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Air Shower Measurement with Fluorescence Telescopes

event 12018427 06/27/2011 05:10:23 UTC

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 (E, Xmax) → Xmax distributions in energy bins
Fluorescence Detector: Longitudinal Shower Profiles

event 3262296, LM event 7294424, LM event 4871069, CO
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event 4742735, LM event 2694024, LL event 5153530, CO
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Xmax Distributions

simulated example:
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• mean:
〈Xmax〉 ∝ D (lgE − 〈lnA〉)
• standard deviation:
σ(Xmax)2 = 〈σ2i 〉+D2 σ(lnA)2

• tail of distribution:
approximately exponential with slope
Λ ∝ λprod

• primary mass A

• elongation rate D ≈ 60 g/cm2/decade
• intrinsic fluctuations σi

Fe: σi ≈ 20 g/cm2

p: σi ≈ 60 g/cm2

• λprod: hadronic interaction length

Fe: λprod ≈ 11 g/cm2

p: σprod ≈ 45 g/cm2
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Mean and Standard Deviation of Xmax Distributions
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Mean and Standard Deviation of Xmax Distributions
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Mean and Standard Deviation of Xmax Distributions
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Reconcile Xmax Measurements with UHE Protons?
proton-air cross section at E ∼ 1018.2 eV:
good agreement with extrapolations of lab measurements

fit of tail of Xmax distribution:
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Reconcile Xmax Measurements with UHE Protons?
ad-hoc rescaling of proton-air cross section and multiplicity above E ∼ 1018. eV
with factor f(E, f19) = 1 + (f19 − 1)(lgE − 18.3)/0.7 (see Ulrich+PRD11)
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... but how to double σp+air at 1019 eV?

Glauber calculation
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Constraints from Hybrid Data
correlation of Xmax with ground level signal

Mass Composition Studies

(b) Correlation of Xmax and Ground Signal

XmaxXmax

S(1000)S(1000)

E,E,

[14 of 21]
mixed composition!

18.5 < lg(E/eV) < 19.0, X∗max/S
∗(1000): scaled to 1019 eV

Pierre Auger Coll., PLB 762 (2016) 288
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Mixed-Composition-Fit of Xmax Distributions (p, He, N, Fe)

examples:
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FIG. 5: Xmax distribution of the fits for energy bin E = 1017.8�17.9 eV. Results using Sibyll 2.1

are shown in the top row, QGSJET II-4 in the middle row, and EPOS-LHC in the bottom row.

The left column displays results where protons and iron nuclei were used, the central column also

includes nitrogen nuclei, and the right column includes helium nuclei in addition.

data lie between those for protons and iron nuclei but the distributions are too narrow to

accommodate a mixture of the two. Thus we conclude that either the model predictions are

wrong or else other nuclei with shorter propagation length form a significant component of

the UHECR flux that reaches the upper atmosphere.

Adding intermediate components greatly improves the fits for all hadronic interaction

models. EPOS-LHC in particular are satisfactory over most of the energy range. It is

interesting to note that including intermediate components also brings the models into re-
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FIG. 6: Xmax distribution of the fits for energy bin E = 1019.0�19.1 eV. See caption to Fig. 5.

markable agreement in their predictions of the protons and iron nuclei contributions despite

large di↵erences in the remaining composition. This can be seen in the right column of

Fig. 5. All three models give acceptable fit qualities with consistent fractions of protons,

but with distinctly di↵erent predictions for the remaining composition; results of EPOS-LHC

simulations favor a mixture dominated by nitrogen nuclei, while QGSJET II-4 simulation

favor helium nuclei, whereas Sibyll 2.1 modeling leads to a mixture of the two.

A substantial change in the proton fractions is observed across the entire energy range,

which rises to over 60% around the ankle region (⇠ 1018.2 eV) and subsequently dropping

to near-zero just above 1019 eV with a possible resurgence at higher energies. If the ankle

feature is interpreted as a transition from Galactic to extragalactic cosmic rays [14], the
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FIG. 7: Xmax distribution of the fits for energy bin E > 1019.5 eV. See caption to Fig. 5.

proton fraction in this energy range is surprisingly large as the upper limits on the large-scale

anisotropy [15] suggests that protons with energies below 1018.5 eV are most likely produced

by extragalactic sources. In order to accommodate a proton-dominated scenario for energies

above 1018 eV [16], the hadronic interaction models would need to be modified considerably.

The transition to heavier cosmic rays with increasing energy is reminiscent of a Peters

cycle [17], where the maximum acceleration energy of a species is proportional to its charge

Z. However further analysis that takes into account the energy spectrum and propagation

of UHECRs through the universe would be required to confirm this. Composition-sensitive

data above 1019.5 eV will be needed to allow a reliable interpretation of the observed changes

of composition in terms of astrophysical models (see e.g. Refs. [18, 19]).
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Maximum Rigidity Model, Peters Cycle?

