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Simulation of shower
development (i)

Realistic simulation with CORSIKA

Proton shower of low
energy (knee region)
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Simulation of air shower tracks (i)
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Particles of an iron shower

muons
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Particles of an proton shower
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muons

Particles of a gamma-ray shower
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Time structure of shower disk

hadrons electrs lron 10 e eV
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Time structure of shower disk

Particles produced early
in shower development

(high energy)
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1. Basics
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Cross section, interaction rate, interaction length

o dNpeam N ‘
dA dt ” Target
Beam
Definition 1 dN- (Units: | barn = 10-28 m2
O — i | mb = 1027 cm?)

on single target Interaction rate

Flux of particles / Interaction length

dX = Ptarget dl
dNint ~ Prarget S > dd O 1

dt dV N <mtarget > dX <mtarget > 7‘~lnt
dN; int dN, int dP

drdV  dididA  Pueet gy

11



Molecular atmosphere of Earth
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2. Electromagnetic Showers
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Bethe-Heitler pair production (i)

_ Pair production & Y .
l = - : e
- T T === ======--""" 3 2\\
g : 100 10° 7 | Ey /m,
X /m | ot
Nt i
10 :
(Aharonian) :
I I I | I I I | I I I | I I I | I I | ; Nuc'eus NUCIeus
0 0.2 0.4 0.6 0.8 1
QED o , | High-energy limit
ORI 4o Z(Z+1) 4 [+ (1= u)? + Zu(1 —u) | In(183271/3) — ~u(1 —
- = 40enp Z(Z4 1) § |+ (1= )" + Zu(l—u)| In( ) —gu(l—u)
dG i 7 _ I
Opair,tot = d]g;alr du = 4O°emrgZ(Z‘|‘ 1) _§ ln(183Z 1/3) o 5_4_




Electron bremsstrahlung

10°
- Bremstrahlung _ i
; TG
10 = \\\
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| N e OO
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lonization energy loss: Bethe-Bloch formula

—dE/dx MeV g~ lem?)

lonization energy loss of charged particles

10 g
8 -
6
g
4 —
3
5 -

1 IIII| | IIIII| | | IIIIII| | | IIIIII| | L1 11111
0.1 1.0 10 100 1000 10000
By = p/Mc
| | IIIIII| | | IIIIII| | | IIIIII| | IIIIIII| | | IIIIII|

0.1 1.0 10 100 1000
Muon momentum (GeV/c)
IIIII| | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII|
0.1 1.0 10 100 1000
Pion momentum (GeV/c¢)
| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | 1 1 1 1111
0.1 1.0 10 100 1000 10000

Proton momentum (GeV/c¢)

dE 2 Z 1 |1 In 2mMec? 3° Y Tax g2 0(Bv)
dx A% |2 I? 2
Symbol Definition Units or Value
«  Fine structure constant 1/137.03599911(46)
(€2 /4meghc)
M  Incident particle mass MeV /c?
E  Incident part. energy YMc? MeV
I Kinetic energy MeV
mec®  Electron mass x ¢ 0.510998 918(44) MeV
re  Classical electron radius 2.817940325(28) fm
e? [Ameqgmec?
N4 Avogadro’s number 6.022 1415(10) x 10%* mol
ze  Charge of incident particle
Z  Atomic number of absorber
A Atomic mass of absorber g mol ™!
K/A 4nNyrim.c?/A 0.307075 MeV g~ ! cm?
for A =1 g mol™!
I Mean excitation energy eV (Nota bene!)

6(07) Density effect correction to ionization energy loss
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Total energy loss of charged particles

lonization energy loss: Bethe-Bloch formula

Radiation energy loss: bremsstrahlung

do
/ p 2 gy = A0t Z(Z + 1)

dv

o

E

. 1 <mtar et> >
In(183Z21/3) 4 — | = *4¢ ¢ |
3 __

=

Radiation length Xo

Xy ~ 36g/cm? 107

Critical energy E: defined as

J-—---—-"- [ ]
—#
‘—
--

e
- Collision loss

. ¢ Bremsstrahlung loss

................

107!

energy at which both losses are equal

10!

