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 Multi−messenger physics: charged cosmics, gammas, neutrinos

Recap of Lecture 𝟐

- thermal universe (Big Bang, supernovae): order parameter 𝑻

- non−thermal universe (𝑺𝑵𝑹, 𝑮𝑹𝑩, 𝑨𝑮𝑵, particle decays): 

order parameters: 𝑩, length scale 𝑳, density 𝝆, max. energy 𝑬𝟎, …

- limitation of range 𝒅 due to photon background fields (𝑰𝑹, 𝑪𝑴𝑩)

gammas: 𝒆+𝒆− resonance with 𝑰𝑹 − light for 𝑬 𝜸 ~ 𝟏𝟎𝟏𝟓𝒆𝑽

way out: ´light shining through universe´ via axion conversion

protons: ∆+ resonance for 𝒑 with 𝑪𝑴𝑩 for 𝑬 𝒑 ~ 𝟏𝟎𝟐𝟎𝒆𝑽

neutrinos: no direct resonance at propagation (𝝂 does not couple to 𝜸)
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 tantalizing way to extend 𝜸 − range: conversion to axions* & back (𝑩 − fields) 

Q
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Y

𝑻𝒆𝑽
gamma

𝑮𝑹𝑩 𝟐𝟐𝟏𝟎𝟎𝟗𝑨:

´light shining through the universe´
experimental observation:

universe (seemingly) is much

more transparent for very

high−energy 𝛾´s than we expect

an intriguing theoretical ansatz:

*see chapter 𝟒. 𝟔. 𝟏 on axions

 𝑻𝒆𝑽 − 𝜸 converts in the 𝑩 −

field close to the source into

hypothetical axion, which

will propagate over 𝑮𝒑𝒄

 axion converts back to 𝜸

Lesson by Lecture 𝟐: possible hints for axions ?

𝒅 = 𝟐 ∙ 𝟏𝟎𝟗 𝒍𝒚

𝑻𝒆𝑽
gamma

𝒂

axion

𝒂

Nov. 2, 2023
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 tantalizing way to extend 𝜸 − range: conversion to axions* & back (𝑩 − fields) 

*see chapter 𝟒. 𝟔. 𝟏 on axions

Lesson by Lecture 𝟐: possible hints for axions ?

Q
: 
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A
S

A
, 

D
E

S
Y

𝑻𝒆𝑽
gamma

axion

𝑮𝑹𝑩 𝟐𝟐𝟏𝟎𝟎𝟗𝑨:

´light shining through the universe´

𝒅 = 𝟐 ∙ 𝟏𝟎𝟗 𝒍𝒚

𝑻𝒆𝑽
gamma

𝒂

𝒂
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 tantalizing way to measure axions* with advanced quantum technologies

*see chapter 𝟒. 𝟔. 𝟏 on axions

Lesson by Lecture 𝟐: possible hints for axions ?

Q
: 
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S

A
, 

D
E

S
Y

𝑻𝒆𝑽
gamma

axion

𝑮𝑹𝑩 𝟐𝟐𝟏𝟎𝟎𝟗𝑨:

´light shining through the universe´

𝒅 = 𝟐 ∙ 𝟏𝟎𝟗 𝒍𝒚

𝑻𝒆𝑽
gamma

𝒂

𝒂

Oct. 𝟐𝟔, 𝟐𝟎𝟐𝟑

Nov. 2, 2023
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 Search for point sources of neutrinos at the 𝑻𝒆𝑽…𝑷𝒆𝑽 energy scale

Neutrinos: large−volume Cerenkov detectors

- no interactions with photon background fields, but 𝝂 − oscillations do occur

Q
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Y

𝜈
𝑨𝑮𝑵

𝝂 − induced

shower in

𝑰𝒄𝒆𝑪𝒖𝒃𝒆

𝝂𝝉

𝝂𝝁𝝂𝒆
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Neutrinos: large−volume Cerenkov detectors

 Search for point sources of neutrinos at the 𝑻𝒆𝑽…𝑷𝒆𝑽 energy scale

Q
: 
D

E
S

Y

𝝂𝝁

𝝂𝝉

𝝂𝒆 𝝂𝝁

Nov. 2, 2023

𝝂 − induced

shower in

𝑰𝒄𝒆𝑪𝒖𝒃𝒆
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Neutrinos: scanning the northern & southern sky

