Cosmic Rays

Tanguy Pierog

Karlsruhe Institute of Technology, Institut fur Astroteilchenphysik,
Karlsruhe, Germany

AT

Karlsruhe Institute of Technology

Midsummer School in QCD, Saariselka, Finland
July the 2" 2024




Secondary Cosmic Rays

Tanguy Pierog

Karlsruhe Institute of Technology, Institut fur Astroteilchenphysik,
Karlsruhe, Germany

AT

Karlsruhe Institute of Technology

Midsummer School in QCD, Saariselka, Finland
July the 2" 2024




Soft QCD and the Production of
Secondary Cosmic Rays

Tanguy Pierog

Karlsruhe Institute of Technology, Institut fur Astroteilchenphysik,
Karlsruhe, Germany

AT

Karlsruhe Institute of Technology

Midsummer School in QCD, Saariselka, Finland
July the 2" 2024




Cosmic Rays (CR)

4/49



Cosmic Rays (CR)

Primary CR Secondary CR

5/49



Cosmic Rays (CR)

Primary CR Secondary CR

Soft QCD interactions — “application” of QCD to “real” world
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History

Victor Hess discovered in 1912 that
natural radioactivity was increasing
with height

=& radiation from space

Pierre Auger discovered air showers in
1937

=% secondary particles produced by primary cosmic
rays

until ~1950 particle physics was

studied thanks to cosmic rays

=& all first unstable particles discovered in cosmic
rays

# muon, pion, strangeness ...

=& cosmic rays could not be used for astrophysics

after first start of accelerators, things
changed ... until now !
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Sources

Sun — Corona Mass Ejection  FLUXES OF COSMIC RAYS Galactic — Supernovae
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UHECR Composition

With muons current CR data are impossible to interpret
=% Very large uncertainties in model predictions

=% Mass from different element incompatible because of soft QCD treatment

KASCADE. lceCube. TUNKA Pierre Auger, TeleSCOpe Al'l'ay

a
£
! Fe
S
53 5
o N S
9‘ [b]
> 2 ; \l\
He

LHC LHE ¢
i pO@1O TeV pp@14 TeV
= 10/° 1017 10" 16 10%°

E [eV]
Based on Kampert & Unger, Astropart. Phys. 35 (2012) 660

H. Dembinski UHECR 2018 (WHISP working group)




Astroparticles

__ Souce @ Astronomy with high energy particles
- *Acceleration

<» gamma (straight but limited energy due to
absorption during propagation)

Gamma \ . - (straight but difficult to detect)

<» charged ions (effect of magnetic field)
@ Measurements of charged ions

<» source position (only for light and high E)
Extensive <» energy spectrum (source mechanism)
Al S?EX’S; <» mass composition (source type)

¥ light = hydrogen (proton)

® heavy = iron (A=56)

<% test of hadronic interactions in EAS via
correlations between observables.

Neutrino

St mass measurements should be consistent
Dl e e L - and lying between proton and iron
‘Detection © : - simulated showers if physics is correct

From R. Ulrich (KIT)
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Astroparticles - Multimessenger

Source | @ Astronomy with high energy particles

= Acceleration _ e
o =» gamma (straight but limited energy due to
absorption during propagation)

Gamma \ "% -~ (straight but difficult to detect)
=» charged ions (effect of magnetic field)
@ Measurements of charged ions
=» source position (only for light and high E)
Extensive <» energy spectrum (source mechanism)
SISOl =%» mass composition (source type)
@ light = hydrogen (proton)
& heavy = iron (A=56)

<% test of hadronic interactions in EAS via
correlations between observables.

@ Gravitationnal waves
‘ _ =» Source position
iy - =» Source mass

Neutrino

-Detection ®

From R. Ulrich (KIT)
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Extensive Air Shower

Hearth atmosphere used A + air — hadrons

"+ air — had main source of
P as a calorimeter p o alf =» NACrONs — yncertainties
T + air — hadrons
s intial y from =° decay
/ \ et = et + 4
Y W/’ 0 D well known
I v —e +e
p ’Y K-|_ ) .
g § T\ Y _
:ft'e e " et \& 7r:|: — ﬂi —+ Vu/Vu
o Cascade of particle in Earth's atmosphere
W h Number of particles at maximum
, -
T u H =% 99,88% of electromagnetic (e/m) particles
W <% 0.1% of muons
D =% 0.02% hadrons
Energy
From R. Ulrich (KIT) =% from 100% hadronic to 90% in e/m + 10% in muons

at ground (vertical)




