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Hybrid Detection of Air Showers
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Energy Spectrum of UHECRs
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Energy Spectrum of UHECRs
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E > 1020 eV√
s > 400 TeV
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Energy Spectrum of UHECRs
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p+ γEBL → p+ e+ + e−?

p+γCMB → p/n+π0/π+?
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Primary Mass and Longitudinal Shower Profiles
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Primary Mass and Longitudinal Shower Profiles
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Measured 〈Xmax〉
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Measured σ(Xmax)

17.0 17.5 18.0 18.5 19.0 19.5 20.0
log10(E/eV)

20

30

40

50

60

70
σ
(X

m
ax
)

(g
/c
m

2
)

AUGER, PRELIMINARY

proton

iron

EPOS-LHC
QGSJetII-04
Sibyll2.1

Syst.

Std. Deviation of Xmax

EPOS-LHC
QGSJetII-04
Sibyll2.1

A. Porcelli for the Pierre Auger Coll., Proc. 34th ICRC, arXiv:1509.03732

[8 of 31]



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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Correlation between Xmax and SD Signal

18.5 < lg(E/eV ) < 19.0, X∗
max/S

∗(1000): scaled to 1019 eV
The key idea

correlation between X∗
max and S∗(1000) depends on the purity of the primary beam
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A. Yushkov for the Pierre Auger Coll., Proc. 34th ICRC, arXiv:1509.03732
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Correlation between Xmax and SD SignalThe key idea
heavier nuclei produce shallower showers with larger signal (more muons)

general characteristics of air showers / minor model dependence
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Correlation between Xmax and SD Signal

Data:Data vs pure beams
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Self-Consistent CR+ν Analysis (TA Spectrum, p)

spectral index at source γ and source evolution (1 + z)m

... similar results for three-parameter fit (m, γ,Emax)

J. Heinze, D. Boncioli, M. Bustamante, W. Winter, arXiv:1512.05988
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Measurement of the UHE p+Air Cross Section
tail of Xmax distribution:
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Figure 2.27: Principle of the Xmax-distribution decomposition method. The Xmax-distribution results
from the convolution of the distributions of X1 and ∆X1, where ∆X1 = Xmax − X1.

kX = Λobs/λp−air. The found dependence of kX on a changing multiplicity as well as cross sec-

tion has never been taken into account by any air shower based cross section measurement.

Xmax-RMS method. For a short time it was believed that the proton-air cross section can be

obtained just from the measurement of Xmax-fluctuations [115, 116]. In fact, the fluctuations

are depending on the cross section, but nowadays it is well known that the RMS of the Xmax-

distribution does mostly reflect the primary composition of cosmic rays. As a matter of fact,

it is the best handle we currently have to learn about the primary mass composition. Only

the extremely doubtful assumption of a pure proton cosmic ray composition may allow a

measurement of the cross section this way.

Unfolding of the Xmax-distribution. A real improvement of the cross section measure-

ment techniques was proposed by taking the air shower fluctuations more explicity into

account [109]. This allows us to use not only the slope but more of the shape of the Xmax-

distribution, by at the same time restricting the analysis to a range in Xmax, where the pos-

sible contribution from primaries other than protons is minimal. The ansatz unfolds the

measured Xmax-distribution (2.14), by using a given ∆X1-distribution to retrieve the original

X1-distribution (see Figure 2.27). The HiRes Collaboration claimed model independence of

the used ∆X1-distribution, leading to a model independent result for the cross section.

Indeed, this would have been a major step forward, since all the previous techniques

are heavily depending on air shower Monte Carlo simulations and are therefore implicitly

model dependent. Of course also the ∆X1-distribution can not be accessed by observations,

but has to be inferred entirely from simulations. Recently this triggered a discussion about

the general shape and model dependence of the ∆X1-distribution [117]. Ultimately this in-

troduces a comparable amount of model dependence, as in the k-factor techniques (see Fig-

ure 2.28, left). This is a natural consequence of the fact that all air shower based analysis

techniques are based on expression (2.14) in one or the other way.