 Search for point sources of neutrinos at the 𝑻𝒆𝑽…𝑷𝒆𝑽 energy scale

+𝟒𝟓°

only noise signals,

stochastic distribution

−𝟒𝟓°

𝟎°
air

shower

as local

source of

interference

air

shower

galactic equator

𝜇

+𝟖𝟓°

𝝂

𝝂

Nov. 2, 2023

- isotropic background, very rare 𝝂 − signals from extragalactic sources
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Neutrinos: scanning the northern & southern sky

 Search for point sources of neutrinos at the 𝑻𝒆𝑽…𝑷𝒆𝑽 energy scale

- isotropic background, very rare 𝝂 − signals from extragalactic sources

only noise signals,

stochastic distribution

Q: IceCube

significance

- atmospheric neutrinos

act as isotropic noise, 

from decays of 𝝅 and 𝝁

in 𝒉 = 𝟏𝟎…𝟏𝟓 𝒌𝒎

+𝟒𝟓°

+𝟖𝟓°

Nov. 2, 2023

−𝟒𝟓°

𝟎°

𝟎. 𝟎 𝟏. 𝟐 𝟐. 𝟒 𝟑. 𝟔 𝟒. 𝟖 𝟔. 𝟎

−𝒍𝒐𝒈𝟏𝟎 𝑷
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 First breakthrough in neutrino astronomy with 𝑰𝒄𝒆𝑪𝒖𝒃𝒆 (𝟐. 𝟖 𝝈)

𝑼𝑯𝑬 neutrinos – first detection in April 𝟐𝟎𝟏𝟑

Q: IceCube𝑬𝒓𝒏𝒊𝒆 𝑩𝒆𝒓𝒕

𝑬𝟏 = 𝟏. 𝟎𝟒 ± 𝟎. 𝟏𝟔 𝑷𝒆𝑽 𝑬𝟐 = 𝟏. 𝟏𝟒 ± 𝟎. 𝟏𝟕 𝑷𝒆𝑽

Nov. 2, 2023
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 distribution of 𝑼𝑯𝑬 neutrinos is isotropic – no identified sources, but…  

𝑼𝑯𝑬 neutrinos – November 𝟐𝟎𝟏𝟗 sky map

*𝒃𝒍𝒂𝒛𝒂𝒓 = 𝑨𝑮𝑵 with relativistic jet

T
e
x
a
s

- then luck strikes: first identified source – an active blazar* − in a flare state !!

𝑻𝑿𝑺 𝟎𝟓𝟎𝟔 + 𝟎𝟓𝟔: the

active ´𝑻𝑬𝑿𝑨𝑺´ blazar

Q: DESY, IceCube

Mollweide

Nov. 2, 2023
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the first 𝑼𝑯𝑬 neutrino source: the 𝑻𝑬𝑿𝑨𝑺 blazar

Q: DESY, IceCube

 a 𝑼𝑯𝑬 neutrino from an active blazar in 𝒅 = 𝟓. 𝟕 ∙ 𝟏𝟎𝟗 𝒍𝒚

Sept. 𝟐𝟐, 𝟐𝟎𝟏𝟕 – 𝑰𝒄𝒆𝑪𝒖𝒃𝒆 observes a 𝝂𝝁 with 𝑬 = 𝟐𝟗𝟎 𝑻𝒆𝑽 from an active 𝑨𝑮𝑵

in a ´flare´ state (i.e. enhanced emission of gammas): 

a known, variable 𝜸 − source  

𝒕 (𝝁𝒔)

𝑻𝑿𝑺 𝟎𝟓𝟎𝟔 + 𝟎𝟓𝟔

Nov. 2, 2023

𝟏𝟐𝟓𝒎

𝑷𝑴𝑻 time signals

𝟎 𝟏 𝟐 𝟑

𝝂𝝁
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 all−sky−maps für 𝑮𝒆𝑽…𝑻𝒆𝑽 gammas, 𝑷𝒆𝑽 neutrinos & 𝑼𝑯𝑬𝑪𝑹´𝒔 at 𝑬𝒆𝑽

Multimessenger astronomy – a comparison

𝑬 > 𝟑𝟎 𝑻𝒆𝑽

+ 𝑻𝑬𝑿𝑨𝑺 source

Nov. 2, 2023

> 𝟓𝟎𝟎 sources

> 𝟏𝟎 𝑮𝒆𝑽

𝜸

anisotropy > 𝟖 𝑬𝒆𝑽

𝑪𝑹

𝝂
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 𝑮ravitational 𝑾aves (𝑮𝑾): detection of merger processes of compact objects