R R R RRRRRRRRRRRRRRRRRRRRRRRRNOOONBREEERRR=
Extensive Air Shower Observables

hadrons muons electrs neutrs 71.00 - 10" % sec Proton 10 ¥ eV . .
- 211t m @ Longitudinal Development
25000 - _ mumber of charged particles =% number of particles vs depth
] g""" altitude
20000 I ﬁ %’T 10k ©
B n EES X = fh dz p(z)  (Air density)
15000~ A B S g
o gg_ . =» Larger number of particles at X,
—= A T T T e For many showers
5000 — Er S—
g,qi . : - < >
o = F Xmax = g, - e $ mean Xmax
3000 = / [p— & fluctuations : RMS X,

-2000

-3000.3000 2000 @ Lateral development

J.Oehlschlaeger,R.Engal FZKarlsruhe

: |} == 10V =¥ particle density at ground vs distance to the impact
£ gesneron point (core) = Lateral distribution function (LDF)

10 , owers averaged

T <% can be muons or electrons/gammas or a mixture of all.
ol @ Observables

e =& Particles at ground, fluorescence light, radio emission,
0°f, .. cherenkov light ...

_&



High Energy Measurements

SURFACE DETECTOR ARRAY

@ Pierre Auger Observatory (PAO) R o e

3000 Km?

100%

=» Mendoza, Argentina
=% Southern Hemisphere
=& 3000 km?: 32000 km?/srlyr

@ Telescope Array (TA)
=% Utah, USA

=% Northern Hemisphere
=% 680 km?: 3700 km?/sr/yr

Battery of
Telesn:opes L
g s

Scintillators

SD 100%
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Low Energy Measurements (some)

Kascade (Germany)

_;.“

LHAASO (China)

N
b

-re - oo
= o e
= - =R = = Nt D S =
= = - s T e R =i — =
é =5 =i o = - - = - = FomE = e
e = - - - — =2 — =

Grapes 3 (Indi
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@ EAS : Longitudinal

distributions

< Heitler model: X

=& Longitudinal Profile

=» Energy Deposit

@ EAS : Particles at
ground

<) Heitler model; Nu

=% Particles at ground
=% Muon puzzle

=% Muon production depth

@ EAS : Link with

hadronic interactions

=% Hadronic Observables

=% Hadronic interaction
models for Cosmic Rays

Cosmic Rays — 2024



n=] Heitler toy model :

=& 2 particles produced with equal energy

n=2 =% electromagnetic interaction length (37g/cm?) : 4 _

n=3

Cosmic Rays — 2024 T. Plerog, KIT -




Toy Model for Electromagnetic Cascade

Primary particle :
el Eg photon/electron

n=] Heitler toy model :

=& 2 particles produced with equal energy

n=2 <% electromagnetic interaction length (37g/cm?) : 1

2" particles after

---------------------------------- n=3 n interactions n=X/\,

________________________________________ N(Xx)=2"=2""  E(X)=E,2"™

Assumption: shower maximum reached if E(X) = E_ (critical energy)
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Toy Model for Electromagnetic Cascade

Primary particle :
el Eg photon/electron

n=] Heitler toy model :

=& 2 particles produced with equal energy

n=2 <% electromagnetic interaction length (37g/cm?) : 1

2" particles after

------------------------------------ =3 n interactions n=X/\,

________________________________________ N(Xx)=2"=2""  E(X)=E,2"™

Assumption: shower maximum reached if E(X) = E_ (critical energy)

Nmax — EO/EC XmaxN 7\‘eln(E'O/E’c>

600
depth
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Toy Model for Hadronic Cascade

Primary particle :
hadron

Using a simple generalized Heitler model to
understand EAS characteristics :

<» fixed interaction length A, =(Air)/(A.o, )

ne

=¥ equally shared energy

=% 2 types of particles :

# N__ continuing hadronic cascade until decay at
tot =N hagt Nem E___producing muons (charged pions).

@ N__transferring their energy to electromagnetic
shower (neutral pions decaying in 2 photons).