Figure 2.28 (left) visualizes the dependence of the ∆X1-distribution on hadronic inter-

action models. The ∆X1-distribution, which mostly reflects the shower startup phase, is

strongly depending on the parameters of the hadronic interaction models, like the cross

33

Measurement of Λη
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Measurement of the UHE p+Air Cross Section
Proton-air cross section
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R. Ulrich for the Pierre Auger Coll., Proc. 34th ICRC, arXiv:1509.03732
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Derived UHE Proton+Proton Cross Section

Inelastic proton-proton cross section

Extended Glauber conversion with inelastic screening + propagation of modeling uncertainties
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Ralf Ulrich for the Pierre Auger Collaboration 13

R. Ulrich for the Pierre Auger Coll., Proc. 34th ICRC, arXiv:1509.03732
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Muon Content of Air Showers

event 201114505353, θ = 75.6◦, E = 15.5 EeV
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Muon Number vs. Xmax (FD)
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The UHECR Sky above 10 EeV
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The UHECR Sky above 10 EeV
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Searches for a Localized Excess of UHECRs
Auger:

I r = 1◦ − 30◦, ∆r = 1◦

I E = 40− 80 EeV, ∆E = 1 EeV

I r = 12◦, E = 54 EeV

I nobs/nexp = 14/3.23

I pre-trial: 4.3σ

I post-trial: P = 69%

TA:

I r = 15◦ − 35◦, ∆r = 5◦

I E = 57 EeV

I r = 20◦, E = 57 EeV

I nobs/nexp = 24/6.88

I pre-trial: 5.1σ

I post-trial: 3.4σ

Auger Coll., APJ 804 (2015) 1, 15; TA Coll., APJ 790 (2014) L21, 7-year update at ICRC15.
[21 of 31]



Summary of Observations

I spectrum
→ flux suppression at E & 5× 1019 eV

I elongation rate, 〈Xmax〉, σ(Xmax), rG(X∗
max/S

∗(1000))
→ mixed composition around and above the ankle

(if LHC-inspired extrapolations of hadronic interactions are ok)
I neutrinos and photons→ see Carla’s talk!
→ start probing cosmogenic fluxes from 100% p

I p+air cross section
→ compatible with model extrapolations

I arrival directions
→ isotropic in the South, some hints for anisotropy in the North

I muons content of air showers
→ at odds with predictions for mixed composition

[22 of 31]



Origin of Ankle and Flux Suppression?
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Ankle from Interactions in Source Environment?

cosmic ray

source environment EBL/CMB detection
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Ankle from Interactions in Source Environment?
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Upgrade of the Pierre Auger Observatory
I origin of flux suppression?
I proton fraction at UHE?
I hadronic physics above

√
s = 140 TeV
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Upgrade of the Pierre Auger Observatory

additional scintillators (4 m2)

→ event-by-event mass estimate
with 100% duty cycle

Xmax determination:
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Upgrade of the Pierre Auger Observatory

low-Z particle astronomy

no mass determination:

]σ
 s

en
si

tiv
ity

 [

0

1

2

3

4

5

6

7

8

9

proton fraction
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

is
o

p

0

0.1

0.2

0.3

0.4

0.5

p-Fe separation merit factor: 1.5

]σ
 s

en
si

tiv
ity

 [

0

1

2

3

4

5

6

7

8

9

proton fraction
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

is
o

p
0

0.1

0.2

0.3

0.4

0.5

(isotropic background: 25%)

[28 of 31]



TAx4

H. Sagawa for TA, UHECR14.

quadruple acceptance:
I 500 add. SDs
I 2.08 km spacing
I 2 add. FD stations
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TAx4

H.

Sagawa for TA, UHECR14. [30 of 31]



Outlook
I TA & Auger Upgrades:

I study nature of flux suppression
I prospects for particle astronomy
I R&D for Next Generation Observatory

I fluorescence detection from space

I KLYPVE, Mini-EUSO (K-EUSO), EUSO
I radio detection of air showers

I ground-based hybrid detectors (radio&surface)
I high-altitude antennas

I LHC run II

I
√
s = 14 TeV (ECR = 1017 eV), p+O collisions?
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