Multimessengers – 𝑮𝑾, the new ´kid on the block´

Q
: 
G

W
IC

Black Holes − 𝑮𝑾

Black Holes –

𝑿 − raysneutron stars –

𝑿 − rays

merger process of

two Black Holes

𝟖𝟎

𝟒𝟎

𝟐𝟎

𝟏𝟎

𝟓

𝟐

𝟏

𝟏𝟔𝟎

masses [𝟏 − 𝟏𝟔𝟎𝑴⊙] of

merging compact objects

Nov. 2, 2023
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𝑩𝑯 merger process: reconstructing the 𝑮𝑾 origin

Q: LIGO
- triangulation allows to improve reconstruction

Nov. 2, 2023

𝑮𝑾

 𝑮𝑾 allow to reconstruct the merger site, if data from observatories combined

- detection in only one 𝑮𝑾 experiment:

large uncertainties to determine the origin
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 Status of reconstructing the merger place by combining 𝑮𝑾 data

𝑩𝑯 merger process: reconstructing the 𝑮𝑾 origin

𝑮𝑾: displayed in 𝑰𝑪𝑹𝑺*

(no Mollweide projection !)

𝟗𝟎% 𝑪𝑳 region

of localisation from

offline analysis

*𝑰nternational 𝑪elestial 𝑹eference 𝑺ystemNov. 2, 2023

Q: LIGO
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 Precision reconstruction requires identification of an optical ´afterglow´

𝑩𝑯 merger process: using an optical afterglow

Q: LIGO

visible: ´kilonova´ in galaxy 𝑵𝑮𝑪 𝟒𝟗𝟗𝟑 (August 𝟐𝟎𝟏𝟕)

optical 𝑿 −Rays

𝑮𝑾 analysis only

NGC4993 NGC4993

Nov. 2, 2023

http://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjX4vXu6vrWAhWFWRQKHUDiCKYQjRwIBw&url=http://www.nature.com/articles/nature24290&psig=AOvVaw3ZDcb6SSwOnBl0JJmgndP5&ust=1508438865821039
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𝟐. 𝟏. 𝟏 Cosmic air shower experiments primary

particle

particle cascade

surface array

shower processes

detectors

- sources?

- accleration processes?

- mass composition?

Q: KH Kampert

- what types are the cosmic accelerators

(proton or lepton machines?), and

what are the mechanisms that leads to

particles acclerated to beyond 𝟏𝟎𝟏𝟓𝒆𝑽?

𝑺𝑵𝒂𝒆 as

sources?

Q
: 
s
c
ie

n
ti
fi
c
 a

m
.

Nov. 2, 2023

 detecting charged 𝑪osmic 𝑹ays (𝑪𝑹) 

at the surface of the Earth 
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the physics of air showers: todays knowledge

Q: CORSIKA, KIT

photon

induced

shower

interactions of an

ultra−high energy

charged cosmic ray

in the atmosphere:

huge air shower!

- 𝑪𝑶𝑹𝑺𝑰𝑲𝑨* simulation tool

KIT - CORSIKA - CORSIKA*Nov. 2, 2023

 large−scale particle simulations: an important

tool to better understand 𝑪𝑹s

https://www.iap.kit.edu/corsika/
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 Victor Hess & his series of balloon ascents, starting at the Vienna Prater 

The discovery of cosmic rays by V. Hess

results: ionisation of the air does not decrease with height (𝒉 = 𝟓 𝒌𝒎)

explanation: there is a radiation form with great penetrating power, which

enters from the top of the atmosphere, not correlated to the sun

𝟖𝟑.Naturforscherversammlung Karlsruhe (Sept. 𝟏𝟗𝟏𝟏)

The observed too low decrease of ionisation in a closed

vessel as function of altitude could be caused by two effects:

´... First, there could be (beyond the radioactive substances

of the Earth) another unknown ionisator being

effective in the atmosphere ´

Q: APS

Nov. 2, 2023
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The discovery of cosmic rays by V. Hess

𝟏𝟗𝟑𝟔

´for his discovery of cosmic radiation´

Viktor Hess

𝟏𝟖𝟖𝟑 − 𝟏𝟗𝟔𝟒

Q
: 
n

o
b

e
lp

ri
z
e

 Victor Hess & his series of balloon ascents, starting at the Vienna Prater 

results: ionisation of the air does not decrease with height (𝒉 = 𝟓 𝒌𝒎)

explanation: there is a radiation form with great penetrating power, which

enters from the top of the atmosphere, not correlated to the sun

Q
: 
ö

s
te

rr
e

ic
h

is
c
h

e
 P

o
s
t

𝟏𝟏𝟐 years: 𝟏𝟗𝟏𝟏 − 𝟐𝟎𝟐𝟑

Nov. 2, 2023
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The discovery of cosmic rays by Hess & 𝑯.𝑬. 𝑺. 𝑺.