J. Matthews, Astropart.Phys.
22 (2005) 387-397
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Toy Model for Hadronic Cascade

Primary particle :
hadron

Using a simple generalized Heitler model to
understand EAS characteristics :

<» fixed interaction length A, =(Air)/(A.o, )

ne

=¥ equally shared energy

=% 2 types of particles :
# N__ continuing hadronic cascade until decay at
N =Nyt Ny, E_.. producing muons (charged pions).

Shower development dominated @ N__transferring their energy to electromagnetic

by first (highest energy E/(2N,,)) shower (neutral pions decaying in 2 photons).
produced em particle:

XmaxN }\‘eln(EO/(z'Ntot)/Ec

+\. J. Matthews, Astropart.Phys.
tne 22 (2005) 387-397
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@ Primary nucleus with mass A and energy E
=& equivalent to A proton showers with energy E/A

@ Theorem: Elongation rate (slope of X ) < radiation length (A ) in
air for constant primary composition

Cosmic Rays — 2024 T. Plerog, KIT -




Superposition Model

@ Primary nucleus with mass A and energy E
=& equivalent to A proton showers with energy E/A

Xmax<A)N 7\‘e ln(E0/<2'Ntot)/Ec/A)-l-}\‘nuc

@ Theorem: Elongation rate (slope of X __ ) < radiation length (A ) in
air for constant primary composition

dX max
din(E)
Multiplicity evolution Cross-section evolution Mass evolution
dInN — A, din\, dInA
B — tOtN t>0 B — Ine Ine l_>0 B —
" dn(E) =R, din(E) A~ din(E)
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(g/cm?)

-:Xmax:-

900

800

700

+ Fly's Eye

s Yakutsk 1993
e Auger (2017)

o HiRes-MIA
o HiRes (2005)
« Yakutsk 2001

- EPOS LHC

1 IIIIIII| 1 IIIIIII1_

[\

UE )

L]

Bl 2

"
‘l‘"'l-. !
IIEI|1III|IIII|IIII|}:|¢*III

500 2 —a— SIBYLL 2.3c
g —=— QGSJETII-04
o —=— DPMJETIIL17-1
4007' 1 | IIIIIII | lIIIIIII | lIIIIIII | IIIIIIII | IIIIIIII | IIIIIII;
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Number of charged particles (x1Dg]

Number of charged particles (x1 De}

8 1200010000 8000

6000

Mean AND Fluctuations

Height a.s.l.
4000

(m)

2000

'1III|IIII|IIII|IIII|IIII|IIII|

I T T | T T | T T
— proton, E=10" eV

* Auger shower

700

800 900

1000

Slant depth {g:'cmz)

Height a.s.l.
4000

(m)

2000

i '--. - =T

Q200 300 400 500 600

1200010000 8000 6000
3 : | T T I T T I T T |
;E —iron, E=107 eV

- ® Auger shower
6
51
s
3
2
1E

%00 300 400 500

600

700

800 900

1000

Number of charged particles (x10°)

8 1200010000 8000

%

Height a.s.l. (m)
6000 4000 2000

00 300

— y-ray, E=1 0° eV

* Auger shower

400 500 600 700 800 200

'klllllll

;
Y
I,

=:

Slant depth

Example: event measured by Auger Collab. (ICRC 2003)

Both mean and fluctuations of

X __ are important for mass

composition measurements
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Heitler - Energy deposit Hadronic observables

X uctuations

max

@ Basic model predictions :
=& Superposition model

¥ mean: “X(A: E) — “X(pv E/A)
¥ fluctuations: ﬁx(A) — ﬁﬂ'){(p)

=% Nuclear cross section and fragmentation
¥ mean: ,LL)((A? E) ~ p:){(p? E/A) (l)

¥ fluctuations: G'X(A) >> ﬁgx(p)

& Extreme cases :

spectator nucleons single spectator nucleus
¢
P ¢ & o
sx(A) < ox(A) < Sx (A)
Full fragmentation No fragmentation

Cosmic Rays — 2024 Oy IVl. UNQgE . Plerog, K




Model Consistency using Electromagnetic Component

Study by Pierre Auger Collaboration (ICRC 2017)
=% std deviation of InA allows to test model consistency.
EPOS-LHC QGSIJETII 04 SIBYLL 2.3

+ syst. ¢ data £0g

Positive (physical) variance only if

3L X .. fluctuations are compatible : .
""""""""""""""""""""""""""""""""""""""" {7 with <X > for a given model. ++ N
D ! 1 ¢ ]
EH +++* [ 4 I +¢’*'¢ +¢++ ]
~ - ++*¢%++++ R P W | | A [ S .*,+'¢+ """""""""""""""""" H€
1 fe. ' L4 t e + :

