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Disclaimer |

» Unfortunately, 2 lectures are way too less time for a complete overview ot the field of
astroparticle physics, even with a focus on "particle physics"...

» We also want to have exercises to solve some problems and time for discussions

» Thus, this lecture will be highly biased, we will mainly talk about the selected topics:
» High-energy cosmic rays and extensive air showers

» Indirect detection of cosmic rays and recent results
. bcicn] .

» We will not talk about (or only touch):

» Low-energy cosmic rays, neutrinos, gamma rays, astrophysical sources, acceleration
and propagation of cosmic rays, Dark Matter or exotic particle physics scenarios, ...



Disclaimer Il

» Everything discussed in the following and everything beyond about "Cosmic Rays and
Particle Physics" can be found 1n the textbook by lom Gaisser et al. (read 1t!)

» Comprehensive review of recent results (read 1t!)

Astroparticle Physics 147 (2023) 102794

: . — . b
Contents lists available at ScienceDirect ASTROPARTICLE

PHYSICS

Astroparticle Physics

journal homepage: www.elsevier.com/locate/astropartphys
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Ultra high energy cosmic rays
The intersection of the Cosmic and Energy Frontiers™
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https://arxiv.org/abs/2205.05845

Outline

Lecture 1 (Monday, 9 am):

» Introduction to Astroparticle Physics

> Cosmic Rays 1'heory / Phenomenology

» Aiar shower Physics

Lecture 2 (Monday, 2 pm):

» Indirect Detection of Cosmic Rays

Experiment
» Recent Results and Open Questions
Lecture 3 (luesday, 9 am):
» (Possible continuation) , ,
Discussion

» Exercise & Discussion!




Astroparticle Physics

What 1s astroparticle physics?

» Studies of elementary particles of astrophysical origin and their relation to
astrophysics and cosmology (Wikipedia)

» Astroparticles: R \
R : Gamma rays -
C | [ | R They point to their sources, but they
} O S 1C ayS ﬁfﬂgﬁ " can be absorbed and are created by

multiple emission mechanisms.,

» Neutrinos

» Gamma Rays
» Dark Matter?

Neutrinos
They are weak, neutral
particles that point to their

} LCt' S Start With :ourcss and Far.ry infc?rnja?tign
. rorTl eep within their origins.
cosmic rays!

air shower

¥

-

They are charged particles and
are deflected by magnetic fields,
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Cosmic Rays

» D. Pacinmi (1910):

» lonization in the atmosphere 1s
due to extra-terrestrial radiation

» V. Hess (1911/12, Nobel prize 1936):

» First prove that radiation 1s of extra-terrestrial origin

» Many experiments followed over the last 100 years...

» Comic rays (CRs) are charged particles, mostly
protons, which reach Earth tfrom Space

[picture credit: www.wikipedia.org]

» CRs can have extremely high energies...

» However, many open questions remain after more than 100 years ot research!


https://www.wikipedia.org

Open Questions

» What are the sources of AGNs, sNRs, Grbs... LR

high-energy CRs? g e e

They point to their sources, but they
can be absorbed and are created by
multiple emission mechanisms,

B\

» What are the acceleration
mechanisms of CRs?

» What 1s their mass composition?
(later more...)

Neutrinos
They are weak, neutral

» What is the origin of features | s i
. from deep within their origins.
ObS@I‘VGd 111 th@ CR SpGCtrum? " a:’rshower'

(later more...) S

They are charged particles and
are deflected by magnetic fields.

> ... .
| .*4:

Can only be answered with
multimessenger observations!




Flux (m? srs GeV)"’

» Comic rays (CRs) are dominated by atomic nuclei

Cosmic Rays

» All-particle flux known over many orders of magnitude 1n E,

0 » Various prominent teatures observed 1n spectrum
102
10° +——— 1 particle/m?/second 20
P —~ 107+ ““QQNNxxxxﬁﬂ%* _ J' 14% Auger Energy Scale Uncert.
10+ L
n
N~
107 i
>
v
10°% T 10 19 ]
| N 1 4 Tibet IIT ApJ 678 (2008) 1165 )
= IE Tunka-133 7 years i ‘::*
- P = $  Tunka-Rex PoS(ICRC2019)319 sttty
4 arii clafmiive ar ™ #  KASCADE-Grande (ICRC2015, QGSijetI.04) . H
10 P : ool w GRAPES PoS(ICRC2019)449 .
> 101 4 HAWCPRD 96 (2017) 122001 ¢ |
u = I ¢ IceTop Infill PoS(ICRC2019)318
o . ¢ IceTop Pos(ICRC2019)172 +
E }  Telescope Array PoS(ICRC2019)298 f‘
10 e 0 . ¢ Auger PoS(ICRC2019)450
10% 10 10 13 14 15 16 17 18 19 20

Energy (eV)
Ig(E / eV) [E Schrésder, PoS ICRC2019 (2020) 030]



https://arxiv.org/abs/1910.03721

» Comic rays (CRs) are dominated by atomic nuclei

Cosmic Rays

» All-particle flux known over many orders of magnitude 1n E,
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Cosmic Rays
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Cosmic Rays

First order approximation:

» Simple power law

A dN i
— — x E~7
dE,  dtdAdQdE, ~ °

» Spectral index y
» Simple approximation

dd nucleons

~ 1.8-E "

dE, O cmZssrGeV/A

» More 1n the exercise!