Q
: 
ö

s
te

rr
e

ic
h

is
c
h

e
 P

o
s
t

 Victor Hess & his series of balloon ascents, starting at the Vienna Prater 

in honour of V. Hess, an air Cherenkov array, 𝑯.𝑬. 𝑺. 𝑺., has been named, which

has given us important insights into the 𝑮𝒆𝑽…𝑻𝒆𝑽 gamma ray sky (see 𝟐. 𝟏. 𝟐)

𝑯.𝑬. 𝑺. 𝑺.− 𝑯igh 𝑬nergy 𝑺tereoscopic 𝑺ystem (Namibia)

Nov. 2, 2023
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 Pierre Auger: series of coincidence measurements at the Jungfraujoch

Discovery of extended air showers by P. Auger

Pierre Auger

𝟏𝟖𝟗𝟗 − 𝟏𝟗𝟗𝟑
Jungfraujoch

Q
: 
C

N
R

S

original data by P. Auger

coincidence technique:

𝟐 Geiger counters operated at 

distances of up to 𝒅 = 𝟑𝟎𝟎𝒎

Nov. 2, 2023
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 Pierre Auger: series of coincidence measurements at the Jungfraujoch 𝟏𝟗𝟑𝟗

Discovery of extended air showers by P. Auger

- first estimates of the primary 𝑪𝑹 − energy: 𝑬 > 𝟏𝟎𝟏𝟓𝒆𝑽 !!

- primary energies far beyond the 𝑳𝑯𝑪 scale (highly efficient 𝑪𝑹 acclerators!)

in honour of P. Auger, an air

shower array, the 𝑷𝑨𝑶, has

been named, which has given

us important

insight into 𝑪𝑹𝒔

at the highest

energies

(see 𝟐. 𝟏. 𝟏)

Nov. 2, 2023
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 John Linsley: pioneering measurements at Volcano Ranch, 𝑵𝑴 (𝑼𝑺𝑨) 

Air showers at the highest energies of 𝟏𝟎𝟐𝟎𝒆𝑽

- 𝟐 𝒌𝒎𝟐 remote set−up close to Albuquerque 

- air shower array with 𝟏𝟗 scintillator units

- each 𝟑. 𝟑 𝒎𝟐 area, at average distance 𝒅 = 𝟒𝟒𝟐𝒎

- long−term measurements from 𝟏𝟗𝟓𝟖…𝟏𝟗𝟕𝟐

- 𝟏𝟗𝟔𝟏: observation of a very high−energy event

𝑬 = 𝟐 ∙ 𝟏𝟎𝟐𝟎𝒆𝑽- 𝟏𝟗𝟕𝟎: pionieering investigations of the

(then new) fluorescene technique
Q: Fermilab

Nov. 2, 2023
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Air showers at the highest energies of 𝟏𝟎𝟐𝟎𝒆𝑽

John 

Linsley

Nov. 2, 2023

 John Linsley: pioneering measurements at Volcano Ranch, 𝑵𝑴 (𝑼𝑺𝑨) 
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 𝑪𝑹 spectrum displays a power−

law distribution over many decades in 𝑬

Energy spectrum of cosmic rays in 𝒍𝒐𝒈 − 𝒍𝒐𝒈

𝑬 = 𝟏𝟎𝟏𝟏𝒆𝑽 (V. Hess)

 frequency of primaries:

𝟏 Τ𝒆𝒗𝒆𝒏𝒕 Τ𝒎𝟐 𝒔

𝟏 𝒆𝒗𝒆𝒏𝒕 / 𝒎𝟐 / 𝒚𝒓

𝟏 𝒆𝒗𝒆𝒏𝒕 / 𝒌𝒎𝟐 / 𝒚𝒓

𝑬 = 𝟏𝟎𝟏𝟓𝒆𝑽 (P. Auger)