103

Energy (MeV]

E.=o Xy~ 85MeV
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Bethe-Heitler pair production (i

Pair production e y +
1 OO Y e
"""" /
¢c. T - - -~ " 2\\
100 10° | Ey /e
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T T ; Nucleus Nucleus
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Qualitative approach: Heitler model

Number of charged particles

_ ” Eq
| |
<3 X =n Aem
- E E = EQ/Zn
9
X
C
N d‘é_ Shower maximum: E = E, Nipax = EO/EC
Xmax ™~ kem ln(EO / Ec)
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Energy loss dE
of electron: dx

Cascade equations

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

Cascade equations

E

— —Q
X0
do.(E)
X

Critical energy:

Radiation length:

E.=o Xy~ 85MeV

X() ~ 36g/cm2

0.31 Ey

~ /In(Ey/E.) — 033 E.
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Shower age and Greisen formula

Longitudinal profile

0.31 (X 3 )
Ne(X) = —expy o (1 —5lns )¢
nEy/E.]" | Xo
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Mean longitudinal shower profile

® x10 |
'fj § . @ e+e cutoff: 1.0MeV E=1014 eV
S 10000 |-
_Q,é —— Cascade Egs.
2 2000 | CONEX (hybrid)
* CORSIKA Calculation with cascade Eqgs.
6000
Photons
4000 : :
* Pair production
2000 * Compton scattering
o0 | | | | Electrons
L
0 I
:2 x10°} o e4etcutoff: 1.0MeV E=1016 eV ° BremSStrahlung
o B °
58000 | * Moller scattering
: i
= B
=
6000 |- Positrons
i * Bremsstrahlung
4000 |- * Bhabha scattering
2000 |-
0 | ‘ | | ‘ | | ‘ | | ‘ | | ‘

200 400 600 200 1000 (Bergmann et al., Astropart.Phys. 26 (2007) 420)
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EdN/JE € EAN/JE  y

EIN/dE e

Energy spectra of secondary particles

210 4l y at E=10'° eV and 0° 700 g/cm”
20001 ® CONEX (MC)
- —— Cascade Egs.
S Nt CONEX (hybrid)
1000 | * CORSIKA
i Number of photons divergent,
~ Photons \ energy threshold applied in calculation
x 103 i
00 | Electrons
* Typical energy of electrons
1000 and positrons E. ~ 80 MeV
* Electron excess of 20 - 30%
x 103 |
1500 | Positrons * Pair production symmetric
1000 - * Excess of electrons in target
500 |
3 | I I I ‘ 2 | I I I ‘ | I I I ‘
10° 10 10" !

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



Lateral distribution of shower particles

Coulomb scatting

Expectation value

Displacement of particle

dN, E.

Y

dE E1+s

C

dN

1

1

dN
02— dO
/o5

1O~ 647 In(191Z-1/3)

E;, ~ 21 MeV

Moliere unit
(78 m at sea level)

Nishimura-Kamata-Greisen (NKG)
lateral distribution function
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Hadronic showers
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Expectation from simulations

20

15

10

NA 0 °
s - (RE, Pierog, Heck, ARNPS 201 1) — 20 Later.al profiles:
0 _ particle detectors at ground
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S 200
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% i — 10 o =
= 1 1 = E F
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R s £ 10°
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Cosmic ray flux and interaction energies
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Interaction cross sections: mesons and nuclel

=
E
- — pemyETIDS e
g P
75500
o ---- QGSJETO1
400
300
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200 7 [
e
L1 ||||||I L1 0
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Pions: Aint ~ 120 /sz
. 1nt g
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9
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1000
900

800 -
700 -

600 -
500 -

400 -

300 -

lron nuclei:

Kint ~ 12 g/cmz

—— VENUS

QGSJET

—  DPMJET

He

1
10 10 10 10 10° 10
P, (GeV/c)



Expectations from uncertainty relation

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

/.\ Heisenberg uncertainty relation
0
0 N N —1
5 () y
0 Y
!, >
0 m
\Y < R=RIT=R-2"
EP
Longitudinal momenta of secondaries Transverse momenta of secondaries
[=E,/m,
1.1 (pL) ~Ap, ~ = ~200MeV
<pH> ~ ApH N ng Pl Pl R
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Typical hadronic final states

NA49 p-p and
— Sibyll 2.3rc3b p-C at 158 GeV
B NA49 pp —— PP
® NA49pC --- pC \
100 C R II‘
: S B S~E==- M . \\
I N\ g ~(D‘-(D‘~lb\
3 ™% @ o o O ;
< B
= N
~— 101 9 p
Z, NG
e N
O N
3 AN
> 7T+ N
107 | R
\
\\
\
v L\
\\

