ nuclei have traversed ~10 g/cm2 

→ requires 𝒪(100) full passes through
galactic disk, i.e. > 6 Myrs !

image:
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon

IceCube Collaboration, Science 380, 1338–1343 (2023) 30 June 2023 2 of 6

A

B

C

D

E

Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.

RESEARCH | RESEARCH ARTICLE
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 and  as a tracer of galactic CR interactionsν γ

20 image:

XCR + p → YCR + p + n + π0 + π± . . . → γ, ν
optical image of galactic plane

diffuse -ray emissionγ

predicted π0

 analysis expectation in IceCubeν

 observed in IceCubeν

IceCube Collaboration, Science 380, 1338–1343 (2023)
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The Supernova Paradigm
Integrating the cosmic ray energy spectrum 
→ CR energy density εCR ≈ 1 eV/cm3

21

ECR
tot ≈ εCR × Vgal⇒ 

≈ 1 eV/cm3 × π × 15 kpc2 × 1 kpc
≈ 2 ⋅ 1067 eV

Flux constant in time →  needs to be renewed 
every  Mio years 

ECR
tot

τCR ≃ 10

⇒ LCR ≃
ECR

tot

ln 2 ⋅ τCR
≃

2 ⋅ 1067 eV
107 yrs

≃ 1053 eV/s ≃ 1.6 ⋅ 1041 erg/s

 and only radiation, almost no particlesLsolar ≃ 3.86 ⋅ 1033 erg/s

Supernovae:  total, (kinetic+optical) 
 1 SN per 30 years → 

LSN ≃ 1053 erg
1042 erg/s

log(E)

lo
g(

dN
/d

E)

εCR

30 kpc Milky Way

1 kpc
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The Supernova Paradigm
Integrating the cosmic ray energy spectrum 
→ CR energy density εCR ≈ 1 eV/cm3

22

⇒ 

≈ 1 eV/cm3 × π × 15 kpc2 × 1 kpc
≈ 2 ⋅ 1067 eV

Flux constant in time →  needs to be renewed 
every  Mio years 

ECR
tot

τCR ≃ 10

⇒ LCR ≃
ECR

tot

ln 2 ⋅ τCR
≃

2 ⋅ 1067 eV
107 yrs

≃ 1053 eV/s ≃ 1.6 ⋅ 1041 erg/s

30 kpc Milky Way

1 kpc

 and only radiation, almost no particlesLsolar ≃ 3.86 ⋅ 1033 erg/s

Supernovae:  total, (kinetic+optical) 
 1 SN per 30 years → 

LSN ≃ 1053 erg
1042 erg/s

log(E)

lo
g(

dN
/d

E)

εCR

Cassiopeia A
SN at 2.8 kpc observed 1658
dynamics → 5·1051 erg/s kinetic 
energy in filaments

ECR
tot ≈ εCR × Vgal
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January 19, 1934

23

One of the most concise triple predictions 
ever made in science:

insert in one of the cosmic trips, entitled
"Be Scientific with Ol'Doc Dabble" stated

'Cosmic Rays are caused by exploding stars 
which burn with a fire equal to 100 million suns 
and then shrivel from 1/2 million miles diameter 
 to lile spheres 14 miles thick' 
... says Prof. Fritz Zwicky, Swiss Physicist

Fritz Zwicky
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γ,

, ν, γ

Anti-Particles in CRs: Signal of Dark Matter?

24

Cosmic Ray 

!!, "p
from Collisions

Latest Results on positrons !", electrons !#, antiprotons "#

Pulsars, …

Dark Matter

Dark Matter
!!, "p, … 

from Dark Matter

!", p, …

!!, !"from Pulsars

21

TR
D

Upper 
TOF

Tracker

Lower 
TOF

RICH

ECAL

AMS

Cosmic Ray 

Stefano Gabici
ICRC 2023
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Anti-Particles in CRs: Signal of Dark Matter?

25

Cosmic Ray 

!!, "p
from Collisions

Latest Results on positrons !", electrons !#, antiprotons "#

Pulsars, …

Dark Matter

Dark Matter
!!, "p, … 

from Dark Matter

!", p, …

!!, !"from Pulsars

21

TR
D

Upper 
TOF

Tracker

Lower 
TOF

RICH

ECAL

AMS

Cosmic Ray 

same question for 
anti-protons

hot debate two weeks ago in Nagoya

!"# $ = $&
$'& ()($' $+⁄ ).)	+	(1 $' $&⁄ .1234(−$' $1⁄ )

The positron flux is the sum of low-energy part from cosmic ray collisions plus 
a high-energy part from pulsars or dark matter both with a cutoff energy ES.