𝑬 = 𝟏𝟎𝟏𝟗𝒆𝑽 (D. Linsley)

Nov. 2, 2023
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Q: ESA, NASA
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𝟏
𝑮
𝒆
𝑽
−
𝟏
)



Exp. Particle Physics - ETPG. Drexlin – ATP-1 #328

 𝑪𝑹 spectrum: low−energy region

Energy spectrum of cosmic rays

- accessible via direct methods:

balloon− & satellite−based

experiments (up to 𝑬 ~ 𝟏𝟎𝟏𝟒𝒆𝑽)

- measurement of the primary particle

Q
:N

A
S

A

Nov. 2, 2023

~ 𝑬−(𝟐.𝟕…𝟑)
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𝟏
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𝟏
)

𝑬𝒎𝒂𝒙 ~ 𝟏 𝑻𝒆𝑽
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 𝑪𝑹 spectrum: high−energy region

Energy spectrum of cosmic rays

Nov. 2, 2023

~ 𝑬−(𝟐.𝟕…𝟑)
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(𝒎
𝟐
𝒔
𝒓
−
𝟏
𝒔−

𝟏
𝑮
𝒆
𝑽
−
𝟏
)

- accessible via indirect methods:

large air shower arrays at the

surface (from 𝑬 ~ 𝟏𝟎𝟏𝟑𝒆𝑽)

- measurement of secondaries

Q
: 
s
p

e
k
tr

u
m

primary
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 𝑪𝑹 − acceleration via fully stripped ions

mass composition of cosmic rays

- 𝑪𝑹 − nuclei are fully ionised:

nuclear charge 𝒁 is important

protons (𝒁 = 𝟏, 𝑨 = 𝟏),…

iron nuclei (𝒁 = 𝟐𝟔,𝑨 = 𝟓𝟔)

- 𝑪𝑹 chemical composition ?

Nov. 2, 2023
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 observed mass composition of primary Cosmic Rays 

mass composition of Cosmic Rays – results

re
l.
 a

b
u

n
d

a
n

c
e

nuclear charge 𝐳

Cosmic Rays
Solar System

Q
: 
F

Z
K

- comparison of 𝑪𝑹 distribution

with the solar abundance

- observation: a very similiar

element composition

- 𝟖𝟔% protons (𝒑)

𝟏𝟏% alpha-particles (𝜶)

𝟏% heavy nuclei ( 𝑨𝒁)

𝟐% electrons (𝒆−)
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𝟎 𝟒 𝟖 𝟏𝟐 𝟏𝟔 𝟐𝟎 𝟐𝟒 𝟐𝟖

𝟏𝟎𝟔

𝟏𝟎𝟒

𝟏𝟎−𝟐

𝟏

𝟏𝟎−𝟐

𝟏𝟎−𝟒

𝟏𝟎−𝟔
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 differences in the two mass compositions

mass composition of cosmic rays – spallation! 

Cosmic Rays
Solar System

Q
: 
F

Z
K

𝑶

𝑭𝒆

𝑪

spallation of 𝑪 − 𝟏𝟐
fills the gap 𝑨 = 𝟑 − 𝟏𝟏 for 𝑪𝑹𝒔

- 𝑪𝑹 − nuclei propagate over long

distances & time scales in our

galaxy: spallation reactions

spallation: highly excited

nucleus ´evaporates´ 𝜶´𝒔 / 𝒏´𝒔

- important 𝑪𝑹 ´seed nuclei´: 
𝟓𝟔𝑭𝒆, 𝟏𝟔𝑶, 𝟏𝟐𝑪

𝒑
𝑨∗

𝜶
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𝟎 𝟒 𝟖 𝟏𝟐 𝟏𝟔 𝟐𝟎 𝟐𝟒 𝟐𝟖

𝟏𝟎𝟔

𝟏𝟎𝟒

𝟏𝟎−𝟐

𝟏

𝟏𝟎−𝟐

𝟏𝟎−𝟒

𝟏𝟎−𝟔

𝑨 nuclear charge 𝐳
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mass composition of Cosmic Rays – spallation! 