[S—

-
(N
-

[S—

-
[a—
\O

[E—
o0

Scaled Flux | E%7 (m~%s~leV1/sr—1)
>

[

-
Pt
~J

Ind knee

L Tibet IIT ApJ 678 (2008) 1165 5 ankle
Tunka-133 7 years i ’.:* .
}  Tunka-Rex PoS(ICRC2019)319 SaisbstagitiTy
4  KASCADE-Grande (ICRC2015, QGSjetIL.04) % H
GRAPES PoS(ICRC2019)449 .
¢ HAWCPRD 96 (2017) 122001 * |
¢ IceTop Infill PoS(ICRC2019)318
¢ IceTop Pos(ICRC2019)172 +
}  Telescope Array PoS(ICRC2019)298 *‘
¢ Auger PoS(ICRC2019)450
13 14 15 16 17 18 19 20

Ig(E / eV)

[E. Schroder, PoS ICRC2019 (2020) 030]



https://arxiv.org/abs/1910.03721

Cosmic Rays

First order approximation:

» Simple power law

do
dE,

dN _
x E7
dtdAdQdE, Y

» Spectral index y

» Simple approximation

do

n

dEy

_ nucleons
1.8-E77
O cm2ssrGeV/A

» y~27upto k.. ~4PeV

» y=~3.0up to By qinee = 0.6 EeV

» y~32u
» yx~2.7a

D t0 By qinee = 0.6 EeV

bove E, 1. =~ 4 EeV

» Mass number A
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Cosmic Rays

First order approximation:

» Simple power law
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CR All-Particle Spectrum

svnv/GeV modified from HD et al. PoS (ICRC 2017) 533
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CR All-Particle Spectrum

svnv/GeV modified from HD et al. PoS (ICRC 2017) 533
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CR All-Particle Spectrum

svnv/GeV modified from HD et al. PoS (ICRC 2017) 533
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CR All-Particle Spectrum

modified from HD et al. PoS (ICRC 2017) 533
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Interlude: CM vs. Lab Frame

Equivalent c.m. energy \s_, (GeV)
102 10° 10* 10° 10°
1O1QEIIIII | | | ||||| | 11 ||| | | IIIIII* | | |||||||
» Four-momentum: = b b
— HERA (y-p) Tevatron (p-p) 7 TeV 13 TeV 100 TeV
1018 RHIC (p-p) LHC (p-p) FCC (p-p)

P = (E, PwPy,P;) (natural units)

10"7 » Telescope Array

e Pierre Auger Obs.
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» Center-of-mass energy: Energy  (eViparticle)
— — N
P1=P2=(E9p) =>S:? P D P
—_— Y ———— vy, —————> . ~
» Laboratory energy: air

?1 = (E, p,) and ?2 =m,0) =>s="7"



Interlude: CM vs. Lab Frame

Equivalent c.m. energy \s_, (GeV)
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Interlude: Ultra-High Energy

» Large Hadron Collider (LHC), 27 km circumterence, superconducting magnets

» Need accelerator of size of Mercury's orbit to reach 10? eV with current technology!




CR All-Particle Spectrum

svnv/GeV modified from HD et al. PoS (ICRC 2017) 533
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CR Mass Composition

» Global Spline Fit (GSF) flux model

[H.P._Dembinski, R. Engel, A. Fedynitch, T. K. Gaisser, IX Riehn, I Stanev, PoS ICRC2017 (2017) 533]
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CR Mass Composition

» CR mass composition measured over many order of magnitude 1n E,
» Often given 1n terms of mean logarithmic mass, (In A)

» Very large uncertainties, in particular towards high energies!

» Because CR properties are inferred indirectly from "air shower" measurements

data (NMM

{InA)
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How to Detect Cosmic Rays?
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How to Detect Cosmic Rays?

Direct measurements
(balloon / space)

1 particle/m?/second
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How to Detect Cosmic Rays?

Direct measurements i Indirect measurements®
(balloon / space) 107 (ground-based)

10" 1 particle/m?/second
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=

=)

Flux (m? srs GeV)"’

10°™

103
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1 particle/km?/yea

10~

10% 10 10%
Energy (eV)

* More about the indirect detection of cosmic rays in Lecture 2!



How to Detect Cosmic Rays?

Direct measurements i
(balloon / space) 107

10" 1 particle/m?/second

This Lecture!
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* More about the indirect detection of cosmic rays in Lecture 2!