0.2 03 04 05 06 0.7 08 09 1.0
Longitudinal momentum fraction zp

Feynman-x
(Riehn et al. ICRC 2017)

XF —

P|

Pmax

CMS

I I I I
103 EHS-NA22 —e—1 _
DPMJET-lIl =—— ]
"5 102 -
()]
C\') )
N pp — T, Py,=250GeV/c
o 10"
£
N_|1OO u
o
L
©
S0 E
107
0 1 2 3 4 5

o f (GeVZ/CZ)

Transverse momentum
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Secondary particle multiplicities

Power-law increase of number Leading particles (multiplicity const.)

of secondary particles |
DPMJET lll:  pp collisions
1 L ' oo R '
ep ~ S().l 10 ; |
R AN i
proton - proton, E;,=200GeV > L — % I If jiEE : %
= 10" | .
Exp. DPMJET-III 2 fe
charged 7.69 £ 0.06 7.64 = 7 ﬁﬁ L g
neg. 2.85 +0.03 2.82 c Y ¥
E 1.34 £0.15 1.26 GEJ 101 > e _
061 + (0.30 066 - 5 A o R s —
T 3.22£0.12 3.20 ; ¢ A
- 2.62 + 0.06 2.55 - /¥ K v
K+ 0.28 + 0.06 0.30 :
K- 0.18 + 0.05 0.20 o2 Ludious o O
A 0.096 + 0.01 0.10 10 100 1000
A 0.0136 £ 0.004 0.0105 Pap (GeVic)




c (nb)

proton - (anti)proton cross sections

Competing processes of interaction and decay

" Interaction length

LR R ‘J L : oo et
o|t0t : :
- HE
eva?t ron 'LH qd |He
o-pp ~ ]00 mb 5 e == ;
%p .
o, (E;" > Vs/20) @
i
Sw”/ 'é
Oz : : :
o (Ef'>100GeV) ; 3
P 2 3
: 408
(M, 7120, G BN RN
o(mu = 125 GeV) = 22.3 pb |4
WJIS2012 =00 Gevl 5 ; | ; ; 3

0.1 10

"
Vs (TeV)

— e — —t
@ 9 a 35
1

33 -2 -
events/secfor=10"cm s

ldec

1 107

Decay length

Betl =

pldec ~ CTP
m

A~ Ax ~ 120g/cm”

E
CT—
m

E

N

1010

108

20 10
g
o
s 10°
<
<
2102
o
-~
3 10°
a
1072
10~
air density

(Fedynitch 2017)
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i T
| — K:t

—D:t

n

10*

10° 108

Lab. energy (GeV)

Altitude of 8 km

| Ill(l)lo
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Hadron-induced showers

‘*E J & Primary particle
=L .
& —120 = (e.g. iron nucleus)
C: <
< 4 £
S =
= ]
'§ 200 first interaction
2
é electrons 10
e : ~ -
. N = pion decays
400 1 A 47 pion-nucleus ‘
- N muons (x 10) interaction ’,"
i _ - i
> ’If‘f* second interaction
600 O y
i 13
L (C) 1999 K. Bernl8hr
800
-: ' 7'C+ — T V : .
» CTpt = 7.8mM M Vu Charged pions interact E > 30 GeV
1000 = O
: 11 1 I L1 1 1 I L1 1 1 I L1 1 1 I 11 1 1 I 11 1 J 0 .
0 10000 20000 30000 40000 50000 60000 ¢T.0 =25.1nm gy > Y Neutral pions always decay

particle number



Qualitative approach: Heitler-Matthews model

E, , Ntot = Ny + Hch Primary particle proton

Eo /ot S Nch
T decay immediately

¢ » 3 Tt initiate new cascades
Ey/ (ntot)2 X (nch)2

O 0O 0O

EO/(ntot)n (nch)n Ny ( EO )a

Egec
Assumptions: Inn
B o= —~0.82...0.95
e cascade stops at Epart = Edec In n¢or

o
each hadron produces one muon (Matthews, Astropart.Phys. 22, 2005)
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Nucleus

E;=Ey/A

Target @

Superposition model

Proton-induced shower Nmax ~ E()/EC

Xmax ™~ 7\~eff In (EO)

Assumption: nucleus of mass A and energy Eo corresponds
to A nucleons (protons) of energy E, = Eo/A

max

(2 K~

=N,
AEC e NA _A EO > _Al—OCN
e AEdec - :