0 Lcrerre PIRIMIDALY. ettt IS XX X5 S

tensions if <X__>too small }

- QGSJETI-04 is a lower
} limit for X .

mbUy;purecom?silion-----y..... S J A

17.0 175 180 185 19.0 195 170 175 180 185
le(E/eV)

9.0 195 17.0
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Energy of hadronic interactions for X

Electrons
10° L —Proton, 10"V | Shower particles produced in
a = == 100 Highest Energy Interactions . . .
£ F — Individual Sub-Showers 100 interactions of highest
o 10 =3
s energy
O, 108
B C ‘
8 10°
[4h] E
0 =
o
o 10
s F Electrons/photons:
L - \ . . .
0| SRR high-energy interactions
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Depth [g/cm ]

: E=10"%eV
'L T g threshold 0.01
: b T thl:eshold 0.1 - - -
o | T Fluctuations mainly coming from the
F1E RIS first hadronic interaction.
E"; % {9
107 E—‘? - ",G

S N iy Ll
600 650 700 750 800 850 ()ﬂﬂ ‘J‘sll 1“0{) li}qﬂ 1100
Xmax [gjcnl
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Energy Transfer :

Energy of all hadrons
EO

O 0O O0O0Oo

Energy inem. ~90 %

(n=5, E, ,,~12%
n=6, E,_,~8%)

Energy Deposit

Energy of all em. particles

0
m° to all 1
particles 3 E,
ratio
1 2
3 Eoto |5
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Real Energy Deposit

@ lonization process :
=% all charged particles : all energy loss converted to energy deposit

== Energy deposit proportional to total
number of charged particles

@ Particle below threshold

=& all particles (but neutrinos) : part of particle energy converted to
energy deposit

& for EM particles : all energy is deposited
& for muons : part of the energy is deposited (neutrino)
# for charged mesons : 25% of E, in energy deposit

# for neutral kaons : 50% of E,_in energy deposit

# for other hadrons : 100% of E, in energy deposit

32/49



Energy Deposit

RatioE_, / E,,
—

0.85
0.8 — EPOS 1.99
0.75 Fe - QGSJET 1I-3

16 165 17 175 18 185 19 195 20 205
Energy logm(E W €Y)

@ Average value used
<» Small error due to models (~1-2%)

=» Main uncertainty from unknown
mass (~5-2%)

@ From Heitler model

E =

@ Energy deposit depends on
total number of muons

=% Primary mass dependent

<» Hadronic model dependent

C ® (QGSJETII-04
1'25_ ® F e A EPOS LHC
NS —— nean Mass
C Ty ® ——-nean Proton
1.3 e
Fos~y O TN e nean | ron
= - ~@
= C 3
uG 15—
% :
wi” L
1. 1_—
1. 05—
£

ogf B/ eV)
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Toy Model for Hadronic Cascade

Primary particle :
hadron

Using a simple generalized Heitler model to
understand EAS characteristics :

=% fixed interaction length

<» equally shared energy

=% 2 types of particles :
# N__ continuing hadronic cascade until decay at
N =Nyt Ny, E__. producing muons (charged pions).

@ N__transferring their energy to electromagnetic

J. Matthews, Astropart.Phys. shower (neutral pions).
22 (2005) 387-397
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Toy Model for Hadronic Cascade

2 Primary particle :
ine hadron

N N.__ 1 particles .
SN em had P N I particles
. can produce

7/ — =2 muons after n share E, after n
R interactions interactions
11:3 N(n):NZad E(n):EO/N?ot

Assumption: particle decay to muon when E = E .

Ntot:Nhad+Ne i :
(critical energy) after n__ generations

m

In(E,/E,,)
=E,/N;™ n_. = i
’ In(N,,)

E

dec tot
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= 0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

b
o

Muon Number

lIl N had

N 1n(]\]had-l_]\]em)

=% |n real shower, not only pions : resonances, Kaons and (anti)Baryons (but less ...)