B. Peters, Nuovo Ciemento 22 (1961) 800

Auger Highlights Antonella Castellina
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Figure 6: Left: The simulated energy spectrum (multiplied by E3) at the top of the Earth’s at-
mosphere obtained with the best fit parameters (see text): all-particle (brown curve), A = 1 (red),
2 ≤ A ≤ 4 (grey), 5 ≤ A ≤ 22 (green), 23 ≤ A ≤ 38 (cyan), A ≥ 39 (blue). The combined energy
spectrum as measured by Auger (Fig.3, right) is shown for comparison] with the black dots. Right:
The first two moments of the Xmax distributions as predicted for the model (brown curve) versus
pure compositions. Only the energy range indicated by the solid brown line is included in the fit.
The measured mean XSD

max are shown with purple triangles for comparison.

photons are produced in the interactions of UHECRs in the background radiation fields during their166

propagation from their sources to Earth. Neither are deflected in the Galactic or intergalactic mag-167

netic fields; they point back to their sources, making them ideal messengers in targeted searches.168

While photons cover travel distances of the order of ∼ 4.5 Mpc at 1 EeV, neutrinos allow us to169

probe sources up to cosmological distances. Their fluxes depend on the properties of the sources170

and on the composition of the primary beam. A copious production of ν and γ can be expected,171

e.g., if the suppression of the UHECR flux above a few tens of EeV is due to propagation effects172

and if the proton component is dominant. On the contrary, an explanation of the cutoff as due to173

the exhaustion of the sources would lead to much lower fluxes of neutral particles and would point174

to a mixed composition.175

The selection of photons in Auger is based on the fact that photon-induced showers present a more176

elongated profile in the atmosphere, and thus a larger Xmax, a steeper lateral distribution, causing177

the involvement of a lower number of SD stations in the events, and a reduced production of muons178

with respect to hadronic showers [20].179

Neutrinos are looked for based on the selection of horizontal showers. In hadronic-induced showers180

above ∼ 60◦, the electromagnetic component is indeed almost completely absorbed in the atmo-181

sphere, and only muons are detected in the SD. On the contrary, in the case of neutrino events with182

similar arrival directions, the first interaction would happen lower in the atmosphere, producing a183

considerable amount of electrons and photons at the ground. Two main categories of events are184

considered: Earth-skimming, induced by ντ travelling from below the Earth crust in directions be-185

8

energy spectrum at source ∝ (E/Z)−γ

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

?

?

?

B. Peters, Nuovo Cimento 22 (1961) 800
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Maximum Rigidity Model, Peters Cycle?

B. Peters, Nuovo Ciemento 22 (1961) 800

Auger Highlights Antonella Castellina
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Figure 6: Left: The simulated energy spectrum (multiplied by E3) at the top of the Earth’s at-
mosphere obtained with the best fit parameters (see text): all-particle (brown curve), A = 1 (red),
2 ≤ A ≤ 4 (grey), 5 ≤ A ≤ 22 (green), 23 ≤ A ≤ 38 (cyan), A ≥ 39 (blue). The combined energy
spectrum as measured by Auger (Fig.3, right) is shown for comparison] with the black dots. Right:
The first two moments of the Xmax distributions as predicted for the model (brown curve) versus
pure compositions. Only the energy range indicated by the solid brown line is included in the fit.
The measured mean XSD

max are shown with purple triangles for comparison.

photons are produced in the interactions of UHECRs in the background radiation fields during their166

propagation from their sources to Earth. Neither are deflected in the Galactic or intergalactic mag-167

netic fields; they point back to their sources, making them ideal messengers in targeted searches.168

While photons cover travel distances of the order of ∼ 4.5 Mpc at 1 EeV, neutrinos allow us to169

probe sources up to cosmological distances. Their fluxes depend on the properties of the sources170

and on the composition of the primary beam. A copious production of ν and γ can be expected,171

e.g., if the suppression of the UHECR flux above a few tens of EeV is due to propagation effects172

and if the proton component is dominant. On the contrary, an explanation of the cutoff as due to173

the exhaustion of the sources would lead to much lower fluxes of neutral particles and would point174

to a mixed composition.175

The selection of photons in Auger is based on the fact that photon-induced showers present a more176

elongated profile in the atmosphere, and thus a larger Xmax, a steeper lateral distribution, causing177

the involvement of a lower number of SD stations in the events, and a reduced production of muons178

with respect to hadronic showers [20].179

Neutrinos are looked for based on the selection of horizontal showers. In hadronic-induced showers180

above ∼ 60◦, the electromagnetic component is indeed almost completely absorbed in the atmo-181

sphere, and only muons are detected in the SD. On the contrary, in the case of neutrino events with182

similar arrival directions, the first interaction would happen lower in the atmosphere, producing a183

considerable amount of electrons and photons at the ground. Two main categories of events are184

considered: Earth-skimming, induced by ντ travelling from below the Earth crust in directions be-185

8

energy spectrum at source ∝ (E/Z)−γ

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

?