Extensive Air Showers

Cosmic Ray Interaction

CMS Experiment at the LHC, CERN [ [(1)[8 C(ﬁ)llaboration]

Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000

Extensive Air Shower (EAS

d Particle Detector



Basics: Particle Physics

» Standard Model (SM) of Particle Physics

» Leptons:

» elementary particles

» No strong interactions (only em and weak)

Standard Model of Elementary Particles

three generations of matter
(fermions)

mass =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0
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% % % 0
pin @ 72 LL Va C/ Ya t/ 1 a
up | charm | top | gluon higgs
0

interactions / force carriers

=124.97 GeV/c?
0

o H

) ) oz 0
‘@O |'® || @
down | strange | bottom | photon

=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c?
-1

-1 -1
@ |1 @ ||©' P
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GAUGE BOSONS
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BaSics: PartiC|e PhySiCS | Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions)

» Standard Model (SM) ot Particle Physics P | oore | (o | o
: : : @ |- @
» Leptons: gluon | higgs
» elementary particles »
» No strong interactions (only em and weak) photon
» Hadrons: @ I'e e |[ z
} GompOSite particles electron muon tau Z boson
» 2+ quarks held together by strong force L | || @@
» Mesons: even number of quarks (2+), e.g. eutrine || neutrino || neutrino | | W boson
7t (ud), = (di), 7° (uii or dd), K+ (u3),
K~ (sit), K° (d5 or sd), D* (cd), D° (cii), ... @0 @ Kt
» Baryons: odd number ot quarks (3+), e.g.
p (uud), n (udd), ... p R ¢ t'i n

©

©




Basics: Particle Physics

» Standard Model (SM) of Particle Physics

» Leptons:

» elementary particles

» No strong interactions (only em and weak)

» Hadrons:

» Composite particles

» 2+ quarks held together by strong force

» Mesons: even number of quarks (2+), e.g.

7t (ud), = (di), 7° (uii or dd), K+ (u3),

K~ (sit), K (d5 or sd), DT (cd), D° (ci), ...

» Baryons: odd number ot quarks (3+), e.g.
p (uud), n (udd), ...

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions)
I [l
mass = =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c?
charge | % % % 0
spin || % U vz C V2 t 1 9 0 H
up charm top gluon \ higgs
=4.7 MeV/c? =96 MeV/c? =4.18 GeV/c? 0
% ~1 1 0
A d Y% S A b 1 %
down strange bottom photon \
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c?
-1 -1 -1 0
v | (. % M 7 1 ;
electron muon tau Z boson \
<1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.39 GeV/c?
0 0 0 +1
Y VG 12 VLL 12 V’L‘ 1 V»
electl:on muon tau_ W boson
neutrino neutrino neutrino
Bosong Sermions
Photon,
W W Zo Mesons Baryons Leptons
Gl e (pions, (proton, (electron,
UoI11, :
aons, ...) neutron, ...) neutrino, ...)

Higgs




Extensive Air Showers

hadronic
cascade

electromagnetic
cascade

» EAS are the connection between
cosmic ray and particle physics!

Ground-Based

Particle Detector

~ Extensive
Air Shower
EAS) &~

Cosmic Ray

not to scale!



Extensive Air Showers (EAS)
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Extensive Air Showers (EAS)

» CR properties

What happens
between here
and here?

are 1inferred from the (secondary) particles measured at the ground

hadronic
cascade
0
Tt n D
/ 4
/ K
/ ™ T
/ /
4
H / / /
/ V) / [
/ N v, [ Iui

electromagnetic
cascade




Extensive Air Showers (EAS)

» CR properties are inferred from the (secondary) particles measured at the ground

What happens ( CR primary
b@tWG@Il here hadronic electromagnetic
/ cascade cascade

and here? oo

7T:|: n D

/

;K i

/ ™ e

/ /

i / / /

/ V,U / / ;

/ / + :

Y/ = Vi | a




Extensive Air Showers (EAS)

» CR properties

What happens
between here
and here?

are 1inferred from the (secondary) particles measured at the ground

hadronic
cascade

N

K

st hadronic
Interaction

T

0

electromagnetic
cascade




Extensive Air Showers (EAS)

» CR properties are inferred from the (secondary) particles measured at the ground

What happens ;
hadroni electromagnetic
between here radronic i romagt
and here? g
ol
secondary ;
hadrons @ Q \u
(mostly pions, )
kaons)
nt =
|
/
/ + :
78 T




Extensive Air Showers (EAS)

» CR properties

What happens
between here
and here?

are 1inferred from the (secondary) particles measured at the ground

hadronic
cascade

more hadronic -

. . p
Interactions "
r) ‘»
/
;K2
/ L T
/ /
i / / /
/ Vlu / l
/ N v, / Iui

electromagnetic
cascade




Extensive Air Showers (EAS)

» CR properties are inferred from the (secondary) particles measured at the ground

What happens 5
hadroni electromagnetic
between here/ e g
and here? 0
7T:|: n D ;
Imorc
hadrons
(mostly pions,
kaons) /
/ / i
/
/ / i
Ve ’
/ / + E
VM/ ,ui V,u / H




Extensive Air Showers (EAS)

» CR properties are inferred from the (secondary) particles measured at the ground

What happens §
\ : electromagnetic
between here/ | e g
and here? 0
7Ti n D

muons and

neutrmos

(messengers of
hadronic cascades) K=+

/

B0 00
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Extensive Air Showers (EAS)

» CR properties are inferred from the (secondary) particles measured at the ground

What happens E
| hadroni electromagnetic
between here N radronic 5 cascade
and here? T\ 0
7Ti n P

muons and

neutrmos

(messengers of
hadronic cascades) K=+

'

/

B0 00

Vs =

electrons and photons
(messengers of em cascades)




Plays an important role, transterring
energy from the hadronic to the
electromagnetic cascade!