E |P
- N = 0 —_
From Heitler =F | p
dec
- R=E9E,,, .. P +Air10° GeV
E DPMJETII.2017-1
= - — QGSJETII-04
= — EPOS LHC
- --— SIBYLL 2.3¢
i&'_g_o...o.o.o...
d?v:—.._,
_-3

_ln(Ntot_Nem)_ +1Il<]__C)
In(Ny) In(Ny)
N, N
c= ~ . <1
Ntot NnCh+Nother+Nn°
R = Eem ~ ¢
E,, 1—c

Very important :
R depends on the hadronization
scheme (not given by 1% principles)

Less neutral pions or larger N_, = ﬁ —> ] = more muons
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@ Primary nucleus with mass A and energy E

=& equivalent to A proton showers with energy E/A

E /AT
NM(A):A - B~0.925

dec

@ More muons from primary nucleus

Cosmic Rays — 2024 T. Plerog, KIT -




Heitler i Hadronic observables

Particles at Ground

@ Particles at ground of various types

E s =% Electron and photons directly linked to the longitudinal profile
: (X__, fluctuations) and strongly attenuated by the atmosphere

<% Hadrons are rare

=% Muons suffer little attenuation and less fluctuations.

: == Only muons at large distances and for
A e s ) very inclined showers

@ LDF different for different particles
KASCADE-GRANDE and primary masses
=& different production height and attenuation
3 «: @ Utilize correlations between -t &
a Ne and N__to determine the g
. mass spectra o

=» Correlations increase o

55

1 discrimination power




dE/dX [PeViglem?]

20

—
18}

—
o

i

Auger Event-by-Event E~10" eV

Top-down reconstruction

=% Measure longitudinal profile and LDF at the same time

<p Direct comparison between data and simulation (fixed energy and X

max)

<= A problem appear : not enough signal at ground in simu :
missing muons !

I I
Data b

Energy: 8.8 + 0.5 EeV all-04
Zenith; 34.7 £ 04° Oll-04 Eo
Xmax’ 697 £ 7 glcm v%/d.0 1. (p): 0.75

v2ld.of. (Fe): 0.76

600 800 1000 1200

Depth [g/cm?]

200 400

dE/dX [PeV/gicm?]

100 |

e
o
TTT

Data —_—
Ql-04p e
Qll-04 Fe '

I 1 11111

!

500

1000 1500
Depth [g/cm?]
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Heitler Energy deposit Hadronic observables

Muon “Puzzle”

@ Clear muon excess in data compared to simulation

=¥ Different energy evolution between data and simulations
¥ InNdet — InNdet
Z 9

=% Significant non-zero slope (>70)

T In Ndet — InNdet
EPOS-LHC QGSTet-1I. poke Hp

~ {ln4)

zmass o 111 56

)
Z 0 e . 0
< 000204060810 5 < 0.00204060.81.0
l\? 1 sys. correlation 0 té 1 sys. correlation
| © ] eee
[NV o [N iy
[ =
N () == FHIT FFA- - -5 R R - - - N+
<] 5 <]
Py
$  Auger FD+SD A Yakutsk I AGASA 8 $  Auger FD4SD A Yakutsk 1 AGASA
— l 7 ®  Auger UMD+SD ® NEVOD-DECOR Expected from Xpax | O — 1 1 ®  Auger UMD4SD % NEVOD-DECOR Expected from Xpax
$  IceCube SUGAR +—-+ GSF {:\) 4  IceCube SUGAR —=- GSF
Tt L T A THERST T LTt L A U T
E/leV E/eV

@ Different energy or mass scale cannot change the slope
= Different property of hadronic interactions at least above 10'® eV



-

-

-

Constraints from Correlated Change

One needs to change energy g (L P
N,=A —
dependence of muon % o
production by ~+4%

X pax™ Ao In[E/(2.N 0 A) [+ 2,

mult * ine

To reduce muon discrepancy

B has to be change £ — 109V

<» X _alone (composition) will not

max 0.8 -

change the energy evolution —

=» 3 changes the muon energy 0.6 -

evolution but not X
0.4 1

(1—c

_ h](Nmult_NﬂO)

ln (Nmult)

0.2 1

(InNy) — lnN{Lef

=1+ In )
h] mult)
N 0.0 -

“» +4% for B =» -30% for c =

mult
—0.2

700 750 800 850
—C (Xmax) /gem”™

N EPOS LHC P
C
1

E
“» Measure@LHC: R = =¢"~

had

G9260°206T NIXIV
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Muon Production Depth

