Composition and Interactions of Ultrahigh-Energy Cosmic Rays

Michael Unger, IAP, KIT
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Air Shower Measurement with Fluorescence Telescopes

Pierre Auger Observatory

Telescope Array

observation of longitudinal air shower development /
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Air Shower Measurement with Fluorescence Telescopes
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Xmax Distributions

individual air shower profiles (F, Xmax)
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Xmax Distributions

p: oj ~ 60 glcm?

simulated example: ®* mean:
(Xmax) < D (IgE — (In A))
— — gg‘;" proton e standard deviation:
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Mean and Standard Deviation of X,,,.« Distributions
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Mean and Standard Deviation of X,,,.« Distributions
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Mean and Standard Deviation of X,,,.« Distributions
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Reconcile X,,.x Measurements with UHE Protons?

proton-air cross section at £ ~ 1082 eV:
good agreement with extrapolations of lab measurements

fit of tail of X ,.x distribution:
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Reconcile X,,.x Measurements with UHE Protons?

ad-hoc rescaling of proton-air cross section and multiplicity above E ~ 10'% eV
with factor f(E f]g) =1+ (f]g - 1)(1gE — 183)/07 (see Ulrich+PRD11)

820 80
[ e Auger2014 o
L 0k colors: likelihood, contours: n. X oty
800 — C :
C it F ¢ s w
[ 60 }¢¢+ 5 4f o e s
o T80 o’E‘ E + + 8 asf
IS 50 P=E:
Q o o 3K
S, 700 > | 3
o) 760 - =2 N @ 2sF
mg ~ “F 2
> é L % 2 ' oo N
a 13 r o = ] o
55740— . X 30k S o1sE w
N—r' o E
© u =
L ° F E
720 @ 20 :7 0 0‘2 0‘4 ov‘s o‘e ‘1 1.‘2 114 1‘6 1
o E multiplicity factor
10
700 - N
Ll el C e oy vl
10* 10" 10 10" 10" 10
E [eV] E [eV]

MU, R. Ulrich, R. Engel (unpublished); see also Allen&Farrar arXiv:1307.2322 and R. Ulrich PhD thesis 2008 8/22



Bey, /GeV™2

MU, R. Ulrich, R. Engel (unpublished)

. but how to double oy, at 10'° eV?
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Constraints from Hybrid Data § o ) e
correlation of X,.x With ground level signal *Eloooé = iron. [6=009
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Mixed-Composition-Fit of X,,,.. Distributions (p, He, N, Fe)
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Maximum Rigidity Model, Peters Cycle? - ... oo i

energy spectrum at source o (£//Z)~7
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Maximum Rigidity Model, Peters Cycle? - ... oo i

energy spectrum at source o (£//Z)~7

— 900
EPOS-LHC H
S 850 F — H
= 10% ¢ = =N
}-\ E' éxm— ? /// /V‘“gi
t L % 150 E—= W ¢
o 3 et —
g H wpE -
t\lx E— ; —
3, F 60— =
=
T 10 | 05T w5 90 3 200
F log (E/eV)
r £
Q
r o8
10% = 5=
r ©
18.0 185 19.0 195 20.0 20.5
log._ (E/eV)
10 ) )
19.0 195 200
logm(E/eV)

A. Castellina for the Auger Coll. ICRC19 and JCAP 1704 (2017) 038
12/22



Photonuclear Interactions in Source Environment?

particles at Earth: 1 < A < 2, 7<A<19,20< A <39,40< A<56
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Proton Fraction at UHE?

energy fraction escaping source:
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Reminder: Muon Excess in Horizontal 1o
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New Measurement with Underground
Muon Detector
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Energy Dependence of Muon Excess
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Does the N ,-Discrepancy Invalidate the Composition-Interpretation of X,,,x?

not necessarily:
Xmax 1S dominated by first interactions, muons are generated all along shower
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Muons in UHE Air Showers

' 2/3 Ey ~ 0.67 E energy fraction per interaction
_ ® [~ (2/3+ A)toh*, baryons
e (1-f)~(1/3—A)ton®
\ e after n generations: [ = (2/3+ A)"
NN ~(2/3)"(1+3/2nA)
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Muons in UHE Air Showers
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Fluctuations of N, 03— v—v—v—
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Summary

Xmax data suggests mixed composition at >10'8° eV
robust with respect to (reasonable) extrapolation of hadronic interactions
corroborated by correlation of X,,,.x and shower size

further constrains from cosmogenic secondaries (v, ):
proton fraction given source evolution or vice versa (ot coveredin ths taik)

composition >10%%-% eV uncertain due to low statistics — AugerPrime, TAx4, POEMMA, ...

muon discrepancy increases with energy from IceTop to UHE