35



Superposition model: correct prediction of mean Xmax

iron nucleus
(J. Engel et al. PRD D46, 1992)

Number of
nucleons without
20 Interaction
42
39
24
Depth X
Glauber approximation (unitarity)
Npart = OFe—air Superposition and semi-superposition models
P Op—air applicable to inclusive (averaged) observables
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Electromagnetic energy and energy transfer

Hadronic energy

2E
30

Eg

Y

After n generations ...

n:5, Ehad~12%
n:6, EhadNS%

Electromagnetic energy

'E
3()
P
370713
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Energy transferred to electromagnetic component

(RE, Pierog, Heck, ARNPS 201 1)

1.05
S — bt
= 1—
5 -
83 0.95— Ratio of em. to total
ke 09F shower energy
< -
R~ 0.85—
0.8
0.75—
— —— EPOS 1.99
0.7 —8 — QGSJET II-3 Detailed Monte Carlo
- 4 —¥ . QGSJETO1 simulation with CONEX
065 W SIBYLL 2.1
0 6 ; | ] | ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ]
15 16 17 13 E’nergy loéqO(E /eV)

Einv — Etot — Eem

At high energy: model dependence of correction to obtain total energy small
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Muons as tracers of the hadronic core

=022
_ = R —— Auger
Very good correlation Z 020
between muon number 0185 Most recent model predictions
and invisible energy 016 Telescope Array - p
' =0.22r
(] - EPOS LHC
< 0.14 ~ ool
_ 500510 LTJS PN QGSJetll-04
> - 0.12 0180 ", Sibyll2.3c
2 450 I Proton . TE e,
LTJE B Hellum 01__ 0 16—_ ~/~/:l'l~:',l:":l'._
400~ [ Carbon - T Tevs.. ron
- Nitrogen 0.081~ 0.14k& TSl
350 Oxygen E e,
N -SiliCon 006—_ | | 0 12__ """""
300__ -Iron A [ O I » [ I » [ T I 20 . - :.’I., .........
- e 10 10 10 01b RELTN
250 RESR E ., [eV] s
200 :_ ;’.’3@%}%0 v v ’ O EPOS LHC 008 [
- A A QGSJetIl-04 -
- ;o.. “ 0 . . 0.06 [
150 ° S1byll 2.3¢ Muon-data based correction for : i ] .
[ 7_ vEPOS 1.99 . . . . 1017 1018 1019 1020
100 e QGSJetIl-03 invisible energy used in Auger E _ [eV]
50E 2+ QGSJet01 cal
:l 1 I 11 | | | I | | 11 | l | | l | I I I | | | | | X106
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Effect of air density (number of generations)

o -

(Bergmann et al,
APP 26,2007)

number of

3000

N Ey \“ 2000
o Edec

1000

Pion decay energy depends on air density,
low density corresponds to large Egec

IIIIII

proton at 10'® eV

—— angle 0 K

.......... angle 90
_____ angle 120

(zenith angle)

o

200 400 600 800 1000
depth (g/cm?)

Electromagnetic showers are independent
of air density, hadronic showers not
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Longitudinal shower profiles: simulations and data

Number of charged particles (x1 09)

Number of charged particles (x1 09)

Height a.s.l. (m)
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B | I I | I I | I I | I I | I I |
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(o]

® Auger shower

II,/IIII|III|IIII

w
IIII|IIII|IIII|IIII|IIII|IIII|

P /"/"

—— |

0 [ L
200 300 400 500 600 700 800 900 10020
Slant depth (g/cm))

Height a.s.l. (m)

8 1200010000 8000 6000 4000 2000
| I I | I I | I I | I I | |

— y-ray, E=10" eV

e Auger shower

|||||||||||||||||+||||||||

Q —=e R
200 300 400 500 600 700 800 900 10020
Slant depth (g/cm))

Number of charged particles (x1 09)

8 1200010000 8000

6000

Height a.s.l. (m)
4000 2000

=
III|IIII|IIII|IIII|IIII|IIII|IIII|IIII

| [ [ | [ [ | [ [
— iron, E=10"° eV

® Auger shower

I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

"/
|||||||||/

%0 300 400 500

600

700

800 900 10020
Slant depth (g/cm’)

Nmax — EO/EC
Xmax ~ DeIn(Ey/E,)