Inclined events to avoid

EM contamination:

Independent SD mass composition
measurement

=% Use time distribution of muons at ground

5
= geometric delay of arriving muons .93,%
_, N,
C-ﬁg:f—(: —.ﬁ) \“fﬁ}@
o w2 _ AN _ _ ~ ~
N \/I T (z A) (Z A) Ground o
=% mapped to muon production distance
1 ( r?
= ——ct, )] +A .
2 (Ctg ‘ D) + = wb
=% Position of the maximum production depends __%_
z_.aa

[~
w

[~
wm o
TT T T T T TTT1T

on primary mass

# Different than Xmax (do not depend only on -
the first interactions)

& Very sensitive to hadronic interactions (all

&

?

= 59.06 + 0.08°
= 92 &+ 3 EeV

generations) e

1
400

P
600

X}I.

IMnax

e Ly
800 1000 1200

X" [g em™]

Zfirst int.
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y [@ cm™]

n

(X

max

500

450

¢

¢

it

QGSJETII-0.4

E [eV]

<INnA>

- iron 17 g.cm2 syst. uncert, 1

. — Epos-LHC

2 independent mass composition measurements
=% both results should be between p and Fe

Muon Production Depth and Models

=% both results should give the same mean logarithmic mass for the same model

=% problem with EPOS appears after corrections motivated by LHC data

LHC EPOS QGSJETII4
o X l ; } | | U
4 — Fe

- XHITHK + L ]

xl’ﬂﬂ){ { i

2 i ii XITIEDE r

il

*ecen 0% ; +
e ?
O [N ] p
18 185 18 185 19 20
Iogm(E/eV) Iogm(E/eV)
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Heitler

Energy deposit

Hadronic observables

Muons

= Proton, 10"%eV

— Individual Sub-Showers

Low-energy
interactions

Muons
=
A}

izisies

Depth [g/cm?]

GHEISHA QGSJET 0l

Ekin dN/dE kin

—— Pions
— Nucleons
— Kaons

1 10 102 10° 10% 10° 10°
E iy (GeV)

== 100 Highest Energy Interactions

0 1200 1400 1600 1800 2000 2200

/dE

=

E dN

Muon production by low energy interactions

~ 100 GeV for KASCADE
~ 30 GeV for Auger

Muons/hadrons:
low-energy interactions

E[GeV]
’ 10° 10* 10° 10°
T \HIHI‘ IiPI‘\IHH‘ T I\IHH‘ T \HI\H‘ T \HHH‘ T I\IHH‘
120000 P QGSJET/FLUKA (80 GeV)
-------- QGSJET/FLUKA (500 GeV)
100000 4 H e SIBYLL/FLUKA (80 GeV)

-------- SIBYLL/FLUKA (500 GeV)
80000

60000

40000

20000

00 1 2 3 5 6
logm(E/GeV)



VIUOI

Relevant Phase Space in Air Showers

@ Muon production in air

showers dominated
by forward produced
particles

=% True at high energy

=
o
~
Z
o

@ Midrapidity production

Important in the last
generations and for
muon at large
distances from the
shower core

<» Low energy data as

important than high
energy data

3

10 1

5+

%1073 %1073
Ef) =1.00x 107 - 1.58 x 107 GeV 16 6 1EL = 1.00x 10° - 1.58 x 10° GeV
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LHC acceptance
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Heitler Energy deposit Hadronic observables

Lessons From Heitler Model

Important hadronic interaction parameters :

@ For Xmax:
=% Cross section
=& Multiplicity

=% (Elasticity: fraction of energy kept in leading hadronic
particle)

@ For Energy deposit :
=% Elasticity

<» 11° to all particles ratio

@ For the number of muons :
=& Multiplicity

<» 11° to all particles ratio and baryons

Cross check using modified realistic simulations.




From R. Ulrich (KIT)
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@ Air shower development
dominated by few parameters

=% mass and energy of primary CR
=% cross-sections (p-Air and (T-K)-Air)
=% (in)elasticity

=% multiplicity

=& charge ratio and baryon production

@ Change of primary = change of
hadronic interaction parameters

=¥ cross-section, elasticity, mult. ...

With unknown mass composition
hadronic interactions can only be
tested using various observables
which should give consistent
mass results
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inelastic cross section (mb)

inelastic cross section (mb)

Ultra-High Energy Hadronic Model Predictions
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