The existence of the finite cutoff energy (4.7%)
is a new and unexpected observation 22

Positrons 

from cosmic 

ray collisions

• 3.9x106 !!

Positrons from

new source

or

Dark Matter

Collisions Pulsars or Dark MatterSolar

Energy (GeV)

energy spectrum positrons

is it a break  
or a cut-off ?

pulsars
DM
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Menu…
1) The Big Picture: A quick overview 

2) Astrophysics and Detection of E<1014 eV Galactic CRs (very brief) 

3) Detection of E>1014 eV: Basic air shower phenomenology 

4) Basic concepts and technologies of EAS experiments 

5) Little bit of particle physics (hands on exercise) 

6) Transition from galactic to extragalactic CRs 

7) The end of the CR-spectrum: Emax of extragalactic accelerators?  

8) Anisotropies: Hunting the UHECR sources 

9) Multi-Messenger: Lessons and Prospects 

10) Related non-CR opportunities  

11) UHECR future: challenges and prospects
26Karl-Heinz Kampert – University Wuppertal

3) Detection of E>1014 eV: Basic air shower phenomenology
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~few events per m2 and day 

γ≈ 2.7 - 3.0

log(energy/eV)

lo
g(

flu
x)

direct measurements on 
balloons and satellites

indirect measurements by 
detection of  extensive 
air showers

CR primary

pπ

π

π

p

µν 
p

π
π

π

π π π

µ ν 

π

      „ankle“
(1 per km2-year)

„Knee“
(1 per m2-year)
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Extensive Air Showers (schematic)

28

Proton, energy E0

Pions: 
π± :  τ0 = 2.6·10-8 s 
π+ ➙ µ+ + νµ 

pπ

π

π

p

µν 

Myons: 
µ± :  τ0 = 2.2·10-6 s 
µ+ ➙ e+ + νe + νµ 

p

π
π

π

π π π

µ ν 

π

particle detectors at found

τ = τ0·γ = ⌧0 ·
1q

1�
�
v
c

�2

time dilatation:

= ⌧0 ·
E

m0
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Measurement Techniques of Air Showers

29

George Zatsepin at work…
1946 at Pamir
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Measurement Techniques of Air Showers

30

Particle composition at ground 
@ E= 1015 eV

≈ 80% photons 
≈ 18% electrons/positrons 
≈ 1.5% muons 
≈ 0.3 % hadrons

for a total of ≈ 106 secondaries
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Extensive Air Showers (I): interaction lengths

31

Atmospheric Thickness: 
1035 g/cm2 

    ≈ 11 λI (hadr. interact. lengths) 
    ≈ 27 X0 (radiation lengths)

Some basics…
λI =

ρ
n ⋅σ

≅ 90 g/cm2  (p-Air)

ρ: specific density of absorber (g/cm-3) 
n: density of absorber nuclei (cm-3) 
σ: total inelastic X-section (cm2)

X0 defined by energy loss of high- 
energy electrons in media:

In air: X0 = 36.66 g/cm2

�
�

dE

dX

⇥

brems

=
E

X0
; ⇤Ee⌅ ⇥ e�X/X0

Atmosphere: 
   Integrated 
   grammage

�p � 90g/cm2

� ⇤hfirst⌅ ⇥ 18km

Larger X-section for Nuclei 
➵  first interaction 
     higher in atmosphere
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Extensive Air Showers (II): hadronic and muonic component

32

p N
spectators

participants
p, n, ..
  π0

    π±

 K±

…

after ~ 1 λI
projectile looses ~ 40-60% of 
its initial energy (inelasticity)

 π0 → γγ  (τ0=0.8⋅10-16 s)

 π± → µ±+νµ   (τ0=26 ns)

≈7.8 m

consequence: 
in early shower, the hadronic 
interaction of π± is much more 
probable than decay into muons 
and vice versa in late showers

e.g.: Eπ=140 GeV➩ Rπ =7.8 km 

λi at 5 km height ≈ 1 km

Decay length of π± :

R� = � · v · ⇥0
⇥=

Etot
�

m0c2
· c · ⇥0

λine
n=1

n=2

n=3

...