Superposition model:

x4 ~D,In(Ey/AE,)
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Note: old data and
model predictions
(just for clarity)

(RE, Pierog, Heck, ARNPS 201 1)

Mean depth of shower maximum

> (g/cmz)
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Different slopes for em. and hadronic showers

NE 900 -_ — EPOS 1.99
S - ------ QGSJET 01
2 T QGSJET II-3
Acgé i iireeeees SIBYLL 2.1
£ 800
L i
V o
700
- RAn o d " 9. . < IS & Yakutsk 2010
600 B K5~ Y § oo ( W% e Auger 2010
» v HiRes 2004
. *x TUNKA 2002
¢ Yakutsk 2001
500 + HiRes-MIA 2000
o Fly’s Eye 1993
| | IIIIIII | | IIIIIII | | IIIIIII | | IIIIIII | | IIIIIII | | I 1L 111
1016 10" 101° 10 102
Elab (eV)

(RE, Pierog, Heck, ARNPS 201 1)



Derivation of elongation rate theorem

A Ne
b [ 7‘~int
' Xmax(E)) = (Xmax (E/Ntot)) + Aint
em em. cascade theory
E /oy €mnrfmmmmm <Xmax> ~ X0 ln(E / ntOt)
<Xmax (E)> — Xo ln(E/ntot) +C + kint
w, taking derivative logkE
g
-
S
D, — d(Xmax (E)) < X _ X dInnge  dAin
Elongation rate of em. shower °  dInE — ?O 0 dinE ~ dInE
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Elongation rate theorem

Xo = 36 g/lcm?

/

Dle}ad — X (1 — B, — Bk) (Linsley, Watson PRL46, 198])

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

dl
B, — N Nyot
dinE
1 dhint
By =
X() dInE

Large if cross section rises rapidly with energy

Note: Dio = lOg( IO)De
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> (g/cmz)

X

S
£ 800

<X

700

600

500

(RE, Pierog, Heck, ARNPS 201 1)

Mean depth of shower maximum
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10 16
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QGSJET predicts very
strong scaling violations
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Elongation rates and model features

Elongation rate theorem

D" =1n10 Xo(1 — B, — By)

\ (Linsley, Watson PRL46, 1981)

B dlIn Niot

n —

dInE

1 d xint

X() dInE

factor ~ 87 g/cm?

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

Large if cross section rises
rapidly with energy

= 800

700
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500
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200

100

p-Air Multiplicity

——  QGSJETII
----- EPOS 1.6
--------- QGSJETO1
----- SIBYLL

2 3 4 5
10 10 10 10
E.__(GeV)

cms
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Number of charged particles (x1 09)

Universality features of high-energy shower profiles

Simulated shower profiles Profiles shifted in depth
Height a.s.l. (m) Height a.s.l. (m)
3 1200010000 8000 6000 4000 2000 8 1200010000 8000 6000 4000 2000
B | I I | I I | I I | I I | I I | B O’A B | | | | | | | | | | [ [ | I | | |
- —— proton, E=10'° eV - = : 19 -
7L P y B= - X o[ — proton, E=10" eV E
: . o T -
SF ‘: S 6p E
- ] © u N
S o - N
B _ = 5 — —
- . > L -
‘e S 4F -
- J £ r N
3 [ N o , :
E . °© 3 , -
- . o I / )
2 - — -g oL put there are shower-to-shower -
- . 3 - / fluctuations of profile shape B
10 - n .
- ] 15 -
0 : ———‘V —_ | I I | | I I | I I | I I | | I I | I— :
200 300 400 500 600 700 800 900 1 000 I I | I I | L 1 1 1 | I I | I I | I | L1 1 1 | L1 1 1 | 1]

Slant depth (g/cm) 200 300 400 500 600 700 800 900 10020
Slant depth (g/cm’)

Depth of first interaction X; and Xmax strongly correlated, use Xmax for analysis
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Applications: mass composition and cross section
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Information provided by Xmax fluctuations

“c 850 - — QGSJETO1 R
O - - - - QGSJETII e
B L Sibyll2.1 PR -
A 800 [ - - -EPOSV1.99 ’
S -
x -
v L
750 —
700 —
650 -
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& 90
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% 80— e QGSJETII
= e SIBYLL2.1
A><
®©
£
X
N
=
o

10_11_ | | lllllll | | lllllll | | lllllll

| | lllllll | |

10" 10'® 10" 10%°

(Unger, Solvay 2018)