Extensive Air Showers (EAS)

» CR properties are inferred from the (secondary) particles measured at the/ground

What happens
hadroni electromagnetic
b€tW€€I1 here CZS;;)(I;;C cascade
and here?
7Ti n D

muons and
neutrmos

(messengers of
hadronic cascades) K=+

'

/

/ /
/ /
@ . electrons and photons
' (messengers of em cascades)

+ +




Extensive Air Showers

(EAS)

. : » Observation: We see the complex
hadronic clectromagnetic "mess" atter multiple collisions
A 7TO .
» Goal: Find out what in1tiated the collision
™ p .
» Not trivaal...
| /
' / / /
/ vy / [
/ / +
Yy / T oy :




Basics: Muons

» Muons are the "heavy siblings" ot the
electron (about 200x heawvier)

» First discovered 1936 in " .
measurements of EAS )

» Mainly produced through
pion (kaon) decays in EAS /

» About 100 muons per square meter / ”i

per second at ground level @ f ’
/ / /

/ V,LL / /

/ /

Y/ @ oy

» Highly penetrating particles, can
traverse several kilometer of rock

» Lite-time: 2.2 us , Mass: 105.66 MeV

» Distance traveled in an EAS: [ = yct , where y = E /m, (more 1n the exercise)



Basics: Neutrinos

» Neutrinos interact only via the
weak interaction!

» Mostly pass through normal matter
unimpeded and undetected ;

» 'L'hree flavors: v,, v, v,

» Can oscillate between flavors! , K*

» Mass: <0.120eV A / /
 ox |
» Mainly produced through nuclear / @ it

. . . =+
interactions 1n the sun @ g

» About 65 billion neutrinos per square
centimeter per second at ground level!



Some EAS Simulations...
(later more details)



Extensive Air Showers

hadrons muons electrs neulrs 0.00 10" ° sec Gamma 10" eV hadrons muons electrs neutrs 0.00 -10"° sec Proton 10 '° eV
. 22984 m - h'st= 22489 m
25000 _,_—‘——*“__:__ N\ . 25000 _F—_—:;_—_h:_
f i
20000 — \ 20000 _] :
15000 o 15000 | —
10000 —| 10000 —
5000 — 5000 —
) I i e
1 @ J— @
VR - - < < - > ’ —%} < <« - < -
3000 ", o @ \ 3000 ™, e e o '
2000 ™ - - @ 2000 ™, 2 <
1000 ™, * e - - D\ 1000 ™, = - o - .
0 ™ . L 2 —rT“T‘T_T_TTT_rj 0 © M, <3 <3 < T TMrT_rTMTT
. ™ - A 3000 1000 ™, B T 3000
1000 ™ B 711 [ ) T T 2000
N C} — T—I—T 1 0 0 O 2 0 D 0 N Q — jﬂT_T_TT 1 0 O 0
2000 T gang O -2000 hﬁ._frrggbo 1000 O
-3000.3900 -2000 -3000.3000 -

J.Oehlschlaeger,R.Engel,FZKarlsruhe J.Oehlschlaeger,R.Engel,FZKarlsruhe

» Simulated gamma, proton, and iron showers at E, = 10> eV

» Later more about EAS simulations. ..

hadrons muons electrs neutrs

25000 ——"
o
20000 |
15000 — -
10000 |
5000 —|
i L
: B - -
- = <
3000 . o <
2 0 O O 'rr . -
1000 ™, < = 3
0 ™ ’», - N
1000 ™, | e
2000 ! T”'ﬂyﬁ}—ﬁ_ﬁ—ﬂ 1T (_]I_O 0
-3000.3000 ~2000 -

J.Oehlschlaeger,R.Engel,FZKarlsruhe

Iron 10 "° eV

20919 m

|https://www.ap.kit.edu/corsika/|
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Extensive Air Showers

» Simulated proton shower at 10!*eV

All particles

hadrons muons electrs neutrs 0.00 -10"° sec
25000 —"i“““““‘““
a
20000 —
15000 -
10000 —
5000
ﬁ ___MH__———~~————~‘(~3___
0 ﬁ %___::M__—_%____ < <o - |
3000& -. - = < e
N o
(3 ~ -
2000 ™, . .
1000 ", - < o <
0 r.‘r\. o C . T
-1000 "»}n i TTT_T_TC%_T_T_T;T(;BB
Ry L.y}“r —('F':)*rﬂ_TTTj_} 000 0