?

?

B. Peters, Nuovo Cimento 22 (1961) 800
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Photonuclear Interactions in Source Environment?

MU, G. Farrar, L. Anchordoqui, PRD 92 (2015) 123001

M. Muzio, MU, G. Farrar PRD100 (2019) 103008

see also Globus+15, Biel+17, Kachelriess+17, Supanitsky+18

particles at Earth: 1 ≤ A ≤ 2, 3 ≤ A ≤ 6, 7 ≤ A ≤ 19, 20 ≤ A ≤ 39, 40 ≤ A ≤ 56

Fiducial Scenario

29Si injected, escaping
flux at source

flux and composition
at Earth
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Proton Fraction at UHE?

energy fraction escaping source:

fp =

∫∞
Eref

EQpdE∫∞
Eref

E (Qp+Qmix)dE

(Qp ∼ Eγp e−E/E
UHEp
max , γp = −1 and Eref = 1019 eV)
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Reminder: Muon Excess in Horizontal
Air Showers
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E = 1019 eV, θ = 67◦EPOS LHC

QGSJet II-04

QGSJet II-03

QGSJet01

Pierre Auger Coll., PRD D91 (2015) 3, 032003, see also Phys.Rev.Lett. 117 (2016) 19, 192001

Rµ ∼ Nµ/(1.5× 107)

muons at ground
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New Measurement with Underground
Muon Detector
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Pierre Auger Coll., PRD D91 (2015) 3, 032003, EPJC (2020) 80 751

UMD engineering array, 7 stations, 30 m2, 2.3 m deep

(540 g/cm2 shielding, 1 GeV muon threshold)
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Energy Dependence of Muon Excess

z =
ln(Nµ

det)− ln(Nµ
det
p )

ln(Nµ
det
Fe )− ln(Nµ

det
p )

, ∆z = z − zmass = z − z(A(E))

Working Group on Hadronic interactions (WHISP) EPJ Web Conf. 210 (2019) 02004, update for SNOWMASS21
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Does the Nµ-Discrepancy Invalidate the Composition-Interpretation of Xmax?

not necessarily:
Xmax is dominated by first interactions, muons are generated all along shower
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R. Ulrich, APS 2010
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Muons in UHE Air ShowersMuons in UHE Air Showers
energy fraction per interaction

• f ∼ (2/3 + ∆) to h±, baryons
• (1 − f) ∼ (1/3 − ∆) to π0

• after n generations: f = (2/3 + ∆)n

≈ (2/3)n (1 + 3/2 n ∆)

• 2/3 E0 ≈ 0.67 E0

• (2/3)2E0 ≈ 0.44 E0

• (2/3)3E0 ≈ 0.30 E0

• (2/3)4E0 ≈ 0.20 E0

• (2/3)5E0 ≈ 0.13 E0

π → µ± + ν

1/1
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Muons in UHE Air Showers
examples of “∆”:

ρ0 and p̄ Production in π−-C at 158 GeV/c (“the∆”∗)

energy fraction of ρ0 and p̄:
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∗andΛ, Λ̄, K± , K0S ...

7/14

R. Prado for the NA61/SHINE Collaboration, ISVHECRI 2018, arXiv:1810.00642 and update in 1909.07136
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Fluctuations of NµMuons in UHE Air Showers
• 2/3 E0 ≈ 0.67 E0

• (2/3)2E0 ≈ 0.44 E0

• (2/3)3E0 ≈ 0.30 E0

• (2/3)4E0 ≈ 0.20 E0

• (2/3)5E0 ≈ 0.13 E0

π → µ± + ν

1/1

F. Riehn for the Pierre Auger Coll. ICRC19 arXiv:1909.09073

favors “along-the-shower” origin of
muon deficit rather than at first interaction
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Summary

• Xmax data suggests mixed composition at &1018.5 eV

• robust with respect to (reasonable) extrapolation of hadronic interactions

• corroborated by correlation of Xmax and shower size

• further constrains from cosmogenic secondaries (ν, γ):
proton fraction given source evolution or vice versa (not covered in this talk)

• composition &1019.5 eV uncertain due to low statistics→ AugerPrime, TAx4, POEMMA, ...

• muon discrepancy increases with energy from IceTop to UHE

• new constraints on muon deficit from measurement of fluctuations