...

neutch

ch
pions are the most abundant 
hadrons in showers; 
µ's are integrative; 
their decay into e± 

is of no relevance
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Extensive Air Showers (III): electromagnetic component

33

processes repeat every ~X0 
➭ particle number increases like

γ → e+ + e-

γ either directly from space 
or from π0 → γγ decay

e+ → e+ + γ

pair production

Bremsstrahlung

e+ + γ
e+ + e-

Xmax � X0 ln(E0/Ecrit)

Ne � 2n � 2X/X0 ; ⇥Ee⇤ � E0/2X/X0

�
dE

dx

⇥

ions

>

�
dE

dx

⇥

brems
i.e. at E < Ecrit

stops when

(critical energy ≈ 84 MeV in air)

Strictly, this Bethe-Heitler consideration applies only to pure em-showers !

Ne,γ

X/X0

0   3   6   9   12   15   18   21

Ee < E
critEe >

 E
cr

it
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Extensive Air Showers (IV): em → general case

34

Xmax � X0 ln(E0/Ecrit)

Pure electromagnetic case modifications for hadron induced EAS

• 1st interaction after hadronic interaction 
length λp 

• Mean multiplicity N of hadrons O(10-100) 
→ average hadron energy ≈ E0/N

• Only fraction κela (elasticity) is used for 
secondary particle production

N(X) = Nmax

�
X �X0

Xmax �X0

⇥(Xmax�X0)/�

· e(Xmax�X)/�

empiric parametrisation, accounting also 
for fluctuations, by Gaisser-Hillas (1977)

Nmax: No. of particles at shower maximum; X0: point of 1st interaction; λ: width of distribution

Ne,γ

X/X0

0   3   6   9   12   15   18   21

Ee < E
critEe >

 E
cr

it

KHK & Unger, APP35 (2012) 660 

! Xmax ⇡ �p +X0 ln

✓
elaE0

2NEcrit

◆
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Extensive Air Showers (IV): em → general case

35

Xmax � X0 ln(E0/Ecrit)

Pure electromagnetic case modifications for hadron induced EAS

• 1st interaction after hadronic interaction 
length λp…Fe 

• Mean multiplicity N of hadrons O(10-100) 
→ average hadron energy ≈ E0/N

• Only fraction κela (elasticity) is used for 
secondary particle production

Change of Xmax with primary energy is called: 
elongation rate

D =
dhXmaxi
d lnE0

<latexit sha1_base64="htnw9fPEq4kgetJ8FKIk1wpvufU="></latexit><latexit sha1_base64="gE4aluoYpxs+/CaIUlZzq+RAS2s="></latexit><latexit sha1_base64="gE4aluoYpxs+/CaIUlZzq+RAS2s="></latexit><latexit sha1_base64="gE4aluoYpxs+/CaIUlZzq+RAS2s="></latexit><latexit sha1_base64="GGgRearvtbWw3bWNi1ym+dqyDyc="></latexit>
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The first inelastic interaction of the primary particle of energy E
and mass A with an atmospheric nucleus occurs at an average
depth which is equal to interaction length for inelastic nucleus-
air collisions, kA!air. In this and each consecutive interaction about
one third of the primary energy is transferred from the hadronic to
the electromagnetic component of the shower via decays of neutral
pions into photons. The energy transfer continues until the charged
hadrons decouple from the shower by decay into muons and neu-
trinos, i.e. until their interaction length becomes larger than their
decay length (see next section). If the charged hadrons start to de-
cay on average after nd interaction lengths, then the energy in the
electromagnetic component is

Ecal " E 1! 2
3

! "n d
! "

: ð1Þ

Since nd P 5 for energies P1015 eV [45], it follows that most of the
energy of an air shower can be observed in its electromagnetic part
and it is this so-called calorimetric energy which allows detectors
that can observe the longitudinal air shower development to esti-
mate the primary energy with good accuracy.

