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Hybrid Detection of Air Showers
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Energy Spectrum of UHECRs
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» Shower Maximum (X.x)
» Correlation of Ground Signal and X,
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» Hadronic Interactions
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» Muon Production Depth
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Primary Mass and Longitudinal Shower Profiles
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Primary Mass and Longitudinal Shower Profiles
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Xmax Distributions
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Xmax Distribution: Mean
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Xmax Distribution: Mean
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Xmax Distribution: Standard Deviation
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Measured (Xmax)
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Measured o(Xmax)
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Average Shower Maximum: Comparison to TA
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Average Shower Maximum: Comparison to TA
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Average Shower Maximum: Comparison to TA
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Fit of Xhax Distributions
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Fit of X,h,ax Distributions
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Outline

» Mass Composition

» Shower Maximum (X;,.x)
» Correlation of Ground Signal and X.x
» Secondaries (v and v)

» Hadronic Interactions

» Proton+Air Cross Section
» Number of Muons
» Muon Production Depth
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Correlation between X,ax and SD Signal
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Correlation between X,ax and SD Signal

heavier nuclei produce shallower showers with larger signal (more muons)
general characteristics of air showers / minor model dependence
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Correlation between X,ax and SD Signal
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Relation to Mass Dispersion
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Relation to Mass Dispersion
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Relation to Mass Dispersion
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Relation to Mass Dispersion
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Outline

» Mass Composition

» Shower Maximum (X;,.x)
» Correlation of Ground Signal and X,
» Secondaries (y and v)

» Hadronic Interactions

» Proton+Air Cross Section
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» Muon Production Depth
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Neutrino- and Photon-Limits

“guaranteed” flux of cosmogenic photons and neutrinos if CRs are protons
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Self-Consistent CR+v Analysis (TA Spectrum)
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. similar results for three-parameter fit (m, v, Emax)

J. Heinze, D. Boncioli, M. Bustamante, W. Winter, arXiv:1512.05988
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Outline

» Mass Composition

» Shower Maximum (X;,.x)
» Correlation of Ground Signal and X,
» Secondaries (v and v)
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» Muon Production Depth
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Measurement of the UHE Proton+Air Cross

Section
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Measurement of the UHE Proton+Air Cross

Section
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20

[26 of 43]



Derived UHE Proton+Proton Cross Section
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Outline

» Mass Composition

» Shower Maximum (X;,.x)
» Correlation of Ground Signal and X,
» Secondaries (v and v)
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» Muon Production Depth
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Muons in Air Showers
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» muons are produced late in the shower cascade

— number of generations ~ 6 at 10'° eV

— amplified sensitivity to hadronic interactions

» Xmnax iS dominated by first interaction

[29 of 43]



Measurement of Muons with the Auger SD

a) shielding of EM component: b) time structure:
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Muon Studies with Inclined Hybrid Events (62°-80°)

event 201114505353, § = 75.6°, E = 15.5 EeV
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Pierre Auger Coll., PRD D91 (2015) 3, 032003
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<RM >/EFD VS. EFD
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<RM >/EFD VS. EFD

Pierre Auger Coll., PRD D91 (2015) 3, 032003
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Muon “Elongation Rate” vs. p/Fe
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Muon “Elongation Rate” vs. p/Fe and InA (FD)

(InR,) at 10" eV dinR,/dInE
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Muon Scale vs. Xmax (FD)

| | | | |
10 0 EPOS LHC E=10YeV,0 = 67°
O QGSJet 11-04
0.8 & QGSJet 1-03 — I
% QGSJet01

680 700 720 740 760 780 800 820
<Xmax> / gcm_z

Pierre Auger Coll., PRD D91 (2015) 3, 032003 [36 of 43]



Hybrid Events, Data vs. Simulation
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Hybrid Events, Data vs. Simulation
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1.00+0.07+0.08 1.33+£0.13+0.09
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Outline

» Mass Composition

» Shower Maximum (X;,.x)
» Correlation of Ground Signal and X,
» Secondaries (v and v)

» Hadronic Interactions

» Proton+Air Cross Section
» Number of Muons
» Muon Production Depth

139 of 43]



Muon Production Depth

» muon-rich stations:
» events with zenith angle 55-65 deg.
» stations with core distance >1.7 km

» projection of signal time traces to axis
» sum up stations
— distribution of muon production heights

» distance to slant depth conversion

» fit with Gaisser-Hillas
— maximum at Xk«

Signal [VEM pesk
L]
[ ]

L.Cazon et al., APP21 (2004), 71
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Pierre Auger Coll., PRD D90 (2014) 1, 012012
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Comparison of (InA) from Xj,,.x and Xnax(FD)
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Summary

» elongation rate, (Xmax), 0(Xmax), ra(Xax/S*(1000))
— mixed composition around and above the ankle
(if LHC-inspired extrapolations are ok)
— nature of flux suppression? See Jim’s talk!
» neutrinos and photons
— start probing cosmogenic fluxes from 100% p
> p-+air cross section
— compatible with model extrapolations
» muon number
— at odds with predictions for mixed composition
» muon production depth vs. Xy«
— QGSjetll-04: marginally compatible, EPOS-LHC: incompatible

Please check arXiv:1509.03732 for the complete list of recent Auger results!
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