-3000-3000 -2000

J.Oehlschlaeger,R.Engel,FZKarlsruhe

Proton 10 ' eV

h's'= 21311 m

No electrons

hadrons muons electrs neutrs 0.00 -10"° sec Proton 10 ' eV
~ h'*'= 21311 m
25000 __f____%_____ﬁ
.
20000 — |
15000 o
10000 —
5000 —
— ———*“____MH____Hé___
D MH__C__HM____%____N - <o - |
300(”%" ) Q < o e
M <
f_» D i |
2000 ™, = - <
1000° ™, < <3 <3 < :
D ’p, QB <3 . - T_rj_rj_r
1000 ™, - T_T_TC%—T—T_TTTT ~obn 000
S| @ T N
2000 ™| BT

-3000-3000 -2000

J.Oehlschlaeger,R.Engel,FZKarlsruhe

J.Oehlschlaeger,R.Engel,FZKarlsruhe

No electrons, no muons

hadrons muons electrs neutrs 0.00 -10"° sec Proton 10 ' eV
~ h''= 21311 m
25000 _r%____w____w
a
20000 — |
15000 — -
10000 —
5000
— ———*‘H____MH____H(B___
0 W____HM____%____ - L -
3 N - e < e
3000 ™ @ :
Y_) D i |
" = < o
1000w, < 3 o < a
0 P»r-‘b " CD _T—"_T_T_T_r
1000 ™ 3 S-;-%—T—T—FTTT—rT;-BTO i oo
2000 " "} (':%rﬂ_TTTTTTTT 0 1000
- ’rHrT_T_ 1 0 0 0

-3000-3000 -2000

[https://www.iap.kit.edu/corsika/|
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Extensive Air Showers

[https://www.iap.kit.edu/corsika/]

» EAS simulation (proton, 101> eV) 2 [km] e 2 [km}
20 — 20 -
» Shower front ' i
» Longitudinal profile (X ) 151 15,
» Lateral profile _ |
10— 10+
5 5|
0—1111111|11111111111111|11 Ollllllllllllll
-1000 500 -200 0 200 500 1000 | ) 0 1 2 3 4 5 &
N, /10°
|9§ )
- Proton 10 ' eV
- h'st = 17642 m
3
2. hadrons muons
1__ neutrons electrs
06— 200 200 600 800 1000 1200 .

r [m] J.Oehlschlaeger,R.Engel,FZKarlsruhe


https://www.iap.kit.edu/corsika/

Extensive Air Showers

» EAS simulation (proton, 101> eV)

hadrons muons electrs Proton 10 "° eV
15514
) ShOW@I‘ frOIlt 20000 —20000
» Secondary particles measured z [m] -
with detectors at the ground -
15000 —{15000
» Detector ssimulation i
» ‘Iypically based on GEANT4 -
10000 —{10000
» Detailed model for detector -
response (PM'l] electronics, ...) -
. . 5000 —5000
» Not in this lecture... ]
» 1'his lecture: _
. 1 | m | = | @ | = | @ | T | m | |
» What happens durmg EAS -5000 -4000 -3000 -2000 -1000 O 1000 2000 3000 4000 5000
X [m]

development in detail?

J.Oehlschlaeger,R.Engel.FZKarlsruhe

|https://www.ap.kit.edu/corsika/ |
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muons

25000 ———"

20000

15000 3

10000 =

5000

J.Oehlschlaeger,R.Engel.,FZKarlsruhe

electrs

EAS Particles (Iron Shower)

lron 10 ** eV

hadrons neutrs

25000 ———"

J

24929 m



EAS Particles (Proton Shower)

less muons

muons

J.Oehlschlaeger,R.Engel,FZKarlsruhe

electrs
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.
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EAS Particles (Gamma Shower)

even less muons

muons

electrs
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Plays an important role, transterring
energy from the hadronic to the
electromagnetic cascade!

Extensive Air Showers (EAS)

» CR properties are inferred from the (secondary) particles measured at the/ground

What happens
hadroni electromagnetic
b€tW€€I1 here CZS;;)(I;;C cascade
and here?
7Ti n D

muons and
neutrmos

(messengers of
hadronic cascades) K=+

'

/

/ /
/ /
@ . electrons and photons
' (messengers of em cascades)

+ +
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Atmosphere

120 | T ' |
Isothermal i
. . : US Standard ||
» Density of the air, p,;., plays ool b —— MSIS Mar. ||
an 1mportant role for the EAS L - ﬁ:i: ‘é““' I
Y R ct. |
development! N: |- MSISDee ||
\¢ a
» Atmospheric slant depth: - 5 \ |
£ a
A= J Pair ! Fq‘; o9 \: 4
W\ |
(integral taken along shower axis) E \% i
S “\ |
|\ ¥ |
N\ |
<\ ;
20 :
0 ' N

L 1071 100 10° 107* 10°°
density [ g/cm® ]



Atmosphere (South Pole)

» AIRS (Atmospheric InfraRed Sounder) data
» ‘lypical model: 5-layer parametrization (MSIS)

in terms of mass overburden
T(H) = a;+ b" | H,, = 4,10,40,100 km
I(H)=as+bs-H/c;,, H_,, = 112.8km
» ‘Iypical height of Ist interaction: H ~ 20 km

Atmospheric InfraRed Sounder

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

density [g/cm”’ |
S

10-%}

10}

107}

10— 10 |
0

20 40 60 80 100
altitude [km)|



Atmosphere (South Pole)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

+ 20 S e T
+0 i

20 |
O
40 {
-
=
,é —60} { } |
-
§ ~80 11 1
8

~100 { 1

~120H=—— NRLMSISE 1 [|= NRLMSISE 1

AIRS AIRS
~140 |
0 10 20 30 40 0.0 0.5 1. 1.5 2.0 2.5 3.0

altitude [km| logo(pressure /hPa)



Cross Section

» Particle flux:

Taroet
d Nbeam Beam g

~ dAdt > .