Nov. 2, 2023

𝑪𝑹 propagation

Q
: 
w
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d

ia

 spallation reactions on 𝑪𝑹s due to propagation in galaxis

re
l.
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Cosmic Rays
Solar System

Q
: 
F

Z
K

𝟏𝟎𝟔

𝟏𝟎𝟒

𝟏𝟎−𝟐

𝟏

𝟏𝟎−𝟐

𝟏𝟎−𝟒

𝟏𝟎−𝟔

𝑪 𝑶

𝑭𝒆

𝟎 𝟒 𝟖 𝟏𝟐 𝟏𝟔 𝟐𝟎 𝟐𝟒 𝟐𝟖
nuclear charge 𝐳
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mass composition of 𝑪𝑹s – balloon missions

experiment scientific goals energy range

detection of antimatter

𝑯𝑬𝑨𝑻 - 𝑯igh 𝑬nergy 𝑨ntimatter 𝑻elescope 𝒆+, 𝒆− / anti−protons 𝟓…𝟓𝟎 𝑮𝒆𝑽 / 𝟎. 𝟐…𝟑𝟎 𝑮𝒆𝑽

𝑪𝑨𝑷𝑹𝑰𝑪𝑬 - 𝑪osmic 𝑨nti𝑷article 𝑹ing 𝑰maging 

𝑪herenkov 𝑬xperiment

𝒆+, 𝒆− / anti−protons

atmospheric muon spectra
𝟎. 𝟓…𝟓𝟎 𝑮𝒆𝑽

𝑩𝑬𝑺𝑺 − 𝑩allone Borne 𝑬xperiment with 

𝑺uperconducting Solenoidal 𝑺pectrometer
anti−protons anti−helium

𝟎. 𝟐𝟓…𝟑 𝑮𝒆𝑽
𝟎. 𝟐𝟓 …𝟏𝟎𝟎 𝑮𝒆𝑽

element− and isotope composition

𝑰𝑺𝑶𝑴𝑨𝑿 - 𝑰𝒔𝒐tope 𝑴𝒂gnet E𝒙periment 𝑩𝒆 − 𝟏𝟎, isotopes with 𝟐 < 𝒁 < 𝟖 𝟎. 𝟐…𝟑 𝑮𝒆𝑽 / nucleon

𝑻𝑰𝑮𝑬𝑹 – 𝑻rans - 𝑰ron 𝑮alactic 𝑬lement 𝑹ecorder elements 𝟑𝟎 < 𝒁 < 𝟒𝟎 > 𝟎. 𝟓 𝑮𝒆𝑽 / nucleon

energy spectra

𝑹𝑰𝑪𝑯 - 𝑹ing−𝑰maging 𝑪𝒉erenkov proton− and helium spectra 𝟐𝟎…𝟐𝟎𝟎 𝑮𝒆𝑽 / nucleon

𝑱𝑨𝑪𝑬𝑬 - 𝑱apanese−𝑨merican 𝑪ollaborative    

𝑬mulsion 𝑬xperiment
spectra from 𝟏 < 𝒁 < 𝟐𝟔 𝟏 …𝟏𝟎𝟎 𝑻𝒆𝑽

𝑻𝑹𝑨𝑪𝑬𝑹 - 𝑻ransition 𝑹adiation 𝑨rray for 𝑪osmic 

𝑬nergetic 𝑹adiation
spectra 𝟖 < 𝒁 < 𝟐𝟔 < 𝟏𝟎 𝑻𝒆𝑽 / nucleon

Nov. 2, 2023
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 Science goals of 𝑰𝑺𝑶𝑴𝑨𝑿 (𝑰𝒔𝒐tope 𝑴𝒂gnet E𝒙periment)

Example: 𝑰𝑺𝑶𝑴𝑨𝑿 mission – start (& abrupt end)

hard landing of 𝑰𝑺𝑶𝑴𝑨𝑿

Q
: 
is

o
m

a
x

- measurement of light isotopes of 𝑪𝑹𝒔, 

special focus on:  𝟗𝑩𝒆/𝟏𝟎𝑩𝒆 ratio (study spallation during long

𝑪𝑹 propagation in our galaxy) up to nucleon energies of 𝑮𝒆𝑽/𝒏

detector:

𝒉 = 𝟐. 𝟓 𝒎

𝒎 = 𝟐 𝒕

Nov. 2, 2023
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Q: isomax

Example: 𝑰𝑺𝑶𝑴𝑨𝑿 mission – key principles

upper 𝑻𝒐𝑭*

upper Cherenkov

upper drift chamber

middle drift chamber

𝒔. 𝒄. magnet coils

lower drift chamber

middle 𝑻𝒐𝑭

lower Cherenkov

lower 𝑻𝒐𝑭

 determination of kinematic parameters

(rigidity 𝑹):