1021

Ig(E/eV)

superposition
model
G
s
Q
=0
=

(Lipari, PRD 2021)

-l Log [EeV)] =17.5 Log [EeV)] =19.5
i AN
60 .-
_ '/
40
20 r — — = QGSJetllI-04
I — EPOS-1LHC
_ -—-—= Sibyll 2.3¢ |
O I ] I I I I ] I I I I ] I I I I ] I I I I ] I I I I ] I
600 650 700 750 800 850

<Xmax> (g cm ™)

Model dependence of fluctuations
seems small (for mixed composition)
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Mass composition results — Auger Observatory
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Important: LHC-tuned interaction models used for interpretation

(Phys. Rev. D90 (2014), 122005 & 122005, updated ICRC 2019)

(Phys. Rev. D96 (2017), 122003)

',f 2
| Ox| Fe~ 10g/cm

Number of charged particles

\4

Depth X (g/cm?)

ar _ Le—Xl/Kint
dX; 7\qnt

Gx, p ~ 45 —55g/cm?

(E ~ 10'%eV)
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Mass composition results — world data

Energy [€V] Energy [GV] Number of charged particles
10" 10" 10" 10%° 10" 10" 10" 10% >
900 3 3 a3l 1 a3 33l 1 a3 3l 1 A R A | 80 3 33l L a3 3yl L a3 3l L s o3l |
Pierre Auger o FD o SD % RD |
Telescope Array v FD A Cherenkov
Y akutsk ¢ Cherenkov 4 RD
Tunka Cherenkov & RD

LOFAR # RD

\4

Depth X (g/cm?)

. 6 ..... Sibyll 2.3¢
$ 9 —— EPOS-LHC
600'+ e QGSJet-11.04
17 18 19 20 17 18 19 20 dX; Aint
lg(E/[eV]) 1g(E/[eV])

Gx, p ~ 45 —55g/cm?

Important: LHC-tuned interaction models used for interpretation : Gy, Fe ~ 10g /sz

(Snowmass report UHECR composition, 2022) (Phys. Rev. D96 (2017), 122003) (E ~10"%eV)
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Cross section measurement with air showers

Number of charged particles

X1 , point of Xl

first interaction

-1 ’ ) T \ 4
-0.5 NrTTTT 1

R Depth X (g/cm?)

(R. Ulrich et al.NJP I 1,2009)

>

Xmax

Depth of first interaction

>
:::: 10"
©
S
g 1’ A1
& Aint
10°
10
10°
0 100 200 300 400 500 600 700
X,/ gem™
o L <mair>
prod —
)\int
Difficulties

* mass composition (protons?)
e X cannot be measured directly
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Cross section measurement: composition bias?

1072

10

dN/dX....

10°

—h
<
(o))
A

5

-

(Pierre Auger Collab. PRL)
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®
Q
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»
L
)
®
Q.
(o)
ﬁ

Xmax / gCmM™

AVAVAVA

IIII|| ‘- L —
0 600 700 800 900 1000 1100

Simulation for proton showers with
different cross sections:

Cr,
0, .« o e .
>S5 very good sensitivity of tail of
Cr, . . .
“o,, distribution
> _
‘ = 10" ---- Proton (40%)
1200 1. o = Helium (25%)
o N -....CNO (25%)
2l .= Iron (10%)
o = — sum
10° = -E 'E | -E_:
TE Il o JL.D.ITILFII'I
< 11— o000 o0 ° oo o
O —
"g 0.8 — TR &
I 0.6 — Vo ’
: -
_,g 0.4 .°°
a 02F o
e T . T, B T, —
Xmax [9/cm®]

Example of distribution of
Xmax for mixed composition

Only deep showers are used
in analysis to enhance proton
fraction in data sample
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Cross section measurement: self-consistency

i fattty A, =55.8+2.3 glem’
5 5
10— ¢
- } (Auger Collab. | 107.4804)
'3'1 |
= - i
s [
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U E _ _Q | | IIIIII| | IIIIII| + | IIIIII| | | IIIIII|’,' | L
S - £ 700
% B Tle = - Tevatron . e
S 4 = [ He
| | . “
9 . I g 600 accelerator data (p—p) + Glauber
10— 2 B
: | | | ~ | | | | | | | | | | | | | | | | | | | "I | | “I | | 1 & [
500 600 700 800 900 1000 1100 c 500
Xmax [9/cm’] g L
o - 18.24
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. (@) B
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300 pa —— SIBYLL 2.1
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ZOOT ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ]
10" 10 10" 10" 10" 10" 107 10° 107 10%
Cross section accepted if simulated slope fits Energy [eV]
measured slope of Xmax distribution
Simulation of data sample with different
cross sections, interpolation to measured
20 _
Op-air = (505 + 22 ¢ (4_-34)Sys) mb low-energy values
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High-energy frontier: proton-air cross section