» (Cross section:
. 1 dzvint
- d dt

Units of an area, typically "barn": 1 barn = 107%® cm?

O



Cross Section

» Particle flux:

Taroet
d Nbeam Beam g

~ dAdt > .

Units of an area, typically "barn": 1 barn = 107*°cm

2

flux of particles interaction rate
on single target



Interaction Length

» (ross section: » Interaction length 1n air:
1 dN,,

(my) 24160 mb g/cm’

O

B D dr /Iint —

Oint Oint
» Now, we can write

dN, P ,
nt _ "~ 50 with dX = Praret 41

» lypical values:

dtdV (mtarget) /1},_)6+e_ ~ 46 g/ cm’
° C o=-——a A~ A~ 120 g/cm?
dX - mtarget R /Iint Tk SHem

. . ) A, ~ 80 g/ cm”
» Interaction length (units of g/cm”):

N 2
P <mtarget> 4ge 7 10 g/cm

1nt

Oint



Electromagnetic Cascade

» Qualitative description: Heitler model

4

4

4

Primary electron (gamma) with energy E,
Particle number doubles with each generation n
Energy equally distributed

Cascade stops when particle energy drops
below a critical energy &,

Energy at shower maximum (X,,.): E =&

max
What 1s &7

EO
e
n=1
n=2
o S
Ae
______ N 2 ~_\n=3

[Heitler in The Quantum Theory of Radiation, (1954)]



Energy Loss of Charged Particles

» lomization energy loss (Bethe-Bloch formula):
dE.

O — _ q(E) with a ~ 2.4MeV/(g/cm?)
dX
¢  u |
» Radiative energy loss (Bremsstrahlung):
103 |
dE E .
DIems with X, =~ 36 g/cm* T |
X X0 (radiation length) "
» Stopping power: s | P..
dE Lz: 10t /-’ Bremsstrahlung loss
— = —a(E) = |
dX XO % \‘i o _.:_"_:-,.___ = T T e ve e ey
» Critical energy at which both are equal: - Collision loss
fc — CIXO ~ 85 MGV ]0"1H I | ’*l-,- R
107! 10’ 103 10°

Energy [MeV]



Electromagnetic Cascade

4 Heitler model: |[Heitler in 'The Quantum Theory of Radiation, (1954)]

L

e

» Primary energy E,

|l
—

» After n = X/A,,, branchings: n
N(X) = 2% em

S
Il
N

» Energy per particle: 3
E(X) = Ey/N(X)

= E(Xmax) — EO/ 56’

| In(Ey/E ) -~/ \/
In(2) X = nA

)
Il
w

# Xmax — /lem

or with cascade equations (later)
0.31
X & XgIn(Ey/E)  and N, & Ey /&,
VIn(Ey/E0) —0.33

# of particles

max

X qpdop ouoydsoune



Hadronic Cascade

» Heitler-Matthews model of the air shower development [Matthews, Astropart.Phys. 22 (2005)]

hadronic energy Ly electromagnetic energy
o n=1 1
— - Ly . — - Ly
3 Charged \\\‘\‘\' Neutral 3
2 (2 ., I 1 /2
— _‘EO A VU _‘EO‘l‘_' _‘EO
3 \3 By 3 3 \3
\\\}.
/74771 1 I n=3
2 n | 2 n
E 4= (?) - E after n generations Eeop = [1 — (?) ] - E

» (Cascade stops when energy drops below a critical energy, &, and:

7t -t +u,D,) = vy



Heitler-Matthews Model of EAS

» Simplified model of the air shower development (only charged and neutral pions)

. | » After 5 (6) generations: E 4~ 12%(8 %)
08 » Example Ice'lop:
- 0.6-  hadronic » Atmospheric depth: X ~ 690 g/cm*
<0 electromagnetic » Pion interaction length: 1~ 120 g/cm®
= n=X/A,=690/120=5.75~ 6
- » Pions decay below critical energy

0.0(r) 3 A 6 ] 10 1|2:14 5ﬂ = 115GeV ( K — 350 G@V)

number of generations

2\" &
E .= (§> - Ey after n generations E = ll — (%) ] . E,



Superposition Model

» Assumption: nucleus of mass A and energy E|, correspond to A nucleons of energy

N nucleus
» Glauber apprOXHnatl()n: (binding energy ~ 5MeV/nucleon
A
OFe—air = " Op_air >
Nyhart

where n,., 1s the number ot participants

before collision after collision




Heitler-Matthews Model of EAS

» Number of muons, N, follows charged hadrons, N, as

N, = N}, where E = Ey/Nyg ~ &

with total number of particles, N, from each interaction

» T'he (average) number of muons 1s then given by

p

E, In N,

N =A- , P = ~ ().82...0.94
3 A - fC 1n]vtot

» S needs to be obtained from simulation as there are not only pions

» Processes that transter energy between EM and hadron components crucial!