*𝑻ime−𝒐f−𝑭light

- mass separation of 𝑪𝑹𝒔 via precise

determination of particle parameters:

charge 𝒛, momentum 𝒑, velocity 𝜷

Nov. 2, 2023

rigidity 𝑹 (𝑮𝒆𝑽/𝒄)

v
e
lo

c
it
y
𝜷

(f
ro

m
𝑻
𝒐
𝑭

)

𝟏 𝟐 𝟑 𝟒 𝟓 𝟔

momentum / 

charge

𝟏

𝟎. 𝟖

𝟎. 𝟔

𝟎. 𝟒

𝟑𝑯𝒆

𝟒𝑯𝒆
𝑹 = 𝒑 ∙ 𝒄/𝒛 ∙ 𝒆

𝑰𝑺𝑶𝑴𝑨𝑿 𝟑𝑯𝒆 − 𝟒𝑯𝒆 data
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 direct data: up to a few hundred 𝑻𝒆𝑽

Energy spectrum of single 𝑪𝑹 species

a
b
u
n

d
a
n

c
e

(𝑮
𝒆
𝑽
−
𝟏
𝒎

−
𝟐
𝒔
−
𝟏
𝒔
𝒓
−
𝟏
)

kinetic energy per nucleus (𝑮𝒆𝑽)

- all elements show the same spectral

index as function of their kinetic energy

 only 𝟏 acceleration mechanism is

relevant for 𝑪𝑹𝒔 up to this 𝑬 − scale

𝑺𝑵𝑹

Q: sciam
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𝟓𝟔𝑭𝒆

𝟐𝟖𝑺𝒊

𝟏𝟎𝟒

𝟏𝟎−𝟒

𝟏𝟎−𝟏𝟐

𝟏𝟎−𝟐𝟎

𝟏𝟎−𝟐𝟖

𝟏𝟎−𝟏 𝟏𝟎𝟐 𝟏𝟎𝟓

𝑯

𝑭𝒆
𝑪𝒂
𝑨𝒓
𝑺
𝑺𝒊

𝑴𝒈
𝑵𝒆
𝑶
𝑪
𝑯𝒆

(scaled)
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 interactions of a high−energy primary 𝑪𝑹 particle in the upper atmosphere

the physics of large air showers – first overview

incoming 𝑪𝑹 primary

hadronic cascade

interactions

electro−magnetic

component: 𝒆+𝒆−𝜸
hadronic

component: 𝒑, 𝒏,…
muonic + neutrino

component

Cherenkov

rad.

𝑲±𝑲𝟎

𝝅± 𝑲±𝑲𝟎 𝝅𝟎𝝅+ 𝝅−

𝝁± 𝝁+ 𝝂𝝁 𝝂𝝁 𝝁− 𝒑 𝒏 𝝅±𝑲± 𝒆+𝜸 𝒆− 𝜸𝜸 𝒆+ 𝜸 𝒆−

𝝁± 𝜸 𝜸

 secondaries via cascade & decay processes

electro−magnetic component

- electrons, positrons & photons

- cascade processes, ´soft´ part

muonic component

- 𝝁+𝝁− with strong penetration power

- ´hard´ 𝑪𝑹 component

hadronic component

- hadrons: 𝒑, 𝒏, pions 𝝅±, kaons 𝑲±

- very large ionisation rate Τ𝒅𝑬 𝒅𝒙

𝟑

C

O

M

P

O

N

E

N

T

S
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 detailed shower simulation,

starting at first interaction

Large air showers: modelling of all processes

Nov. 2, 2023

𝟏𝟒𝑵

𝟏𝟒𝑵

pion−nucleus

interaction

𝝅 𝝅

𝝁

𝒆

𝟏𝟔𝑶

𝜸

primary particle

(ionised nucleus) 

first interaction
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 Common

topics:

𝑪𝑹 air showers & jets at hadron colliders (𝑪𝑬𝑹𝑵)

- analysis of

jets & of

particle

interactions

Q: CERN, CMS
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 Common

topics:

𝑪𝑹 air showers & jets at hadron colliders (𝑪𝑬𝑹𝑵)

- analysis of

jets & of

particle

interactions

Q: CERN, CMS
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