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Air Shower Observables and Hadronic Interactions
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> Xmax is dominated by first interaction

—most relevant data from LHC

» muons from 7+ decay at late stage of cascade (\gec ~ Aint)
—allinteraction energies relevant!
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Muons in UHE Air Showers

energy of last interaction before decay to
air shower — hadron + air —» 7/K + X

N\

oty

high-energy air shower E[GeV]
10 2 3 4 S 6

— LT S R AAALL BN L S RAtY | S

e.qg. KASCADE: ué QGSIET/FLUKA (80 GeV)
- 15 3 250 - QGSJET/FLUKA (500 GeV)

> EO =107 eV z SIBYLL/FLUKA (80 GeV)

» r =40-200 m = 200 SIBYLL/FLUKA (500 GeV)

pions

> £, > 250 MeV

150

100 ! nucleons

50

R I B OO
0 1 2 3 4 5 6

loglo(E/GeV)
1.C. Maris for NA61/SHINE, Proc. 31st ICRC, (2009) 3/1




Muons in UHE Air Showers

energy of last interaction before decay to
air shower — hadron + air —» 7/K + X
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Muons in UHE Air Showers

_2/3Ey ~0.67E simple model:
» energy fraction f ~ 2/3 to n*

» energy fraction (1 — f) ~ 1/3to #°

— fraction of initial energy in hadronic
component after n interactions: /"
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Muons in UHE Air Showers

number of muons depends on energy fraction f of produced hadrons
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H2 Beam Line: Prima ryBeam Fragments 7t KL
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Super-conduction
magnets

Time Projection
Chamber:

Time of Flight

Projectile Detectors
Spectator

Detector

e large acceptance = 50% at pr < 2.5GeV/c
o momentum resolution: o(p)/p? ~ 10~*(GeV/c)~"
e tracking efficiency: > 95%







Particle Prbduction pasurement akMNA61
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NA61 Data on Hadron+Carbon Interactions
T2K, MINERVA, MINOS, NOvA, DUVE

Mt. Ikeno
1,340m

$1,000m

J-PARC

Super-Kamiokande

NEUTRINO BEAM
295km

p year Nrig/10°
p+C 31 2007/09 6.1
p+C 60 2016 3.1 .
p+C 90 2017 2.4 Plerre Auger Observatory, Telescope rray, IceTop
p+C 120 2012 1.1* /
p+C 120 2017 26
wT+C 30 2017 2.2
= +C 60 2017 2.6
n +C 158 2009 5.5
n~+C 350 2009 4.6
Kt+C 60 2015 0.77

*without magnetic field, * ~ 15 x 10° events in total
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Cross Section Measurements with NA61

Schematic of Beam Line:

: scintillator (coinc.)
: scintillator (veto)

: MWPC

: TPC

AERERN
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Cross Section Measurements with NA61
inelastic and production cross sections:

Oinel = Otot — Oela

Oprod = Otot — Oqgela — Oela

p+Cat 31 GeV/c 7~ +Cat 158 and 350 GeV/c
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7= and p multiplicities in p+C at 31 GeV/c
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» also: K+, K3, A
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Inclusive = and p spectra in p+C at 31 GeV/c
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7+, K%, p and p spectra in 7~ +C at 158 and 350 GeV/c
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pr-integrated Spectra: 7 +C — 7w+ X
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H — +
pr-integrated Spectra: # +C — K=+ X ~eposiss
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pr-integrated Spectra: 7 +C — p/p + X
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Combinations / 0.08 GeV

p" Production in #~+C at 158 and 350 GeV/c

two-track invariant mass fit:
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Measured Energy Fractions

p° energy fraction in 7-C
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muon production in air showers:
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Summary and Outlook

» precise lab measurements of
last stages of UHECR air shower
development with NA61/SHINE

» spectra of 7+, K+, p, p, %, w, 5
K*0,KE, A, Ain 7~+Cinter-
actions at 158 and 350 GeV/c

» energy fractions of
(anti-)baryon and p° production
relate directly to muon
production in air showers

» next up in CR-related program:
measurement of nuclear
fragmentation*

inside NA61 (Julien Ordan/CERN)

mainly C+p for Galactic CRs, but C+C-fragmentation at £ = 180 GeV could also be interesting for air shower fluctuations (see CERN-SPSC-2017-035)
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