s 4+p -+ X
7’ — yy contribution to EM component

mt+p—-p’+X

) contribution to hadronic component
p’ =




Heitler-Matthews Model of EAS -,
O Ine
» Number of muons, N, follows charged hadrons, Ny, as -~ -~ -~ - - e "=l
g \\
Nﬂ — Nglh where E = EO/Ntrcl)t ~ gC Charg \‘\‘\‘\' Neutral
with total number of | CR energy n eachinteraction - - 7401 - - - - - - n=2
— o \
» T'he (average) numbér of muons 1s then given by \R\}.

p
In N, Ry /7455 S
N,=A- B = ~ (.82...0.94 ,

A - fC 1n]vtot :

» S needs to be obtained from simulation as there are not only pions
» Processes that transter energy between EM and hadron components crucial!

s 4+p -+ X
7’ — yy contribution to EM component

mt+p—-p’+X

) contribution to hadronic component
p’ =




Heitler-Matthews Model of EAS

» Number of muons, N, follows charged hadrons, N, as - ------- oo R

Nﬂ — Né/lh where E = EO/Ntr(l)t ~ fc Charg \\‘\‘ ' Neutral
CR mass ver of n each interaction - - ZZ7///1L - — — _ _ _ n=2

CR energy . .
» The (average) numb€r of muons is then given by A

In N, /777 1§ n=3
N = ~ (0.82...0.94
3 In N,

» S needs to be obtained from simulation as there are not only pions
» Processes that transter energy between EM and hadron components crucial!

s 4+p -+ X
7’ — yy contribution to EM component

™t +p—-p’+X

) contribution to hadronic component
p’ =




Basics: Muon Production

Muons are the tracers of

» Main decay channels for muon production: hadronic interactions!
» Pions: N
ﬂi_)'ui_l_”ﬂ(’;ﬂ) (~ 100 % ) "
» Kaons:
K™ = p= + Ly(V),) (~63.5%) o !
K) = 25+ ¥ +u,0,) (~27.0%) a $
t - p+u@,)  (~100%) VAN
KB S>at+eT+ v,(U,) (~38.7%) @ 0 K /\ /l\@
”i—>,ui+’/ﬂ(’7u) (~ 100 % ) O @

» Neutral pions transter hadronic energy
to electromagnetic cascade via

0 — yy (~ 100 % )
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Tt = Ut + yﬂ(Dﬂ) (~ 100 % )

KO = 7t +eF+u,m,) (~387%) (2 // /\ \@
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» Neutral pions transter hadronic energy
to electromagnetic cascade via
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Basics: Muon Production N h f
uons are the tracers o

» Main decay channels for muon production: hadronic interactions!

"Conventional"

(~100%)

(~63.5%)
K) - 7%+ u¥ + v,@,) (~27.0%) / s
Tt = Ut + yﬂ(Dﬂ) (~ 100 % )

KO = 7t +eF+u,m,) (~387%) (2 /\ \@
iiad s (~100%) DO OO0

» Neutral pions transter hadronic energy
to electromagnetic cascade via

O a4
others... later more... 7' —yy (~100%)




Heitler-Matthews Model of EAS

» Limitatons of the Heitler-Matthews model:

4

4

4

Hadronic interactions produce other particles in addition to pions
All particles per generation are assumed to receive the same energy fraction

T'he hadronic interaction length and the hadron multiplicity are
not constant but weakly energy dependent

T'’he atmosphere does not have constant density which has an impact
on the critical energy &~

Random processes are replaced by the average process and extensions of
the basic model are needed to describe intrinsic shower fluctuations

» 'lo calculate the EAS development accurately very complex coupled
ditferential equations, the Gascade Equations, have to be solved.... hard...




Cascade Equations

hadronic electromagnetic




[Fedynitch et al., Phys. Rev. D 100 (2019
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Cascade Equations

» It a particle i decays or re-interacts
in the atmosphere depends on 1ts

» decay length:

/ldec,h(E}pX) = pP - ldec = C- Th ) ﬂ A IO(X)
» 1nteraction length:

<mtarget> . P(X) 104 _, ST BT BT
Oint ZA opa(Ep) - ny(X) o o "

Lab. energy (GeV)

Decay length Agec (cm?/ g)

III| | | |1 | ] |11
108 101

/lint,h(Ehﬂ X) =

» Propagation described by coupled cascade equations:

= \Eh |
dX /lint,h /Idec,h j Eh . dEJ /lint,j ]




Cascade Equations

» It a particle i decays or re-interacts
in the atmosphere depends on 1ts

» decay length:

/ldec,h(Elwa) =p lgec=c-7,- Py pX)

» 1nteraction length:

p(X)
24 OnalEp) - ny(X)

» Propagation described by oupled cascade equations:

1
/Idec,h j

<mtarget>
/lint,h(Ehﬂ X) =

Oint

re-interactions

1010 ——

[Fedynitch et al., Phys. Rev. D 100 (2019

Decay length Agec (cm?/ g)