Given this estimator of the energy of the primary particle, the
orthogonal variable sensitive to its primary mass is the slant depth
at which the particle cascade reaches its maximum in terms of the
number of particles, Xmax. This shower maximum is dominated by
electromagnetic sub-showers produced in the interaction with
the largest inelasticity which is usually (though not always) the
first interaction. An electromagnetic shower of energy E reaches
its maximum at about

Xemag
max

# $
" X0 ln E=eem

c ; ð2Þ

where X0 " 36.62 g/cm2 is the radiation length in air and
eem

c " 84 MeV is the critical energy in air at which ionization
and bremsstrahlung energy losses are equal. If the total multiplicity
of hadrons produced in the main interaction is N and the average
hadron energy is E/N, then the shower maximum of a primary
proton is

Xp
max

# $
" kp þ X0 ln

E
2Neem

c

! "
; ð3Þ

where both the hadronic interaction length and particle production
multiplicity are energy dependent. The factor 2 takes into account
that neutral pions decay into two photons. Furthermore, the shower
maximum is expected to be influenced by the elasticity of the first
interaction, jela = Elead/E, where Elead is the energy of the highest en-
ergy secondary produced in the interaction. For interactions with
jela > 0.5 most of the primary energy will be transferred deeper into
the atmosphere and correspondingly the shower maximum will be
deeper. We are not aware of a consistent treatment of the elasticity
within a Heitler model for the longitudinal development, however
using air shower simulations, the dependence on the elasticity fits
well to

Xp
max

# $
" kp þ X0 ln

jelaE
2Neem

c

! "
: ð4Þ

The elongation rate [46–48] is a measure of the change of the
shower maximum per logarithm of energy,

D ¼ dhXmaxi
d ln E

: ð5Þ

For protons and constant elasticity Eq. (4) gives

Dp ¼
d Xp

max

# $

d ln E
" X0ð1! BN ! BkÞ ð6Þ

where the changes in multiplicity and interaction length are given
by

BN ¼
d ln N
d ln E

and Bk ¼ !
kp

X0

d ln kp

d ln E
: ð7Þ

Since hadronic interaction models predict an approximately loga-
rithmic decrease of kp with energy and N / Ed, Dp is approximately
constant and therefore

Xp
max

# $
" c þ Dp ln E; ð8Þ

with parameters c and Dp being dependent on the characteristics of
hadronic interactions. Using the aforementioned (semi-) superposi-
tion assumption, one obtains

XA
max

D E
¼ Xp

maxðE
0 ¼ E=AÞ

# $
¼ c þ Dp lnðE=AÞ ð9Þ

and at a given energy the average shower maximum for a mixed
composition with fractions fi of nuclei of mass Ai is

hXmaxi "
X

i

fi XAi
max

D E
¼ Xp

max

# $
! Dphln Ai: ð10Þ

This equation explicitly demonstrates the relation of hXmaxi to the
average logarithmic mass of the cosmic ray composition,
hln Ai ¼

P
ifi ln A.

The numerical value of Dp from air shower simulations is about
25 g/cm2 (or about 60 g/cm2 for the change in hXmaxi per decade,
Dp

10 ¼ lnð10ÞDp) and therefore proton and iron induced air showers
are expected to differ by around Dp(ln 56 ! ln 1) " 100 g/cm2.
Moreover, if the hadronic cross sections and multiplicities rise with
energy (and if there are no sudden changes in the elasticity as
for instance suggested in [49]), then Eq. (7) leads to Linsley’s
elongation rate theorem which states that the value of Dp cannot
exceed the radiation length in air, X0. Therefore, Eq. (10) implies
that if an experiment measures an elongation rate of D > X0,
then a change in the cosmic ray composition from light to heavy,
dhln A i/d ln E > 0, must be responsible for that larger value.

Results of air shower simulations of hXmaxi and Ecal are shown in
Fig. 1. As can be seen, the calorimetric energy is indeed a good
proxy for the primary energy and exhibits only small shower-to-
shower fluctuations. And, as expected from the relations sketched
above, the shower maximum penetrates deeper into the atmo-
sphere with the logarithm of the energy and is shallower for heavy
nuclei than for light ones. The shower-to-shower fluctuations in
Xmax are however large and even extreme compositions like pure
proton vs. pure iron have a considerable overlap in their Xmax-
distributions.

However, these fluctuations carry interesting information about
the primary particle types and/or the ‘mixedness’ of the cosmic ray

calorimetric energy [eV]
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Fig. 1. Air shower simulation of the shower maximum vs. calorimetric energy.
Contour lines illustrate the regions which include 90% of the showers and the inset
shows a detailed view at 1020 eV.

662 K.-H. Kampert, M. Unger / Astroparticle Physics 35 (2012) 660–678

Ne,γ

X/X0

0   3   6   9   12   15   18   21

Ee < E
critEe >

 E
cr

it

KHK & Unger, APP35 (2012) 660 
D

! Xmax ⇡ �p +X0 ln

✓
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