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Astrophysics:

Origin of features ?
Acceleration ?

(Unger 2006)

Particle physics:
VSpp > 100TeV



CRs through extensive air showers

CR /

interaction

air shower physics (want to know):

- Astrophysics (primary particle)
~, v, p,n, Nuclei Energy, mass, direction

- Particle physics (primary interaction)

multiplicity, cross section ...

Observables ?7?



CR air shower observables

* particles at (under)ground

* energy deposit along path




Example: Pierre Auger Observatory

Both! (Hybrid measurement)
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CR particle (7, v, p, n, Nuclei)

UHE interaction (~100 TeV)

 Hadronic!

-

* Exotic?
* Black holes?
* Fireball?

e Chiral symmetry?

UHE secondaries (~100 TeV) :
* Pions, kaons, charmed ...
* New (exotic) particles?

* Lorentz invariance?

EAS according to SM ??



Hadronic interaction: 7T

Wi—>ui+yu

T =y

j:7 7TO
CT,+ = 7.8m
CT,0 = 20nm

Successive interactions:

CR proton

Eo

v v

EM cascade hadronic cascade



AN:i]i Equal sharing of energy
All with same interaction

lonisation (continuous

Pair creation Bremsstrahlung energy loss) =il
Multiplicity: 2
| Eo
o
E;, < FE.; Until continuous energy loss dominant
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Hadronic cascade

CR proton

Assume pions only Neh : Mot = 23

Equal sharing of energy

Multiplicity: fixed Neh = (2/3) ot
(Matthews 2005)
i g = o
= Nep 5 7
Niot

Ech,i = (2/3)Z Ey Eneutral,i — (1 - (2/3)1) Ey

Until pions likely decay Ei; = Ecrit,r

p
E Inng,| 8~ 0.82...0.94
o (B) -




CR hadron

Hadronic cascade

Assume pions only Neh : Mot = 23
All with same energy
Multiplicity: fixed Neh = (2/3) ot

(Matthews 2006)

X(had)(EO) — >\int + X(EM)(EO/(Qntot)

max max

Eq
~ )\in 1
¢ i (ZntotEcm’t)

Xmax(Fo) ~ In(Ep) ‘
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Primary mass dependence

(X{P) (Ey)) = D In(Ey) (NP (Eo)) = CEj

max

Superposition
nucleus A with £y — A x proton with FEy/A

(Xonn(Fo.A)) = D In (E) (N.(Eo,A)) = AxC (%y

A
= A" A (NP (Ey))



Summary: EAS according to the Standard Model

Ey
N
0::.
Eem o Ehad
{m® 7 e} {rt K*0 N N}
EM cascade hadronic cascade

v v

?
Xmax ~ ln(E/A) ]\/v'u ~ EBAl_B Data...” 13



Measurement of Xmax and Nmu
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hadronic cascade
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EM cascade

Whats going on?

1) First interaction
Beyond SM?

3 i
oo 2) SM predictions correct?
Eem T Ehad
{r® v e*} {nE KO N N}

EM cascade hadronic cascade

v v

Xmax ~ In(E/A) N, ~ EP AP



Interactions In air showers

|-— energy of last hadron interaction
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7+ subshower

PN
\

leading 7°

A way to get more muons

N, ~ EFP AP

increase 7+ : 7’

7t +p — leading + X

leading : 7(spin — 0) or p(spin — 1

PN

0 — 2y

Also in pion+Air ?
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Rho mesons in NA61
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Cross section do /dxg (mb)

Effect on muons in EAS
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Muon data vs. post-LHC models

Universal rho meson
enhancement.

1.0 m . Probably overestimated.
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NAG61 7~ CI PLap = 350 GeV |
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More from NAG61

NA61 & Sibyll:
* forward kaons,
* forward antiprotons underestimated

* central pions overestimated
— work for post-NA61 Sibyll

Sofar: 7 +C

Needed / Possible?: KT+ C -, K,p,p
Diffractionin == + C
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Fluctuations Ey
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* EAS produce more muons than anticipated by interaction model —> muon puzzle
* Muon production in EAS sensitive to broad spectrum of particle interactions

* Probably no exotic physics needed to explain muon puzzle
* More accurate implementation of SM physics needed (NA61,LHCf tunes)

* More accelerator data to validate models needed (NA61: kaon interactions!)
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Full shower

Profile: EM dominates At the ground: more mixed
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. ¢ Event ID: 12018427
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http://wminho.lip.pt/AugerVisualizer/v2/
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