10_4 | | | L1l | I L1l | I L1l =l

107 10* 10°
Lab. energy (GeV)

E-dN(EE) O/E)
E -dE. A
h ] nt,j
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Cascade Equations

» It a particle i decays or re-interacts
in the atmosphere depends on 1ts

» decay length:

Adec (B X) = P+ lgec M

» 1nteraction length:

Decay length Agec (cm?/ g)

p(X)
24 Ona(Ep) - ny(X)

» Propagation described by oupled cascade-€quations:

E,-dN(E,,E) ®(E)
Q Q (Dh(E”’XHZ[ R
h° ] int,j

re-interactions decays

<mtarget>

10_4 ] ] I ||||||||| ||||||||| 1|||||||| 1 111
102 10* 10° 108 1010

Lab. energy (GeV)

/lint,h(Ehﬂ X) =

Oint

d®,(E,, X)
dX




Cascade Equations

» It a particle i decays or re-interacts
in the atmosphere depends on 1ts

» decay length:

Adec (B X) = P+ lgec M

» 1nteraction length:

p(X)
24 Ona(Ep) - ny(X)

» Propagation described by oupled cascade-€quations:

do,(E;,, X)

<mtarget>
/lint,h(Ehﬂ X) =

Oint

1010 |

[Fedynitch et al., Phys. Rev. D 100 (2019

Decay length Agec (cm?/ g)

10_4 | 1 | Ll

102 10*

10°

Lab. energy (GeV)

E - dN(E, E) ®(E)
Eh ' dE] /Iint,i

re-interactions decays production of new particles

dE,



Electromagnetic Cascade

» Reminder:

» Energy loss of e™/e™: » Radiation length: » Critical energy:
at _ —a(E)—£ X, ~ 36 g/cm’ Er= aX, ~ 85 MeV
dx X,

» (Cascade equations (electromagnetic cascades):

d® (E) -, © e T £ S .. 0D (E)
- ® (E) + ® (E)P,_ (E,E)dE + ® (E)P,_ (E,E)dE + a
dE <mair> E Myiy E <mair> oL
[Rossi & Greisen, Rev. Mod. Phys. 13 (1940) 240]
0.31
= X ..~ XyIn(Ey/é) and N, ~ Ey/& -

VIn(Ey/Ep) — 0.33



Shower Age and Greisen Formula

» Longitudinal Profile:

» Greisen (1956):

031
v In(Eo/Ec)

» Shower age:
- 3X
X +2X

max

N (X)

e

\)

» Energy spectrum:
dN ]

€

dE  El+s

AP

—i —_i —
(@) o o
®» ~ o

—
)
6)

Number of electrons and positrons
o o o
N w BEN

—h
O_L

—
o
o

Number of e™/e™ in gamma-induced showers

s=0.6

s=1.0

s=0.8

(@) T

200

400 600 800 1000 1200 1400

Slant depth X (g/cm?)



Mean Longitudinal Profile

» Calculation with cascade equations:

» Photons:
» Pair production

» Compton scattering

» Electrons:
» Bremsstrahlung

» Moller scattering

» Positrons:
» Bremsstrahlung

» Bhabha scattering

+

number of e +e

+

number of e +¢e

x 10 |

10000

8000

6000 |
4000 |-

2000 |-

x 103}

8000

6000
4000

2000

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

—— Cascade Egs.
-~ CONEX (hybrid)

14
® c¢+e'cutoff: 1.0 MeV yat E=10"" eV and 0°

* CORSIKA

16 0
® c+e cutoff: 1.0MeV yat E=10" eV and O

200 400 600 800 1000
depth (g/cmz)



M ea n LO n g itu d i n al P rOfi Ie [Bergmann et al., Astropart.Phys. 26 (2007) 420]

; 1041 y at E=10'° eV and 0° 700 g/cm”
» (Calculation with cascade equations: S o
1 < B e CONEX (MC)
. = —— Cascade Eqgs.
» Number of photons divergent N CONEX (hybrid
. 1000 | * CORSIKA
(energy threshold applied) ;
» Typical energy of e™/e™: - ~ 80 MeV i —
m x10°}
» Electron excess 20%0-30%b Z 2000
» Pair production symmetric ?
1000 —
» Excess of electrons 1n target
o x 103 |
3
% 1500
88
1000
500
\\\\\H‘ \\\\\H‘ \\\\\H‘

10 10~ 10" 1
energy (GeV)



Mean Lateral Profile

» Lateral spread driven by Coulomb scattering:

AN 1 1 EN” 1
— = — : , ES ~ 21 MeV
dQ 64z In(191 - Z-V3) \ E ] sin*(6/2)

» Resulting mean displacement of a particle in air:
ES XO

r ~ — —l &
M
Epair

» Moliere unit ), (78m at seas level)

» Nishimura-Kamata-Greisen (NKG) lateral distribution function (LDF):
dN

§—2 s—4.5
. r r
rdr (”M) ( ’”M)

» For more details on the analytical description of EAS, see Tom Gaisser's book...




