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Outline

¢ Successes of modern air shower simulation
* Tests of air shower with Auger
e Relation to other air shower data

* Implications of Auger observations
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Success: GRAPES-3 element fluxes
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Analysis methods

Universality method
em. component universal
muonic contribution: part of signal

Time trace analysis
jump method (muon counting)
smoothing method (em. component)
Simulation of individual hybrid events

Analysis of data at 107 eV
QGSJET I, protons as reference scale
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Universality of showers at very high energy (i)

protons, iron, photons

- Lateral distribution
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Universality of showers at very high energy (i)
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Universality of em. shower component

Distance to ground — DG

(F. Schmidt et al., Astropart. Phys. 29, 2008)
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muon decay treated
separately



Universality of em. shower component

Signal at 1000m
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Sem parametrized as function of distance to ground DG = Xget — Xmax

Predicted signal at 1000m:

Smc = Sem(DG,E) + Ni'-SEUP(DG, 107 eV)

(F. Schmidt et al., Astropart. Phys. 29, 2008)
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includes e/m signal from muon decay
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atmospheric depth (g/cmz)

Prediction of S(1000) for different angles
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Universality and isotropy
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Absolute energy scale from universality

from Auger data: hybrid measurement

N\

$33(10"7eV) = Sem(10”eV,0 =38, (X)) + N -SZONP(107eV)

\

from Auger data:
Data: Jan 2004 - Dec 2008 const. intensity method

S33(10"%eV) = 38.9" 4 (stat.) T 3 (sys.) VEM

Corresponding energy scale E' = 1267503 (sys.) X Epp

(compatible with current uncertainty of fluorescence detector energy scale)
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Time structure of tank signal
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Muon counting with jump method
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Simulation of individual hybrid events
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Comparison of results
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Km from HiRes 2
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HiRes-MIA hybrid measurement

Muon density 600m from core
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Simultaneous measurement of

shower components

-

T.Antoni et al, Nucl. Instr. & Meth.A 513 (1200.4;,,499._,&; |



Determination of electron and muon numbers

g Modified NKG fit, corrected for E. > 3 MeV
Qe electrons
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Slope of lateral distribution at ground
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Shower simulation: muon deficit?
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Muon production in hadronic showers

E

E/n Diot =MNch+ Npeut

E/(n,J \( ncn)”

n

Ey/(n, )" (ng)

Assumptions:
e cascade stops at Epat = Egec

* each hadron produces one muon

Primary particle proton

1Y decay immediately

TT* initiate new cascades

N, = [ 20 )
a Edec

hl nch

o ~0.82...0.95

(Matthews, Astropart.Phys. 22, 2005)
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Sensitivity to physics of first interaction

Muon production:
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(S. Ostapchenko, 2007)
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Modification of ratio of neutral to
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String fragmentation: baryon pairs
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Baryon pair-production not understood

Tevatron data (Ecm = 1800 GeV)
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Secondary particle multiplicity

Two strings of high mass

(K.-Werner et al., Phys. Rev. C75, 2006)

>

Many strings of low mass

EPOS: modification of fragmentation parameters
as function of string density (RHIC data)
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EPOS: Enhancement of baryon pair production

(Grieder, ICRC 1973)

* Small energy fraction, low multiplicity

Muon multiplicity re-scaled with energy
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Example: secondary particles in interactions at 10'* eV

(Pierog, Werner, Phys. Rev. Lett. 101, 2008)
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Muon deficit: missing energy correction

f=Etot/Eem
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Model dependence of
energy correction small
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New interaction physics?
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Fluctuations in Xmax and first interaction point
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Summary of cross

section data and predictions
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More realistic consideration based on SIBYLL

Equivalent c.m. energy\s,, [GeV]
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Iron showers (toy model)
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Conclusions

Air shower simulation not reliable for
* energy determination with muon-sensitive detector array
* sround-based composition observables
* hadron distributions at ground

Strong indications for
* deficit in muon production

* energy scale to be shifted up in case of Auger

Improvement of data description with EPOS, but no complete explanation
found so far

Interpretation of Auger data on Xmax with exotic physics difficult

Data from colliders (LHC!) very important to extrapolate cross section
and particle production more reliably

4]



logio(E*” x Flux/m™ s sr™' GeV'")
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HEAT: High Elevation Auger Telescopes

HEAT

standard
telescopes

Field of
view

e 3 standard’’ Auger telescopes tilted to cover 30 - 60° elevation
* Custom-made metal enclosures
* Also prototype study for northern Auger Observatory 43



CAD view
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