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Overview

e Ultra-high energy cosmic rays (UHECR) and Extensive air
showers (EAS)

e Pierre Auger Observatory

* Longitudinal developement
- primary beam composition
- proton-air cross-section

* Muon content at ground level

e Comparison with current hadronic interaction models
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Ultra-high energy CR

* Highest-energy astrophysics
e Exotic sources: AGNs, BHs ...

* Both acceleration and propagation
in magnetic fields — particle
identification (“mass composition”)
essential for interpretation
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Extensive Air Showers

 For UHECR: billions of particles y —
1 P. n 1
» Secondary hadrons (mostly pions) y. 158 :
* Electromagnetic cascade (n° decay) TR -
e- I
* Muons (r*, K ... decay) . .
£ o e | B ' pt
2 1 p 1
. o . g Tl P T\
Below: pion interactions in one simulated 10 eV & : ;
proton shower — lots of meson physics! ‘ A L, '
% X I > p 1
1e+009 a i P :
* ° 2 C&F 1 T
1e+008 | .'-. £ Ge ,a‘t-p |
T e @ 1 v |y o
164007 | i é . p/ ! w
: | ®a < | :
3 1es006 | ; *, e WA B
8 : S ! n> '
E 100000 ® - : p :
:gt 10000 [ P e R " i E
é 1000 | . ] e ' P . :
3 ¥ 1 n 1
Z 00| e , A °/ .
Y Electromagnetic Hadronic Muonic
10 == Components J. Knapp
' 10 100 1000 70000 100000

CMS energy per target nucleon [GeV]
Jan Ebr for the Pierre Auger Collaboration, 2.6.2014, MESON 2014 Krakow 5/20



oooooooooo

FEPERa B T
The Pierre Auger Observatory @?/i 45 Loma amait

* Surface detector: 1600 water Cherenkov 2

detectors accross 3000 km? B comio foii
- particles arriving at ground level PR
- 100 % duty cycle A NS
- well-known aperture B

Los

- 1500 m spacing - E > 10'®° eV
- AMIGA: 750 m spacing - E > 1075 eV > 23

* Fluorescence detector: 24+3
telescopes of 28°x30° FOV

- UV light from excited N,

- 13% duty cycle

- good energy resolution
* Auxiliary devices

- atmospheric monitoring
- detector callibration
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Fluorescence detector
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g 30F
Fluorescence detector g 2
‘g 20
e Calorimetric energy measurement s .
(minus “invisible energy”) 0
e Calibrate energy estimators of SD 5
» Systematic uncertainty on the energy L S O
scale: 14% (before update 22%) azimuth [deg]
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Longitudinal shower developement

* Electromagnetic cascade (Heitler model)
- splitting length = radiation length X
- nlengths — 2" particles, each carries £ = E /2"
- when E< E__ (= 87 MeV) shower stops growing
- X =X, In(E/E_.)

crit

* Hadronic cascade more complex (Heitler-Matthews)
- mean free path of 1st interacion A
- multiplicity N of interactions
- =~ 1/3 of secondaries n°—~> EM cascades
- stops with n* decay to muons

- Superposition model for nuclei: A showers with energy
E /A
0

* X __~A+In(E) —In(N) —In(A)
- shallower for heavier nuclei (A lower-energy showers)

- depends both on composition and interaction
- simplified model! In pratice: Monte Carlo simulations
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Depths of shower maxima — data

» Unbiased distribution by fiducial volume selection

¢ Fluctuations corrected for detector resolution
- heavier nuclei: A showers — less fluctuation

* Suggestive for change of composition (or

interaction models) around 10%8°eV

850

800

X lglem?]

750

700

650

600

Jan Ebr for the Pierre Auger Collaboration, 2.6.2014, MESON 2014 Krakow

-2 ® 23

Y

1150
o

3365 1984

591

,_'.’--’"'---.
go0000®  ©
g3z 4

246

qoq4 174

129

5 — EPOS-LHC
e QGSJetll-04
2 --- Sibyli2.1
E | s aal N N PR
10"® 10" 10%°
E [eV]

shallow
Y shower H

deep

.
-




Depths of shower maxima — interpretation

* Not all combinations of mean depth and fluctuations physically possible
- n.b.: within erros still agrees with all models
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dN/dX,,, [cm?/g]

Particle physics from EAS: p-p cross-section

* Fitting the exponential tail of X __ Ul R
distribution - : o Stat Brrer -0~ QGSJetll 3
. . . — - Sibyll 2.1
* selects mainly proton-induced - % ar- Epos 199
showers Seof % R
o Ry

- Xnax data suggest large proton Y PSS

fraction at least at low energy < 5ol '

- iiimﬁii A, =55.8+2.3 glem® | | | S
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- t : :
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—Data: R, = (1.84 = 0.03) (Eﬁoaaev)(m@zooz)

Muon content at ground level 10F = 1raevne

e Both vertical and inclined events indicate

muon excess w.r.t. simulations =3 .
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Longitudinal and ground data combined

* For individual well-measured events, pick R . . . . —
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Longitudinal and ground
data combined: results

e When it does not, allow EM and muon
component to be rescaled independently
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events
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Conclusions

e The Pierre Auger Observatory is sensitive to various
observables related to hadronic interactions at extremely high
energies

* While most of these observables are also influenced by the
(as of yet unknown) composition of the primary beam, useful
information for the improvement of interaction models can be
extracted, often from interplay between different observables

* A clean and easily interpreted result fo the proton-air cross-
section has been shown.

* Further progress is expected with more data, particularly
thanks to the currently planned upgrade aimed at a more
precise muon measurement.
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