Equivalent c.m. energy\'s,, [TeV]

107 1 10 102
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.% 600 — o \ickeetal 1994
é : A Honda et al. 1999
o | O  Knurenko et al. 1999
O 500— < HiResICRC 2007
2 | O  Aglietta et al. 2009
5 — = Aeliietal. 2009 s
S 400~ A Yakutsk ICRC 2011 5 '?
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o 300 - o —— . Sibyll 2.1
&) Eﬂﬁﬂf ; ----- Epos 1.99
200“ | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| |
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Energy [eV]

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

(Pierre Auger Collab. | 107.4804, Phys. Rev. Lett. 2012)
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1000

Measurement of composition and cross section?

2 deviation

— miX
_____ H . '
wl 3N He Proton cil)omlnated Equal H-He mix He don(l)lnated
_____ N (with 5% of He) (with 20% of H)
..... Fe - - g 5.0
£ i - N i
. 600 - realization L.75 1.75 ‘ " 4.5
*qz')’ 3 150 150 |40
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Analysis of Monte Carlo data set

m Ig(E/eV)=10""-%-10""° eV » Model: Sibyll 2.3d

*blue dashed line shows the simulated He fraction and scaling factor, and colorbar shows the X2 deviation in units of sigma.

Olena Tkachenko (ICRC 2021)

Consistent analysis, results stable only for large proton fraction

(Lipari, PRD 2021)
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Gaisser-Hillas parametrization of shower profile

E = (1.56 = 0.08) x 10" eV, Xmax = 673+ 12 g/cm?, 52/Ndf= 215.7/165 E =(1.49 = 0.10) x 10" eV, Xmax = 840= 5 g/cm>, x*Ndf= 43.0/60 E = (1.27 = 0.09) x 10'° eV, Xmax = 762+ 6 g/cm?, y¥/Ndf= 41.2/71 E =(1.57 = 0.11)x 10" eV, Xmax = 721+ 5 g/cm?, x*/Ndf= 239.2/193
=40 E — n 224 F — -
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E Vl' I.i.!'; i ’ I_I'|4:— — C ‘ lll M
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m - | l'ill T | 13, il m : e { m - m : 4 I|ll|l “l l 1
O 15F v [ | !,,;j!l © - i © 10 T q5 ,' ll'ii!l |'|i|.l
: \E s T, 101 ; 8F x 1% g,
10 14 st ‘ : 6F ’ 10 11
E T '1] i .||"§.~.|‘!J.|| i 5 —_ ‘ - E
5F A Lo QP i i 4t 5F
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slant depth [g/cm’] slant depth [g/cm?] slant depth [g/cm?] slant depth [g/cm?]

X — X (XmaX_Xl)/A X o Xmax
N(X) = Nonax | 55— ;(1 exp

Gaisser & Hillas ICRC 1977

Very good description of individual shower profiles and of mean shower profile (effective parameters)
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Alternative way of writing

GH parametrization

R is sensitive to the injection of high energy nt°

in the start up of the shower.

R = \/A/|X6‘, L= ’X(/)M, Xy = Xo — Xmax 0.35~ —=—data — proton
S -~ — EPOS-LHC -~ iron
5 - —— QGSJet-1104
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— — 1 _|_R_ eXp O_3=-==1._____ i — ™
dX L RL e
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02| 02| \\ log, (E/eV)
; - Good agreement with models.
e s b b b b by b baa g by =X L s s b b b 1 . .
%500 -400 300 -200 100 0 100 200 300 400 500 %500 -400 -300 -200 100 0 100 200 300 400 500 Too Iarge systematics for hadronic
X'=X-Xnax [gEM™] X'=X-Xnax [gEM™] physics, for the moment.
S. Andringa%q/gﬁ/&%tropart.Phys. 34 (2011) 360 Slide by Lorenzo Cazon, Epiphany 2022 1

Auger JCAP 1903 (2019) 03 018 59



End of Lecture 1
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